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The damped outrigger system is in widespread use as a damping modification system for tall buildings that
provides high additional damping in addition to the bending back effect against the core. However, while the
enhanced seismic performance of damped outrigger systems was confirmed in previous studies all over the
world, a general-purpose optimal design method focusing on modal damping ratios has not been established yet.
This paper proposes an optimal damper design kit composed of a first mode damping ratio oriented design policy,
simple equations of optimal damper-connection stiffness ratio to maximize first mode damping ratio, a machine
learning model to estimate first mode natural period and damping ratio. The tenability of the first mode damping
ratio-oriented design policy was confirmed by performing complex modal analyses on single to quad damped
outrigger systems incorporating linear viscous dampers and assigning realistic stiffness values to the outrigger
trusses. The simple design equations of optimal damper-connection stiffness ratio and the machine learning
model for first mode characteristics were developed based on a large number of analytical results. The proposed

optimal design kit has been made available as a web application-based design tool.

1. Introduction

The outrigger system is a structural system for tall buildings wherein
a rigid core at the center is connected to the perimeter columns via
outriggers. As shown in Fig. 1(a), the column-restrained outrigger resists
the flexural response of the core to reduce the story drift and overturning
moment[12]. Smith and Willford [3] proposed a damped outrigger
system (Fig. 1(b)), in which seismic energy dissipation devices (i.e.,
dampers) are inserted between the outrigger and the perimeter column.
The dampers provide additional damping by operating on the relative
vertical motion between the perimeter column and the outrigger during
flexure. These types of damped outrigger systems are being widely used
to design tall buildings in windy and seismic regions such as the United
States, China, and the Philippines [4]. Smith and Willford suggested the
importance of focusing on modal damping ratios at the design stage to
mitigate both the seismic and wind response [3,5]. It was concluded that
to find the optimal damping coefficient (C,) for optimal design, it is
also necessary to assume some cases where the design cannot be done
using Cop; for reasons such as economic efficiency. However, a general-

* Corresponding author.

purpose optimal design method focusing on modal damping ratios has
not been established yet while the enhanced seismic performance of
damped outrigger systems is confirmed in previous studies all over the
world.

Chen et al. [6] developed a theoretical model for a damped outrigger
system incorporating viscous dampers based on the continuum beam
theory and calculated the modal damping ratios from complex eigen-
value analysis. However, the scope of this theoretical model was limited
to the case when both the outrigger truss and perimeter columns are
rigid. Similar theoretical models to Chen et al. were proposed by Deng
et al. [7] and Zhou et al. [8]. Tan et al. [9] also studied the optimal
design variables (i.e., the outrigger height and the damping coefficient)
using the theoretical models [6]. Huang et al. [10] developed a theo-
retical model considering the stiffness of outrigger and perimeter col-
umns and proposed a design equation to obtain the optimal design
variables maximizing the damping ratio of the first mode. However, the
design equation was formulated based on unrealistic models with very
stiff outrigger trusses and its application was limited to single damped
outrigger systems.
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Although these studies have all focused on modal damping ratios, the
relationship between the modal damping ratios and their effects on
seismic response reduction were not discussed in detail. Lin et al. [12
13] analyzed the relationship between the outrigger height, the yielding
force and the seismic response reduction for single and dual outrigger
systems incorporating buckling-restrained braces, and proposed an
optimal design guideline to mitigate a specific kind of seismic response.
However, since non-linear response history analysis was mainly used,
the exact non-proportional modal damping ratios were not discussed.
The optimal design guidelines were developed based on the response of
analytical models with very stiff outrigger trusses, and the applicability
of those guidelines to practical design is uncertain. Terazawa et al. [14]
also conducted a similar study for a single damped outrigger with
viscous dampers. Morales et al. [12] analyzed the dynamic character-
istics of a specific dual damped outrigger system but the optimal design
method was beyond the scope of the study.

Structural design engineers in areas of high seismic hazard are ex-
pected to design the damped outrigger systems such that I) the design
constraints of the building plan (i.e., the location of the outrigger layer
or the outrigger length, and being open to sudden plan changes) are
adhered to and II) the damping ratio provided is high while ensuring
that III) the system is economical (i.e., the damping coefficient is not
unreasonably high), IV) the seismic response is within limits and V) the
design is flexible to accommodate any changes in plans. Therefore, it is
necessary to provide a generalized design procedure that enables the
engineer to design the system adhering to these requirements. It is also
necessary to provide a simple and efficient approach to estimate the
required damping coefficient and dynamic response characteristics ac-
cording to rapidly changing plans. For this purpose, it is necessary to
rearrange the exact dynamic response characteristics by applying com-
plex modal analysis to discrete framing models.

Based on the literature review, the novel objectives of this study are
1) to investigate further the relationship between the exact modal
characteristics of linear damped outrigger systems and the seismic
response reduction effects by performing response spectrum analyses
using practical (realistic) building models, 2) to conduct parametric
studies to propose a first mode damping ratio oriented optimal design
policy, and 3) to propose a web application-based design tool composed
of both the simple design equations to maximize the first mode damping
ratio for linear damped outrigger systems and the machine learning
models to estimate the first mode characteristics of any arbitrary linear
damped outrigger system. In Section 2, the numerical models and
analysis method are described and the main design variables of the
damped outrigger system are defined. In Section 3, the fundamental
relationship between the design variables, the modal characteristics,
and seismic response reduction effects are briefly reviewed for a single
damped outrigger system, and a design policy maximizing the first mode

core structure

¥
.-

. ————
perimeter ey S—
[— \~§\
column —— damper §=§
outrigger mﬁas L "“Ea
‘AV
truss — EE#
z 5 o F——F1—| §
5 = S| —F—F—Jvz
£ g 7] I e e ]
% 1 &
2 o Sl—F—— 2
5 £, 2 == =
: ==

Engineering Structures 247 (2021) 113229

damping ratio is proposed. The applicability of the optimal outrigger
height ratio proposed by Lin et al. [12] is also discussed. In Section 4, the
optimal outrigger height ratios, optimal damping coefficients, and
optimal damper-to-connection stiffness ratios for dual damped outrigger
systems are analyzed in detail, and the validity of the design policy is
verified. The second mode damping ratio-oriented design approach is
also discussed. In Section 5, the upper limit of the first mode damping
ratio increased by damped outriggers is verified by increasing the
number of outriggers. In Section 6, simple design equations of optimal
damper-to-connection stiffness ratio to maximize first mode damping
ratio, and a machine learning model to estimate first mode period and
first mode damping ratio are developed. Finally, a web application-
based optimal design tool incorporating these design equations is pre-
sented, and its application is outlined using a design example. Numerous
dampers including fluid viscous dampers, bilinear oil dampers, visco-
elastic dampers as discussed in [15-17], friction dampers, elasto-plastic
dampers such as the buckling-restrained braces [18] are available for
employment in damped outrigger systems. However, this paper focuses
on damped outrigger systems incorporating only linear viscous dampers
where the modal characteristics are independent of the seismic input,
and nonlinear dampers based systems are in future work[19].

2. Numerical analysis
2.1. Numerical model and parameter definition

A numerical model was constructed (Fig. 2(a) and 2(b)) assuming a
typical damped outrigger structure which consists of a pin-jointed col-
umn-beam frame to support the vertical loads, a central core to resist the
horizontal loads, outriggers, and linear viscous dampers. This member-
by-member planar model was further simplified to a discrete mass
model (DM model [12]) for the parametric study as shown in Fig. 2(c).
This DM model consists of truss elements simulating the perimeter col-
umns, beam elements simulating the core and outriggers, and linear
dashpots simulating the linear viscous dampers. As shown in the
enlarged part of Fig. 2(c), while the perimeter columns are modeled as
single elements, the core and outriggers have intermediate nodes to
simulate higher mode deformation. The horizontal displacement of the
top of the perimeter columns was kept equal to the horizontal
displacement of the outrigger to prevent an anomalous vibration mode.
For the sake of simplicity, uniform cross-sections are assigned to the
perimeter columns and the core. The validity of the DM model against
the full model for the seismic response was verified in the previous study
[12].

The design variables of single and dual damped outrigger models are
summarized in Fig. 3. Here, h is the building height, [ is the outrigger
span, EI is the flexural stiffness of the core, i is the i-th outrigger layer
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Fig. 1. Mechanism of outrigger system.
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Fig. 2. Schematic image of the numerical model.
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Fig. 3. Schematic image explaining the design variables.

from the base, a and ¢; are the outrigger height ratios, k; and k; are the
flexural stiffness of the outrigger, k. is the axial stiffness of the perimeter
column (¢; = 1.0) and k./aq; is the axial stiffness of the perimeter column
corresponding the i-th outrigger layer. Further, as shown in Fig. 3(c), the
damper stiffness kg; is defined as the product of C4; which represents the
amount of viscous damper and the first mode natural circular frequency
w1 of the bare core model. The flexural stiffness of the outrigger may be
assumed to be the same as that of the perimeter column and the damper
in the vertical direction. Therefore, the “connection stiffness kp; is
computed by combining the stiffness of the perimeter column and the
outrigger as shown in Fig. 3. Sp; is the stiffness ratio between the core
and the connection and Rgp; (=kgi/kp;) is the damper-connection stiffness
ratio.

The building specifications are shown in Fig. 4, and the details of the
numerical models for the parametric study are listed in Table 1. The
story height is 4 m and the building heights (h) of the 16-story model, the
32-story model, the 64-story model, and the 96-story model are 64 m,
128 m, 256 m, 384 m, respectively. The dead load is about 0.8 ton/m?,
which is assigned to the nodes in the core. The flexural stiffness EI of the
core is designed so that the first mode natural period is about 0.03 hs and
the flexural stiffness of the 16-story model, the 32-story model, the 64-
story model, and the 96-story model are 1.09 x 10° kNm?, 5.17 x 10°
kNm?, 2.79 x 10' kNm?, and 7.05 x 10'° kNm?, respectively. The
perimeter columns are designed using allowable stress design principle
to satisfy a demand capacity ratio of 0.5 under the long-term dead load,
and CFT-600%25, CFT-800%36, CFT-1000*50, and CFT-1300%*50 are
assigned to the 16-story model, the 32-story model, the 64-story model,

and the 96-story model, respectively. As concrete is weak in tension, the
axial stiffness k. of the perimeter column is derived only from the steel
pipe of the CFT column, and the resulting axial stiffness of the 16-story
model, the 32-story model, the 64-story model, and the 96-story model
is 1.84 x 10°kN/m, 1.76 x 10° kN/m, 1.52 x 10° kN/m, 1.33 x 10° kN/
m, respectively. Outrigger span [, is 12 m for the 16-story model and the
32-story model, and is 16 m for the 64-story model and the 96-story
model, considering the rentable ratio. Three different flexural stiffness
of the outriggers (0.5 x 10° kN/m, 0.25 x 10® kN/m, and 1.0 x 10° kN/
m) are considered, and k, equal to 0.5 x 10° kN/m of corresponds to the
regular (practical) outrigger truss shown in Fig. 4. In the previous
studies [10-14], the flexural stiffness of the outrigger was an order of
magnitude larger than the stiffness values in practice, and hence the
numerical analysis results are not necessarily realistic. The parameters
corresponding to the damping coefficient (listed in Table 1) increase in
proportion to the building height h. The outrigger height ratio a ; — the
core-to-connection stiffness ratio Sp.; relationship is shown in Fig. 5 (a)
and Fig. 5 (b), and the outrigger height ratio a ; — the damper-connection
stiffness ratio Rgp; are shown in Fig. 5(c) and Fig. 5(d). The parameters
Sbei and Rgp; are explicitly determined from the model parameters shown
in Fig. 3, and vary depending on the outrigger stiffness k; and the
outrigger height «a as discussed later in the parametric study.

2.2. Analysis methods and input ground motions

Complex eigenvalue analysis, linear response history analysis
(LRHA), and generalized response spectrum analysis [20,21] (GRSA)
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32 128 5.17 x 10° 1.76 x 10° 0.5 x 10° 20-140
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were performed on the analytical models.

Complex eigenvalue analysis is used to calculate modal character-
istics of non-proportional damping systems considering dampers. LRHA
is used to verify the accuracy of GRSA. The Newmark method (f = 1/4)
is used to calculate the incremental displacement. The Rayleigh-type
proportional damping matrix is adopted, and the first and second
mode’s initial damping ratios are set to 2%.

GRSA is used to analyze the modal seismic response. GRSA is a series
of numerical analyses which iteratively performs complex eigenvalue
analysis and response spectrum analysis, and was developed to quickly
evaluate the dynamic characteristics of a structural analysis model with
finite linear or nonlinear dampers in the extensive parametric study.
While the equivalent modal characteristics of the model with nonlinear
dampers and the maximum seismic response can be evaluated from the
iterative computation using the substitute model with equivalent line-
arized damping element, the seismic response of the model with only
linear viscous dampers is directly evaluated from the initial complex
eigenvalue analysis results. The evaluation procedure is briefly
described as follows.

After the initial complex eigenvalue analysis results are obtained, the
maximum seismic response is calculated from the complete quadratic
combination rule for non-proportional damping systems (the modified
CQC rule proposed by Sinha and Igusa [22]) shown in Eq. (1),

Ree = \/z S BBS, (01, 2)5, (@1, )cos(6, — 0,)p,. M
s=1 r=1

where n is the number of modes required to achieve modal mass
participation of over 90%, s and r are mode numbers, ¢ is the modal
damping ratio, p is the correlation coefficient of the various modes, w is
the natural circular frequency, S is the response spectrum value, B = |Re
(A*Bp)/sin(@)|, 6 = tan~'(—Re(A*Bg)/Re(fyp)), A is the complex eigen-
value, f is the complex stimulus coefficient, ¢ is the complex eigenvector
component, * is the complex conjugate.

In GRSA, the response spectrum values of the representative damp-
ing ratio (¢p =1, 2, 3, 5, 10, 15, 20, 30%) are given beforehand from an
external file, and the response spectrum value of the arbitrary damping
ratio £, which is used in Eq. (1), are calculated by multiplying the
response spectrum value of the closest & with the response reduction
effect factor Dy [23] shown in Eq. (2),

Dy = (Dyo — 1)(5T) + 1
Dy, = Dyo
Dy, = Dyo{/&/&o(T —2)/40 + 1}

(0.0s<T < 0.25)
(0.2s<T < 2.0s) 2)
(2.0s<T < 8.0s)

where Do = /(1 + 25&)/(1 + 25&).

Three Japanese spectrally matched seismic waves [24] (El Centro,
Hachinohe, JMA Kobe) and one artificial wave KA1 (as an example of a
long period wave [25]) considering the soil structure of Tokyo are
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assigned. The acceleration response spectra and displacement response
spectra are shown in Fig. 6.

Comparisons between LRHAs and GRSAs are summarized in Fig. 7.
As shown in Fig. 7, the errors between LRHAs and GRSAs are within 20%
for each of the three seismic response parameters.

3. Optimal design variable values of single damped outrigger
system

3.1. First mode natural period and first mode damping ratio

An example demonstrating the relationship between the first four
modal characteristics and the outrigger height ratio a for the 64-story
model (k; = 0.5 x 10° kN/m, and C4 = 200 kN-s/mm) are shown in
Fig. 8. In the case of the bare core model and the fixed model, where the
perimeter columns are directly connected to the outrigger truss, a had a
large influence on the first mode’s period but had a negligible influence
on the period of the higher modes. Furthermore, the first mode’s addi-
tional damping ratio varies greatly with «, while the higher modes’
damping ratio exhibited lesser variation (Fig. 8(b)). This tendency arises
as the first mode is predominant in the relative velocity response of the
damper element in single damped outrigger systems. This implies that
the single damped outrigger system shows a strong dependence on the
first modal characteristics and is therefore effective in controlling the
first mode response. In previous studies, the higher mode’s additional
damping ratios were also observed to increase with « in single damped
outrigger systems where the damped outrigger is considered as a dam-
ped rotational spring [6], and the present study’s exact complex
eigenvalue analysis results suggest that the trend from the previously
studied theoretical models were not accurate.

The relationship between the first mode characteristics and « for all
models are shown in Fig. 9. It may be seen that the larger the Cy, the
lower the optimum «, and the smaller the Cg, the higher the optimum a.
As shown in Fig. 9(a), the first mode’s natural period decreases as the
damped outrigger is added to the core model increasing C4 and even-
tually converges to the period of the fixed model. The first mode period
is at a minimum when « is 0.7. As shown in Fig. 9(b), the first mode
damping ratio increases with Cg, reaches a maximum and then de-
creases. This suggests that when Cy is increased, the deformation of the
connection becomes more than that of the damper. The first modal
damping ratio is maximum at a = 0.6, which is slightly lower than the
optimal @ minimizing the first mode period. This is because it is neces-
sary to ensure a higher k. /a for a higher damping ratio. The first mode
damping ratio is maximum when Cjy is approximately 120 kN-s/mm.

3.2. Seismic response

The relationship between the seismic response parameters and a are
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shown in Fig. 10. All seismic response parameters reduce with
increasing damping ratio as shown in Figs. 8(b) and 9(b). Optimal
outrigger height ratio a,p, to minimize the roof displacement is 0.6, the
story drift ratio is 0.8, the roof acceleration is 0.9 and the overturning
moment is 0.7 respectively. Compared with the &, value that minimizes
the first mode characteristics, these ag, values form a wider range but
follow the former trend of larger the C4, the lower the optimum «, and
the smaller the Cy, the higher the optimum « as discussed in Section 3.1.
The optimal Cyqp: that minimizes the roof acceleration is about 40 kN-s/
mm and is 200 kN-s/mm for other response parameters. Nevertheless, as
shown in the orange marker, for cases when the first mode damping
ratio is maximum (shown in Fig. 9(b)), the seismic response reduced
significantly although the reduction in roof acceleration is

comparatively lesser than those observed for other parameters. This
validates the effectiveness of maximizing the first mode damping ratio in
the single damped outrigger system and is therefore adopted as a design
guideline.

3.3. Summary and comparison of results with previous studies

The modal characteristics, reduction ratios of seismic responses and
the summary of optimal values of @, C4, Rgp are listed in Table 2. The
optimal values obtained from the previous numerical studies are also
listed in Table 2(d). The larger the k, the shorter the natural period, the
higher the damping ratio, and the smaller the seismic response. There-
fore, it is desirable to design k; as large as possible because it is common
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Fig. 10. Seismic response of single damped outrigger models (k, = 0.5 x 10° kN/m, 64-story).
Table 2
Summary of the optimal values for the single damped outrigger models.
Optimal value Optimal value Optimal value Optimal value
Story  value value value value
a Ca Ran o Ca Rap o Cu Rap o Ca Rap
First 16 129 06 NA NA| 121 06 NA NA| LLI5 055 NA NA | 094 05 NA NA
mode 32 3.08 065 NA NA | 298 0.65 N/A N/A [ 291 0.65 N/A N/A | 2.28 0.5 NA N/A
natural 64 6.64 0.7 N/A NA | 650 0.7 N/A NA | 641 0.65 N/A N/A | 531 0.5 NA N/A
period 96 1052 0.7 N/A N/A | 1040 0.7 N/A N/A | 1033 07 NA NA | NA NA NA N/A
First 16 23 0.6 20 0.51 28 0.55 25 0.43 32 0.5 30 0.39 42 0.6 65 0.28
mode 32 12 0.65 50 0.66 16 0.6 70 0.65 18 0.55 80 0.56 28 0.5 221 0.45
damping 64 9 0.65 120 0.84 11 0.6 140  0.70 12 0.55 180  0.70 17 0.5 577 0.60
ratio 96 6 0.65 180 0.89 7 0.6 240  0.87 8 0.55 270 077 | NJA N/A N/A N/A
Roof 16 71 0.65 30 0.79 75 0.6 35 0.64 79 0.6 40 0.59 84 0.5 95 0.35
displace 32 42 0.65 70 0.92 48 0.65 120 1.17 52 0.6 130 0.98 68 0.6 300 0.70
ment 64 42 0.7 200 145 48 0.65 200 1.06 51 0.6 200 0.83 55 0.6 577 0.70
(RD) 96 23 0.7 180  0.93 27 0.6 270 098 30 0.6 300 092 | NJ/A  N/A N/A N/A
Story 16 73 0.75 25 0.70 77 0.7 30 0.61 79 0.65 35 0.55 84 0.6 95 0.40
drift 32 44 0.85 120 1.81 49 0.8 90 1.01 53 0.8 110 1.04 68 0.7 221 0.59
ratio 64 40 0.85 180 1.46 46 0.85 200 1.28 49 0.85 180  1.00 53 0.8 577 0.90
(SD) 96 22 0.85 180 1.04 26 0.8 240  1.07 28 0.8 270 1.05 | N/A N/A N/A N/A
Roof 16 33 0.9 10 0.31 36 0.95 10 0.25 37 0.9 10 0.20 52 0.9 50 0.28
accele 32 16 1 20 0.33 19 0.9 20 0.24 21 0.9 20 0.21 46 0.9 116 0.37
ration 64 8 0.95 40 0.35 10 0.95 40 0.28 11 0.95 40 0.24 20 0.9 223 0.37
(RA) 96 3 0.95 60 0.37 4 0.95 60 0.31 4 0.95 60 027 | NJA N/A N/A N/A
Base 16 46 0.8 10 0.29 50 0.75 10 0.21 52 0.75 10 0.18 59 0.7 36 0.17
shear 32 23 0.85 20 0.30 27 0.85 20 0.23 30 0.85 20 0.20 47 0.8 116 0.34
(BS) 64 16 0.85 40 0.32 19 0.85 40 0.26 21 0.85 40 0.22 25 0.9 123 0.19
96 8 0.85 60 0.35 10 0.85 60 0.28 11 0.85 60 025 | NJA N/A NA N/A
Over 16 -58 0.6 30 0.76 -61 0.6 30 0.55 -66 0.25 70 0.57 -78 0.1 757 0.60
turning 32 -33 0.7 40 0.55 -36 0.7 40 0.41 -38 0.75 40 0.36 -55 0.2 826 0.70
moment 64 -28 0.7 160  1.16 -33 0.65 200 1.06 -36 0.75 180  0.90 -41 0.7 324 0.45
(0T™M) 96 -15 075 150 081 | -18 075 150  0.64 | 20 075 180 0.66 | NNA NA NA NA

% units: natural period (s); the damping ratio (%) and the seismic response reduction ratio (%).

to have a higher degree of design freedom in k; than k.. The optimal
value of a depends on the height, k; and the objective functions, but is
mostly in the range of 0.5-0.9. This range is similar to, albeit slightly
larger than the results presented in Lin et al. [12]. The optimal value of
Cgincreases with k. (Note that k; was very large in the previous study). It

also increases with the building height and depends greatly on the
objective functions. The optimal value of Ry, increases with building
height and decreasing k;. This trend is the same as that observed by Lin
et al. [12] wherein the optimal Ry, value decreased with an increase in
the Sp.. The optimal R4, value depends greatly on the objective
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functions, and is in the range of 0.2-0.4 when the roof acceleration and
the base shear are minimized. The obtained optimal value is in the range
of 0.4-0.9 when the first mode damping ratio is maximized and is in the
range of 0.6-1.0 when minimizing the seismic response. In summary,
the trends of dynamic characteristics and optimal values of @, Cg4, Rgp in
this study are generally consistent with those of previous studies even
though the studied analytical ranges are significantly different.

4. Optimal design variable values of dual damped outrigger
system

4.1. Optimal outrigger height ratio for first and second mode
characteristics

This section investigates the optimal outrigger height ratio based on
the first and second modal characteristics in a dual damped outrigger
system. The relationship between the first mode natural period, first
mode damping ratio, second mode damping ratio and design variables
are shown in Fig. 11. The horizontal axis title § is defined in Eq. (3),
where the i-th decimal place corresponds to a;.

p= Z 107", =
i=1

For example,f = 0.75 means the dual outrigger positions with a; =
0.5and @ 5 = 0.7.

As shown in Fig. 11(a), adding a lower outrigger to the single dam-
ped outrigger (period equal to 6.6 s) reduces the first mode natural

a +0.1a; (n =2, dual outrigger). 3
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period to about 6.3 s. The optimal range for the outrigger height ratio as
was found to be 0.7-0.8 and for a; was around 0.6-0.7, which are
slightly larger than the corresponding optimal a values for the single
damped outrigger (=0.7). These optimal outrigger height ratios are
comparable to those observed in Lin et al.’s study using BRB [13].
However, the method presented in this paper allows for a more detailed
and comprehensive analysis of the effect of the multiple outriggers on
the higher mode response. As shown in Fig. 11(b), by adding a damped
outrigger below the single damped outrigger, the first mode damping
ratio increases from 10.5% to 13%. However, for cases when the
damping coefficient is large (Cq; = Cg2 = 200 kN-s/mm) and the
outrigger spacing is close (a; > 0.7), the first mode damping ratio is
lower than that of the single damped outrigger. The optimal ranges
obtained for outrigger height ratios ay and a; are 0.6-0.7 and 0.5-0.6
respectively, which are slightly lower than the optimal a;, @y ranges
obtained from minimising the first mode natural period. This suggests
that it is necessary to ensure a high value of k. /a to achieve a higher
damping ratio as was in the case of a single damped outrigger. As shown
in Fig. 11(c), adding a lower damped outrigger to a single damped
outrigger increases the second mode damping ratio from 4% to about
7%. This suggests that dual damped outriggers are more effective than
single outriggers in controlling the higher second mode response.
However, when the damping coefficient is large (C4; = C42 = 200 kN-s/
mm) and the outrigger spacing is close (a; > 0.7), the second mode’s
damping ratio is lower than that of the single damped outrigger. The
optimal ranges for outrigger height ratios ap and a; are 0.8-0.9 and
0.2-0.3 respectively.
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Fig. 11. Relationship between first and second mode characteristics and @, a2, Cq1, Ca2 (kg = ki = 0.5 X 10° kN/m, 64-story).
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The first and second mode shapes of the optimal model obtained by
optimising the first mode characteristics (az = 0.7, a1 = 0.6) and the
second mode characteristics (a2 = 0.9, a; = 0.25) are shown in Fig. 12.
As shown in Fig. 12, the optimal a; and a3 correspond to the heights at
which the rotation angle of the core is large enough to secure the
perimeter column axial in each mode.

4.2. Optimal damping coefficient for first and second mode damping ratio

In this section, the optimal damping coefficient maximizing the first
and second damping ratio is investigated. The contour maps (the x and
the y axis correspond to the damping coefficient and the z-axis repre-
sents the first and second mode damping ratio) are shown in Figs. 13 and
14. Three models: model-2 which has an outrigger height ratio corre-
sponding to the optimal outrigger height ratio maximizing the first mode
damping ratio obtained in Section 4.1 (ag = 0.7 and a; = 0.5), model-1
without outriggers on the upper half of the building (a3 = 0.5 and a; =
0.5,), and model-3 which is the truss model with the upper outrigger
located at the top of the building (@; = 1.0 and @; = 0.5,) were
considered.

First, the first mode damping ratio is maximized. As shown in Fig. 13
(a2) and Fig. 13(b2), the optimal damping coefficient in model2 is Cgo =
40 kN-s/mm, Cg4; = 60 kN-s/mm for 32-story model and C42 = 150 kN-s/
mm, Cs3 = 210 kN-s/mm for 96-story model. Optimal Cg4;, Cgo are
proportional to the building height. The optimal Cy4; value is larger than
the optimal Cg4p value because k./a is larger at the lower outrigger. As
shown in Fig. 13(al) and Fig. 13(b1), the optimal damping coefficient of
modell is larger than that of model2, because k./a is larger in modell.
Similarly, as shown in Fig. 13(a3) and Fig. 13(b3), the optimal damping
coefficient of model3 is smaller than that of modell and model2. The
optimal damper-connection stiffness ratios in model2 is Rgp2 = 0.4, Rgp1
= 0.4 for 32-story model and Rgp2 = 0.6, Rgp1 = 0.55 for 96-story model,
where Rgp2 and Rgp; are similar. The optimal damper-connection stiff-
ness ratios in modell,3 are different from those for model2, indicating
that the optimal damper-connection stiffness ratio varies with the
outrigger height.

Next, second mode damping ratio is maximized. As shown in Fig. 14
(a2) and Fig. 14(b2), the optimum damping coefficient in model2 is
about Cgy = 20 kN-s/mm and Cg4; = 40 kN-s/mm for 32-story model and
Cgo = 60 kN-s/mm and C4; = 120 kN-s/mm for 96-story model. As the
natural circular frequency (@) in kg = Cq w is larger in higher modes, the
optimal C4; and Cyy values are smaller than those obtained by maxi-
mizing the first mode damping ratio. The optimal damper-connection
stiffness ratio is also therefore smaller than that obtained by maxi-
mizing the first mode damping ratio. Rgp; and Rgyz were found to be in
the range of 0.2-0.3 for all outrigger height ratios.

The contour plots obtained by maximizing the first and second mode
damping ratio for k;q = kg = 1.0 kN/m are shown in Fig. 15. The 96-
story model2 is chosen as an example. As shown in Fig. 15, the larger
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the ks and the ki, the higher the first and second mode damping ratio,
and so it is desirable to design the outrigger stiffness as large as possible
in the dual outrigger system. Furthermore, the larger the ky; and the ki,
the larger the optimal damping coefficient, and the smaller the optimal
damper-connection stiffness ratio.

From the above plots, it may be concluded that the optimal damping
coefficient varies greatly depending on the building height, outrigger
height ratio, outrigger stiffness, and kinds of seismic response. However,
if an optimal design is not so important, an acceptable solution may be
obtained with Rgy; and Rgp in the range of 0.3-0.7.

4.3. Dominant mode in each seismic response

iMDR; (Mode Distribution of Response) shown in Eq. (4) and DR;
(Dominant Ratio) are defined in Eq. (5) to identify the dominant mode in
each seismic response, where ;A; is the maximum response of the sth
mode at ith node of the core, and n is the number of polymerized modes
(n = 6 in this study). As shown in the equations, ;MDR; represents the
contribution of each mode to the total CQC response, and by definition,
the sum of the first ~n-th ;MDR; is then equal to the CQC response. DR,
represents the contribution of individual modal response to the
maximum value at the ith node such that the sum of DR; of first to nth
mode is 100%.

iAf &
iMDR; = W x COC, E :MDRs = ,CQC. ()]

=1 s s=1

absmax( ;A 2 n=6
DR,(%) = () v x 100, ZDR,, = 100. 5)
s=1

ijahsmax( A,

iMDR; and DR; of each seismic response are shown in Fig. 16. As
shown in (a), the lateral displacement is dominated by first mode at all
heights with DR; > 98%. As shown in (b), although the contribution of
the second mode is observed except in the middle layer which is the
belly of second mode vibration, the story drift ratio is dominated by first
mode with DRy = 80% and DRy = 20%. As shown in (c), the second and
third modes show significant contributions at all heights for lateral ac-
celeration, with DRy = 45% and DR3 = 35%. As shown in (d), the
overturning moment, which is more critical than the shear force to the
whole system’s collapse, is dominated by the first and second modes
with DRy = 35% and DRy = 41%.

iMDRs and DR, of the optimal model maximizing the second mode
damping ratio (a3 = 1.0 a; = 0.3, Cg4; = C42 = 40 kN-s/mm) are shown in
Fig. 17. The story drift ratio and lateral acceleration are shown as an
example. Compared with Fig. 16, the first mode response is larger while
the second mode response is smaller, resulting in a larger story drift ratio
and a smaller acceleration. Therefore, by maximizing the second mode
damping ratio, the second mode can be effectively controlled and the
acceleration response can be reduced, but the displacement response
may be large.
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Fig. 12. Comparison of mode shapes (a2 = 0.7, a; = 0.6 and ay = 0.9, a; = 0.25, 64-story).
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Fig. 15. Contour plots based on each modal damping ratio (kg = ki = 1.0 X 10° kN/m, 96-story, model2).
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Fig. 16. Modal contributions to seismic response (top) and dominant ratios (bottom) (ks = ki = 0.5 x 10° kN/m, 64-Story, az = 0.7, a; = 0.5, C4; = C42 = 200 kN-

s/mm).

4.4. Parametric study and optimal outrigger height ratio for seismic
response

In this section, the optimal outrigger height ratio minimizing the
seismic response is investigated and compared with the results discussed
in Section 4.1. The relationships between « and each of the response
parameters (the displacement, the acceleration, and the overturning
moment) are shown in Fig. 18. As shown in Fig. 18, adding a lower
outrigger to the single damped outrigger reduces each of the seismic
response values. However, when the damping coefficient is large (C4; =
Cg2 = 200 kN-s/mm) and the outrigger spacing is close (a; > 0.7), the
seismic response becomes larger than that in a single damped outrigger
case. The optimal outrigger height ratios minimizing the roof displace-
ment are ay = 0.7-0.8 and a; = 0.6-0.7, which are close to the corre-
sponding optimal « values minimizing the first mode natural period and
maximizing the first mode damping ratio. The optimal outrigger height

11

ratios minimizing the roof acceleration are ay = 0.9-1.0, and o;
0.3-0.4, which are close to the optimal a values corresponding to the
maximum second mode damping ratio. These results indicate that
optimal outrigger height ratios obtained based on minimizing the
seismic response are highly dependent on dominant mode characteris-
tics. The optimal outrigger height ratios corresponding to the minimum
overturning moment are az = 0.7-0.8 and o3 0.4-0.5, which are
therefore close to the optimal values based on the dominant first and
second mode characteristics. These results are also comparable to those
obtained in the previous study [13], and this suggests that the optimal
outrigger height ratios are not significantly influenced by the choice of
damper (viscous damper or elastoplastic dampers like the BRB). In
summary, the ranges for optimal outrigger height ratios for dual damped
outrigger are a; = 0.6-1.0 and a; = 0.3-0.7.
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s/mm).

4.5. Optimal damping coefficient for seismic response

The contour maps (the x- and the y-axis correspond to the damping
coefficient and the z-axis represents the reduction ratio) for the roof
displacement, the roof acceleration, and the overturning moment are
shown in Fig. 19. The optimal values obtained based on the first and
second mode characteristics are also plotted, and the results for model2
are shown as an example. As shown in Fig. 19(al) and Fig. 19(a2), the
optimum damping coefficient corresponding to minimum roof
displacement is about C4o = 80 kN-s/mm for 16-story model, C5; = 100
kN-s/mm for 32-story model and Cgo = 180 kN-s/mm, Cyq; = 240 kN-s/
mm for 96-story model. As with the first mode damping ratio, the
optimal damping coefficient increases with building height and optimal
Cq is larger than the optimal Cyy. The optimal damping coefficients
corresponding to minimum roof displacement lie between the optimal
values based on the first mode natural period (red /\) and the first mode
damping ratio (red x), which is due to the dominance of the first mode
for the roof displacement. Similarly, as shown in Fig. 19(b1) and Fig. 19
(b2), the roof acceleration which is dominated by the higher modes,
shows very small optimal damper characteristics as well as the second
mode damping ratio (green x). As shown in Fig. 19(c1) and Fig. 19(c2),
the optimal damping coefficients minimizing the overturning moment
which is dominated by the first and second mode lie between the
optimal amounts based on the first and second mode natural period and
the damping ratios. Therefore, the distribution for each of the seismic
response parameters are functions of the dominant modes of that
response parameter explaining the difference in the corresponding
optimal damping coefficients. However, the difference in the reduction
ratio between the optimal value for each seismic response parameter
(blue @) and the optimal value based on maximizing the first mode
damping ratio (red x) is less than 5%, indicating that each of the
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response parameters can be efficiently reduced by simply maximizing
the first mode damping ratio.

The response reduction ratio of minimized seismic responses and the
reduction ratios when (b) first mode damping ratio is maximized, (c)
second mode damping ratio is maximized, and (d) first mode natural
period is minimized, are shown in Table 3. As shown in Table 3(d), the
roof acceleration and base shear may not be significantly reduced by
minimizing the first mode natural period. Similarly, as shown in Table 3
(c), maximizing the second mode damping ratio may not be very effi-
cient in reducing the roof displacement, the story drift ratio and the
overturning moment. However, as shown in Table 3(b), maximizing the
first mode damping ratio reduced the displacement response and ac-
celeration response significantly. This indicates the effectiveness of
maximizing the first mode damping ratio for spectrally matched waves.

4.6. Seismic response against Japanese long period earthquake (KA1)

In this section, the seismic response from the input KAl wave is
compared with the responses obtained from the spectrally matched
waves. First, ;MDR; and DR, for the Story drift ratio, the roof accelera-
tion, and the overturning moment are shown in Fig. 20. If compared
with the response from the spectrally matched waves, the dominance of
higher modes is small because the spectral values corresponding to the
second and third periods are smaller for the KA1 wave as shown in Fig. 7.

Fig. 21 shows the contour plot where the z-axis represents the
reduction ratio of the story drift ratio and roof acceleration obtained
from the KA1 wave. The xy-axis in Fig. 21(al) and Fig. 21 (a2) represent
the outrigger height ratio, and the xy-axis in Fig. 21(b1) and Fig. 21(b2)
represent the damping coefficient. As shown in Fig. 21(al), the optimal
az and a; minimizing the story drift ratio is closer to the optimal ay and
a; values based on the first mode characteristics than those obtained by
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Fig. 18. Relationship between seismic response and a1, as, Cq1, Caz (kg = ki = 0.5 x 10° kN/m, 64-Story).

minimizing the story drift from the spectrally matched waves. This
might be because DR; is lower for the KA1 wave. As shown in Fig. 21
(a2), the optimal a; and a; based on the roof acceleration are closer to
the second mode characteristics than the corresponding values obtained
from the spectrally matched waves, because of lower DR3. As shown in
Fig. 21(b1), the optimal damping coefficients minimizing the response
from KA1 wave are larger than those based on the responses from
spectrally matched waves. This might be because the displacement
response spectra of the KAl wave is steeper in the period range of
6.2-6.5 s, and so the effect of the shorter period is larger. Similarly, the
optimal damping coefficients minimizing the roof acceleration (Fig. 21
(b2)) are greater than those based on the responses from spectrally
matched waves. Furthermore, the difference in the reduction ratio be-
tween the optimal value for each seismic response parameter (labelled
with blue marker @) and the optimal value based on maximizing the
first mode damping ratio (labelled with red marker x) is less than 5%,
indicating that even though the optimal damping coefficients depend on
the input ground motion characteristics, maximizing the first mode
damping is sufficient enough to efficiently reduce each of the responses.

4.7. Discussion

In Sections 4.1-4.6, it was shown that the dual damped outrigger
system is effective in controlling not only the first mode but also the
second mode response. While all the response parameters were signifi-
cantly reduced by maximizing the first mode damping ratio, the
displacement response could not be efficiently reduced by maximizing

the second mode damping ratio. Therefore, considering the conclusions
of Chapter 3 and Chapter 4, maximizing the first mode damping ratio is
the best approach overall for the damped outrigger system.

Furthermore, the optimal outrigger height ratio is about @ = 0.5-0.8
for single damped outrigger, as = 0.6-1.0, a; = 0.3-0.7 for dual damped
outrigger, while the optimal damping coefficient vary greatly for each
design variable (for example, the building height or the outrigger
height). Furthermore, as mentioned in Chapter 1, while the outrigger
height and stiffness of each member are generally predetermined during
the planning stage, the damping coefficients have a relatively high de-
gree of freedom in design. Therefore, it is necessary to develop an
optimal design method that accommodates these constraints and allows
for changes in the design variables.

5. First mode characteristics of triple, quad damped outrigger

In this section, the number of outriggers is further increased to three
or four, and the extent to which the first mode characteristics are
improved is investigated. Analysis models with triple and quad damped
outriggers are listed in Table 4. As shown in Table 4, triple and quad
damped outrigger systems have a large number of design variables, and
so models with unrealistic parameters (for example, a model where the
uppermost outrigger is located at the bottom of the building) are
excluded from the analysis range. The relationship between the first
mode characteristics and the outrigger height ratio is shown in Fig. 22.
64-story models with ky = ko = ki3 = keg = 0.5 % 10% kN/m, and Cg =
Cg2 = C43 = Cgq4 = 120 kN-s/mm are considered. As shown in Fig. 22, the
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Fig. 19. Contour plots of seismic response reduction ratio (ks = ki = 0.5 x 10° kN/m, model2).

Table 3
Summary of seismic response reduction ratios (kg = k2 = 0.5 X 10° kN/m).
@) ls\glii:rinrrilézed (b) Maximized first mode (c) Maximized second (d) Minimized first mode
damping ratio mode damping ratio natural period
Story response

Reduction Reduction Error Reduction Error Reduction Error
ratio (%) ratio (%) from (a) ratio (%) from (a) ratio (%) from (a)

Roof 16 82.4 75.1 -7.27 56.0 -26.41 69.2 -13.18

displace 32 55.8 51.5 -4.29 322 -23.58 53.0 -2.77

ment 64 53.4 50.4 -3.02 31.0 -22.47 44.4 -9.02

(RD) 96 31.8 31.7 -0.17 17.9 -13.88 26.7 -5.15
Story 16 83.8 75.5 -8.34 56.2 -27.63 70.6 -13.26

drift 32 56.6 50.2 -6.41 33.1 -23.49 51.1 -5.49
ratio 64 52.4 47.8 -4.57 31.8 -20.57 423 -10.15

(SD) 96 318 29.9 -1.83 18.9 -12.83 252 -6.62
Roof 16 41.0 29.9 -11.01 38.0 -2.96 16.3 -24.64
accele 32 26.2 14.9 -11.34 233 -2.91 5.6 -20.64
ration 64 15.2 9.4 -5.80 12.9 -2.37 3.6 -11.61

(RA) 96 79 39 -4.01 7.1 -0.76 0.8 -7.04
16 54.0 422 -11.85 51.0 -3.03 134 -40.66

gla:; 32 343 24.5 -9.77 30.7 -3.51 10.7 -23.53
(BS) 64 25.9 20.4 -5.49 25.2 -0.74 10.2 -15.74
96 16.5 10.9 -5.62 15.6 -0.87 4.6 -11.93

Over 16 74.8 66.2 -8.61 55.5 -19.29 50.3 -24.52
turning 32 46.4 41.0 -5.42 333 -13.09 34.6 -11.85
moment 64 423 39.6 -2.68 30.9 -11.36 28.9 -13.36

(OT™) 96 25.6 23.5 -2.05 19.1 -6.44 15.8 -9.74
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Fig. 20. Modal contributions to seismic response (top) and dominant ratios (bottom) against KA1 wave (kg = kp = 0.5 x 10° kN/m, 64-Story).

first mode natural period is 6.66 s, 6.29 s, 6.17 s, and 6.13 s for the
single, dual, triple, and quad outrigger system, respectively and the first
mode damping ratio is 10.6%, 12.9%, 13.5%, and 13.6% for the single,
dual, triple, and quad outrigger, respectively. As was seen when adding
outriggers to a single outrigger, the period reduces and the damping
ratio increases when the number of outriggers is increased, but the rate
of increase decreases. Thus, the effect of outrigger addition diminishes
and the first mode natural period and the first mode damping ratio
converge to about 6.1 s and 14%, respectively.

6. Proposal of a generalized optimal design procedure for
damped outrigger systems with additional linear viscous
dampers

According to the analysis results in Sections 3 and 4, it may be
inferred that the requirements (IV) and (V) mentioned in the introduc-
tion may be satisfied by adopting a design guideline that maximizes the
first mode damping ratio. For this purpose, it is necessary to formulate
simple design equations to estimate the damper coefficient maximizing
the first mode damping ratio. Nevertheless, this optimized damper co-
efficient is an idealized (sometimes unrealistic) target value used in the
preliminary design stage, and, in the actual design process, is required to
be adjusted considering the practicalities (e.g., the capacity limitation of
the damper device, the construction cost, or the engineer’s intention.) as
per the requirements (I), (II), and (III). Therefore, it is also necessary to
develop a design tool checking the first mode characteristic of arbitrary
linear damped outrigger systems in this iterative design process. In
Section 6.1, an equation to estimate the damper-connection stiffness
ratio that maximizes the first mode damping ratio under the constraints
of the outrigger height ratio and the connection-core stiffness ratio will
be developed. In Section 6.2, a machine learning model that predicts the
first mode characteristics will be developed. In Sections 6.3 and 6.4, a
web-based design tool that incorporates the estimation equation and the
machine learning model will be developed and the way to use the design
tool is demonstrated through a design example of single- to quad-
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damped outrigger systems. In Section 6.5, a generalized optimal
design procedure for damped outrigger systems with additional linear
viscous dampers based on the entire study is proposed.

6.1. Optimal damping coefficient based design equation

Design equations (6) to (9) for single to quad damped outrigger are
proposed to approximately estimate the optimal damper to connection
stiffness ratio (Rgy) based on complex eigenvalue analysis. These
equations estimate the optimal damper-connection stiffness ratio that
maximizes the first damping ratio in the specified range of the outrigger
height ratio (#;) and connection to core stiffness ratio (S;), allowing for
flexibility in the outrigger height and stiffness of each element. The
calibration coefficients of these equations are listed in Table 5.

Ry = Cl x % x S+ C4. 6)
Raia = Clxaf? x a5 x Sgi x S55 + C6. %)
Rapizz = Clxaf? x as® x a§* x S5 x S£8 x S5 + C8. €))
Rapi234 = Cl X (Jlllj2 X (chz X a§4 X afs X Sffl X Szf:z X ng X Sf; +C10.

)]

For example, a dual damped outrigger (Eq. (7)) is considered. Fig. 23
shows the plots of the optimal damping coefficients (Cq41, Cq2, Rap1, Rap2)
and . As shown in the Fig. 23, Eq. (7) accurately captures the trend of
these optimal damping coefficients. The first mode natural period, the
first mode damping ratio, the second mode damping ratio, the story drift
ratio, and the roof acceleration obtained using Eq. (7) are shown in
Fig. 24. The first mode natural period from Eq. (7) is approximately the
average of all the optimal results. As shown in Fig. 24 (b), the first mode
damping ratio obtained from Eq. (7) is the maximum of all the obtained
results. As shown in Fig. 24 (c), the second mode damping ratio obtained
from Eq. (7) lies at about two-third of the maximum of the total analysis



Engineering Structures 247 (2021) 113229

T. Asai et al.
Q Optimal value for seismic response against KA1 OOptimal value for seismic response against matched wave
33 Optimal value for 1% damping 33 Optimal value for 2" damping A Optimal value for 1* period
0.8 — 0.8 —
Cay1= 120, Cp=120 0 J Cy1= 120, Cp=120
A
0.61 0.61 N
ol
S 27
0.4 o =0.4 ’ /\;)
b IS Vel
2 ®
0.21 \\ w \ 0.21 o &
N \ \ 1=
02 04 06 08 10 02 04 06 08 10
an a2
(al) Story drift changing ai, o (a2) Roof acceleration changing a1, a2
Rap Rap
0.3 0.6 09 1.2 1.5 0.3 0.6 09 1.2 1.5
280 R 280 R A
a1=05, =07 @ a;=0.5, a,=0.7
240§ 09 2401 0.9
g g
200 2001
£ £
P ] 0.6 — 7 i 0.6 =
E 160 | QS’ E 160 ;S
< 1201 ‘62—/_ <1201 I
. O =0
80-§‘ AN 0.3 80 \ﬁ'OS
O P | |
. -60 — |
40 \ 404
NN Sy
40 80 120 160 200 240 28 40 80 120 160 200 240 280
Ca2 (KN-s/mm) Ca2 (KN-s/mm)
(b1) Story drift changing Ca1, Caz (b2) Roof acceleration changing Cai, Caz
Fig. 21. Contour plots of seismic response reduction ratio against KA1 (kg = ki, = 0.5 x 10° kN/m, 64-Story, model2).
Table 4 6.2. Machine learning model to estimate the first mode characteristics
able
Analysis range of triple and quad models. A decision tree is an algorithm that classifies or regresses data by
triple model quad model repeating Yes or No questions. An example of how a decision tree al-
Story 32, 64, 96 64, 96 gorithm works is shown in Fig. 25.
ke—kea 0.25,0.5, 1.0 0.25,0.5, 1.0 Next, an example of how a gradient boosting algorithm works is
a1 0.3-0.7@0.1 03-0.7@0.1 shown in Fig. 26. The gradient boosting algorithm is performed as
as 0.3-0.7 @ 0.1 0.3-0.7 @ 0.1 follows:
as 0.5-1.0 @ 0.1 0.3-0.7 @ 0.1 oflows:
a4 0.6-1.0 @ 0.1
CarCas 10-140 @ 10 (32) Randomly divide the input data into train_data, eval data, and

20-280 @ 20 (64)
30-420 @ 30 (96)

20-280 @ 20 (64)
30-420 @ 30 (96)
144,060,000

total model 3,704,400

results. As shown in Fig. 24 (d), the story drift ratio obtained from Eq. (7)
is low, but because the estimated first mode natural period average of all
results, some models have drifts lower than that of the model estimated
using Eq. (7). As shown in Fig. 24 (e), the reduction of the roof accel-
eration is also expected because additional damping in the second mode
may be obtained by using a dual damped outrigger. In conclusion, by
applying Eq. (7), the first mode damping ratio can be maximized, and
both displacement response and acceleration response can be reduced
greatly. The accuracy of the other equations (11), (13), and (14) were
also similarly verified.

test_data.

Create the i-th decision tree (a learning model) using the train_data
by a decision tree algorithm.

Predict the first mode damping ratio by the i-th decision tree, using
both the train_data and the eval-data from.

Calculate the error from the predicted value and the correct answer
value. In this proposal, R? score was used as the error indicator.
Create the i 4+ 1-th decision tree to minimize a loss function calcu-
lated by the error.

Calculate the error prediction from the i + 1-th decision tree (®.)
Add the prediction value (®) and the error prediction value (®), and
calculate the second prediction value considering the error.
Calculate the error again from the predicted value (®) and the
correct answer value.

Converge ® ~ ® to the specified tolerance.

Finally, confirm the accuracy of the learining model using the
train_data.
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Fig. 22. first mode characteristics of triple and quad model (64-story, ki 4 = 0.5 x 10° kN/m).

Using the gradient boosting method described in Fig. 26, a machine
learning model is proposed to estimate the first mode characteristics of
the damped outrigger system. The explanatory variables are building
height, @14, Spc1~4, and Rgp1 ~4, and the objective variables are the first
mode natural period and the first mode damping ratio. The hyper-
parameters are tuned using the Optuna library [26].

The change in score (degree of freedom adjusted coefficient of
determination: R?) in the convergence process (@) is shown in Fig. 27.
The comparison between the predicted value and the test value is also
shown in Fig. 28. A triple damped outrigger is shown as an example and
the R? score is over 0.99 against eval_data, which confirms the high
accuracy of the learning model. As shown in Fig. 28, the predictions for
both the first mode natural period and the first mode damping ratio
captures the correct answer value with less than 5% error.

6.3. Web application-based design tool

An optimal design kit composed of the design equations and the
learning models is consolidated into a web application since it is difficult
for engineers to use the proposed learning models directly. The in-
struction for use are as follows (Fig. 29):

(1) Access the page from the URL or the QR code,

(2) Select the number of outriggers (e.g., 3 layers),

(3) Enter the building height, a; -3, Spc1~3, and Rgp1~3, which acti-
vates the learning model for the first mode characteristics.

The output values are the first mode natural period and the first

mode damping ratio. The optimal damper-connection stiffness ratio and
the first mode characteristics by the proposed design equations
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Table 5
Coefficient of the simple design equations.
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(a) single model, Equation (6)

Cl c2 C3 C4
Rap —0.870 0.284 0.309 1.283
(b) dual model, Equation(7)
C1 C2 C3 C4 C5 C6
Rap —1.043 0.158 0.011 0.265 —0.130 1.383
Rap2 —2.834 0.079 0.106 0.034 0.031 2.946
(c) triple model, Equation (8)
C1 c2 C3 Cc4 C5 C6 c7 c8
Rap 2.019 —0.044 —0.090 0.069 —0.059 —0.163 0.187 —1.655
Rap2 —-1.129 0.132 0.238 —0.075 0.085 0.241 -0.217 1.344
Rap3 —1.514 0.107 0.276 0.387 0.186 —-0.079 0.026 1.463
(d) quad model, Equation (9)
C1 Cc2 C3 Cc4 C5 Cc6 c7 c8 (6°] C10
Rap1 1.232 —0.048 —0.106 —-0.123 0.106 —0.052 —0.172 —0.088 0.274 —0.920
Rapa 2.005 —0.030 —0.046 —0.097 0.067 —0.014 —0.049 —0.152 0.184 -1.726
Rap3 —0.990 0.062 0.164 0.273 —0.120 0.140 —0.106 0.301 —-0.212 1.158
Rapa —1.269 0.072 0.115 0.541 0.673 0.205 —0.034 0.082 —0.067 1.110
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e
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Fig. 23. Relationship between the optimal damping coefficients and f (64-Story).

considering the input a1-3, Spc1~3 are also displayed.

A case study for design of a 64-story dual damped outrigger system
where ky 2is 0.5 x 10°kN/m, a7 is 0.5, a5 is 0.7, Spe1 15 0.7 and S0 is 0.5
is demonstrated. In this case, the optimal damping coefficients calcu-
lated from the design equations are C4; = 110 kN-s/mm, Cgo = 61 kN-s/
mm, and the first mode characteristics obtained from the machine
learning tool are Ty = 6.79 s and &; = 11%. If the damping coefficient is
too large causing the budget to exceed, ks > can be reset to 0.2 x 1 0 kN/
m and recalculating the explanatory variables, the damper may be
redesigned using C4; = 186 kN-s/mm, Cgp = 62 kN-s/mm, and T; = 6.86
s, &1 = 10.31%. Similarly, performance can be improved by increasing,
ka2 to 0.8 x 10% kN/m and recalculating explanatory variables, the
damper may be redesigned using C4; = 138 kN-s/mm, Cgo = 82 kN-s/
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mm, and T7 = 6.67 s, & = 13%. In this way, optimal design satisfying
the required damping coefficient (ensuring economic efficiency) and
first-order mode characteristics (ensuring performance) can be ob-
tained. The same procedure can also be used to accommodate other
variations in architectural plans. It is also possible to select the number
of outriggers by comparing the optimal models (single to quad damped
outrigger systems), as discussed in Section 6.4.

6.4. Design example

This section outlines the application of the proposed optimal design
kit using five different models. As shown in Fig. 30, four (single to quad)
outrigger models with outriggers equally distributed along the height
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Fig. 25. Schematic diagram of decision tree algorithm.
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are considered along with a bare core model. The building height is 256
m (64-story) and the outrigger stiffness ks (=ki = ki3 = kyg) is taken as
0.5 x 10% kN/m. The optimal damping coefficients evaluated from the
design equations are shown in Fig. 30. The acronyms RD, SD, RA, BS,
and OTM in Fig. 30 correspond to the roof displacement, story drift
ratio, roof acceleration, base shear, and overturning moment,
respectively.

As shown in Fig. 30(b), the first mode damping ratio estimated by the
machine learning model agrees well with the analytical values. While
the first mode damping ratio increases as the number of outriggers in-
creases, the rate of increase decreases after the second outrigger is
included, which is consistent with the results of Chapter 5. On the other
hand, the second and third mode damping ratios increase in proportion
to the number of outriggers. This confirms that increasing the number of
outriggers is more efficient in achieving higher modal damping ratios
than optimizing the dampers individually.

As shown in Fig. 30(c), the roof displacement, story drift ratio and
overturning moment, which are dominated by the first mode, are
significantly reduced by adding the first damped outrigger (i.e., single
damped outrigger), and the rate of response reduction decreases with
subsequent additions. On the other hand, the roof acceleration and base
shear are dominated by yet higher modes and so significant reduction is
observed with each addition of the outrigger and the reduction is in
proportion to the number of outriggers. Based on this result, it is pro-
posed to optimally design a single damped outrigger based on the first
mode characteristics when only the displacement response is to be

o

e e

— ——
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explanatory|| objective explanatory|| objective explanatory|| objective
variable variable variable variable variable variable
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Bic

E

1

Fig. 26. Schematic diagram of gradient boosting algorithm.
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Fig. 28. Comparison of predicted value and true value (triple).

reduced, and multiple damped outriggers should be considered when
reduction in acceleration and base shear response is also desired.

6.5. Generalized design procedure

Based on the results of the present study, ranging from the numerical
investigation to the development of the web application-based design
tool and the actual design practice, a generalized optimal design pro-
cedure for damped outrigger systems with additional linear viscous
dampers is proposed as follows:

Step 1. Determine the maximum available number of outriggers
from the viewpoint of architectural, mechanical, electrical and
plumbing planning. It is recommended to use all the available out-
riggers as damped outriggers to increase the higher mode damping
ratios.

Step 2. Determine the appropriate outrigger heights based on the
presented numerical results, and then design the damper coefficients
to maximize the first mode damping ratio by using the proposed
design equations. In the preliminary design stage, assume the
outrigger stiffness k; as 0.5 x 10% kN/m (i.e a standard value). Use
the damper coefficient calculated from the design equations as the
idealized target value in this stage. Note that the damper coefficient
obtained iteratively in the next step is practically the true optimized
value.

Step 3. Estimate the first mode characteristic by using the proposed
web application-based design tool. If the designed damper co-
efficients are unrealistic because of the capacity limitation of the
damper device or the construction cost, decrease the damper co-
efficients. If a shorter first mode natural period is expected, increase
the damper coefficients. In either case, adjust the damper coefficients
iteratively while checking the first mode characteristic. If a higher
maximized first mode damping ratio or a much shorter first mode
natural period is expected, design the stiffer outrigger truss or in-
crease the number of the damped outriggers (the negotiation with
the architectural designer is required.) Note that the larger the
number of damped outriggers, the smaller the optimal damper co-
efficient of each damped outrigger.

Step 4. Perform LRHAs on the DM model to evaluate the seismic
responses. If the demands (e.g., the story drifts, the floor accelera-
tions, the member forces, etc.) are considerably lower than those

permitted by the design criteria, the damper coefficients may be
decreased.

7. Conclusion

1

2

3

~—

—

—

The following conclusions were drawn from this study:

For a single damped outrigger system, the optimal outrigger height
ratio minimizing the period, maximizing the damping ratios, and
maximizing the seismic response reduction was found to range from
0.5 to 0.9. The optimal damping coefficient and damper-connection
stiffness ratio were found to vary depending on the chosen seismic
response parameter, but maximizing the first mode damping ratio
was found to be the best aproach to reduce the displacement
response.

For dual damped outrigger systems, the optimal outrigger height
ratios a3 and @; minimizing the period, maximizing the damping
ratios, and maximizing the seismic response reduction were found to
be in the ranges of 0.6-1.0 and 0.3-0.7 respectively. The optimal a5
values are slightly larger than that of the single damped outrigger.
Further, the optimal damping coefficient in the lower layer was
found to be larger than that in the upper layer. The optimal damping
coefficient and damper-connection stiffness ratio vary depending on
the chosen seismic response parameter, but maximizing the first
mode damping ratio was found to be the best aproach to effectively
reduce both the displacement and acceleration response.

For optimal design, it was proposed to maximize the first mode
damping ratio based on the response from single and dual damped
outrigger systems. If the number of outriggers is increased to two or
more, the second mode damping ratio can also be increased although
this may lead to a less significant reduction in the displacements and
so the design concept to maximize the first mode damping ratio is
chosen as the most efficient.

4) The increase in the first mode damping ratio was found to increase as

the number of outriggers increases. The rate of increase is the highest
when adding the first outrigger and the rate decreases with subse-
quent additions.

5) Simple design equations were proposed to estimate the optimal

damper to connection stiffness ratio based on complex eigenvalue
analysis. These equations estimate the approximate optimal damper-
connection stiffness ratio that maximizes the first damping ratio in
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the specified range of the outrigger height ratio and connection
(perimeter column + outrigger) to core stiffness ratio while allowing
for flexibility in the outrigger height and stiffness of each element.

6) A machine learning model with the explanatory variables as the
building height, a3 -4, Spc1~4, and Rgp1~4, and the objective variables
as the first mode natural period and first mode damping ratio was
developed and the learning model was found to estimate the first
mode characteristics of single to quad damped outrigger system with
an accuracy of 95%.

7) An optimal design kit incorporating the design equations and the
machine learning models was developed and distributed as a web
application that may be used to estimate the primary damping ratio
and optimally design the outriggers considering constraints such as
the number of outriggers, damping coefficient, and outrigger height.

The web application-based optimal damper design tool presented in
this study is currently only available for linear viscous damped outrigger
systems, and expansion of the proposed simple design equations and
machine learning models to include nonlinearity and other design
earthquake levels may be areas of further study.
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