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1. Introduction

Exceptional loads on buildings and structures may have different causes, including high-strain
dynamic effects due to natural hazards, man-made attacks, and accidents, as well as extreme operational
conditions (severe temperature variations, humidity, etc.). All these aspects can be critical for specific
structural typologies and/or materials that are particularly sensitive to unfavorable external conditions.
In this regard, dedicated and refined methods are required for their design, analysis, and maintenance
under the expected lifetime. However, major challenges are usually related to the structural typology
and materials object of study, with respect to the key features of the imposed design loads. Further
issues can be derived from the need for the mitigation of adverse effects or retrofit of existing structures,
as well as from the optimal and safe design of innovative materials/systems. Finally, in some cases,
no appropriate design recommendations are currently available in support of practitioners, and thus
experimental investigations (both on-site or on laboratory prototypes) can have a key role within the
overall structural design and assessment process. This Special Issue presents 19 original research
studies and two review papers dealing with the structural performance of buildings and structures
under exceptional loads, and can represent a useful answer to the above-mentioned problems.

2. Contents

A first set of papers reports on earthquake structural design of structures and buildings [1-5].
Various kinds of structures have been considered under the effects of seismic loads, including steel
frames [1], liquid storage tanks [2], and an experimental prototype of atrium-style underground metro
station [3], but also existing masonry structures [4] or new timber buildings [5], presenting a perspective
review on their seismic design. Among others, a extreme natural event is certainly represented by
windstorms. In this Special Issue, wind load modelling and design is mainly addressed by [6-8],
while [9] describes the results of a visual test carried out on a suction caisson that support offshore
wind turbines. Finally, the last natural hazard analyzed in the Special Issue is snowdrift. Actually, the
effects of snowdrift and snow loads in cold regions have been investigated by [10] and [11], with the
proposal of a novel calculation approach and a case-study application, respectively.

The knowledge of material properties and characteristics, as known, represents the first
influencing parameter for the load-bearing performance assessment of a given structure. In this
regard, the knowledge on the topic has been improved by two interesting research contributions
focused on composite concrete-steel shear walls [12] and structural glass members [13], respectively,
with the support of laboratory/on-site experiments and numerical analyses.

Another interesting group of papers dealing with soil properties and structures-soil interaction
phenomena further extends the research fields covered in this Special Issue. In particular, [14] deals
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with the determination of Young modulus in bored piles, while [15] presents an investigation on the
horizontal axis deviation of a small radius Tunnel Boring Machine (TBM). In this context, it is important
to also mention the study in [16], and reporting on the friction resistance for slurry pipe jacking. Finally,
an interesting analysis on the effects of derailment and post-derailment of trains is presented in [17],
with the support of full-scale testing.

In conclusion, it is known that both man-made attacks and accidents can yield to explosions and
fire loads that could push the constructional materials, and thus the structures, to their capacity limits.
Blast loads analyses, in this regard, are reported in [18-20], while fire effects on a tunnel structure are
analyzed in [21].
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Abstract: An efficient design procedure for building structures with damping systems is proposed
using nonlinear response history analysis permitted in the revised Korean building code, KBC 2016.
The goal of the proposed procedure is to design structures with damping systems complying with
design requirements of KBC 2016 that do not specify a detailed design method. The proposed
design procedure utilizes response reduction factor obtained by a limited number of nonlinear
response history analyses of the seismic-force-resisting system with incremental damping ratio
substituting damping devices. Design parameters of damping device are determined taking into
account structural period change due to stiffness added by damping devices. Two design examples
for three-story and six-story steel moment frames with metallic yielding dampers and viscoelastic
dampers, respectively, shows that the proposed design procedure can produce design results
complying with KBC 2016 without time-consuming iterative computation, predict seismic response
accurately, and save structural material effectively.

Keywords: damping device; seismic design; design base shear; nonlinear response history analysis

1. Introduction

There were no seismic design provisions for the application of damping systems in the Korean
Building Code (KBC) 2009, therefore, Korean engineers encountered many difficulties in the practical
application of damping devices [1]. The KBC was revised in 2016 with the addition of design criteria
for structures with damping systems [2]. The design provisions for structures with damping systems in
KBC 2016 adopted only nonlinear response history procedure. In the case of ASCE 7, both equivalent
lateral force procedure and response spectrum procedure are allowed. However, the use of those two
procedures is restricted for strict conditions and nonlinear response history procedure is adopted major
design procedure in ASCE 7-16 [3].

In spite of being adopted as a major design procedure, nonlinear response history analysis
procedure requires much more computational efforts compared to linear analysis. It is difficult to
design damping devices by trial and error using nonlinear response history analysis. Therefore,
many design procedures adopt equivalent linearization technique to take into account the nonlinear
characteristics of either damping device or building structure [4-10]. Some design procedures
adopt nonlinear static analysis to take into account the inelastic behavior of the structure more
directly [11,12], which utilizes the equivalent linearization technique to determine the performance
point. Many equivalent linearization techniques for different nonlinear damping devices have been
proposed [13-15]. Most of them utilize damping correction factors, which represent response reduction
for a specified amount of damping ratio developed for linear or nonlinear systems [13,14,16,17].
However, those design procedures based on equivalent linearization technique have limitations in
that they assume deformed shape based on elastic analysis and are difficult to identify localized

Appl. Sci. 2019, 9, 2317; doi:10.3390/app9112317 5 www.mdpi.com/journal/applsci
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nonlinear behavior of a structure, such as weak story mechanism and force or deformation demands
on structural components and damping devices with sufficient accuracy for detailed design. Besides,
proposed optimization procedures have been developed. Some of those procedures adopt stochastic
analysis [18,19] or linear response history analysis [20]. The others make use of nonlinear response
history for evaluation of objective function or boundary conditions [21-23]. However, the latter
methodologies repeat nonlinear response history analysis for every iterative step during optimization
and, as a result, are computationally demanding in the case of actual building structures with many
degrees of freedom

This study is to propose and validate an efficient and systematic design procedure for inelastic
multi-degree-of-freedom (MDOF) structures with damping systems complying with KBC 2016, which
requires nonlinear response history analysis but does not provide methodology for detailed design.
Two design examples for steel moment frames using nonlinear response history analysis are presented.
The proposed design procedure makes use of nonlinear response history analysis of an MDOF structure
directly to determine design parameters of damping devices and captures complex inelastic behavior
of building structures more realistically. Differently from the existing optimization procedure, the
design procedure performs only a small number of nonlinear response history analyses, which is
usually three to five times. As a result, the proposed design procedure requires only a small amount of
computational efforts compared to the existing optimization-based design procedures that perform
nonlinear response history analysis repeatedly until convergence. The proposed design procedure
can be implemented using commercial structural analysis software and can be applied to design code
except for KBC 2016.

2. KBC2016 Seismic Design Provisions for Structures with Damping Systems [2]

2.1. Damping Systems

The damping system is intended to reduce the seismic demand to a structure and refers to a
subsystem that includes both damping devices and structural elements that transmit forces from the
damping devices to seismic-force-resisting systems or foundations of the structure. The damping device
is a structural element that dissipates energy by relative motion between two ends of the device and
includes all the elements such as pins, bolts, gusset plates, braces, etc. necessary to install the damping
device. The damping device may be installed in a separate structure out of the seismic-force-resisting
system or in the seismic-force-resisting system. Figure 1 shows examples of configurations of damping
devices and damping systems connected to a seismic-force-resisting system.

Seismic-force-resisting system Damping system Damping device

Figure 1. Damping system (DS) and seismic-force-resisting system (SFRS) configurations.

A damping device is classified into a velocity-dependent damping device whose force response
depends on the relative velocity between the two ends of the device and a displacement-dependent
damping device of which force response is determined by the relative displacement between the two
ends of the devices. A mathematical model of the velocity-dependent damping system shall include
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the velocity coefficient corresponding to the test data. Displacement-response characteristics of the
displacement-dependent damping device shall be modeled considering the dependence of seismic
force response on the frequency, amplitude, and duration of ground motion clearly.

The components constituting the damping system shall be designed so that the damping device
works normally without interruption. Thus, structural elements in the damping system are designed
to remain elastic when subjected to design earthquake including forces transmitted from the damping
device. The forces from the damping devices shall not be calibrated by the intensity reduction factor
or the response correction factor. Moreover, the damping device shall be designed so as not to break
when subjected to the maximum considered earthquake.

2.2. Seismic-Force-Resisting System

A building structure to which damping systems are applied shall have a seismic-force-resisting
system defined in the KBC in each direction. Table 1 shows design factors of steel moment-resisting
frame systems, which are appropriate to install damping devices due to relatively low stiffness and
used in design examples of this study. At the initial stage, the seismic-force-resisting system of a
building structure with damping systems are designed in order to resist the minimum base shear V,;,
independently. V,,, is calculated by Equations (1) and (2).

Vmin = 77V (1)

n=075 @)

where V is the design base shear calculated by equivalent lateral force procedure and 7 is the expected
damping correction factor representing the degree of seismic force reduction acting on the structure
obtained by damping systems. The expected damping correction factor 1 shall be validated through
nonlinear response history analysis of the seismic-force-resisting systems combined with damping
systems as described in the next section.

Table 1. Design factors for steel moment-resisting frame systems.

Design Coefficients

Steel Moment-Resisting Frame Res.p.ons.e Overstrength Deﬂ.e.ctlo.n
Modification Amplification
Systems Factor
Factor Q Factor

R © Cy

Special 8 3 55
Intermediate 4.5 3 4
Ordinary 3.5 3 3

2.3. Damping Performance

The expected damping correction factor 1 applied to the minimum base shear V,;, of the

seismic-force-resisting system shall be higher than or equal to the actual damping correction factor n;,
shown in Equation (3).
_ Vi
B Ve
where V), and V), are the base shear calculated from the analysis of the structure with damping systems
and from the analysis of the structure in which velocity-dependent components of damping devices
are removed and displacement-dependent components of the damping devices are substituted into the
effective stiffness, respectively.

M 3
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The effective stiffness for the displacement-dependent component of the damping device is
calculated based on the peak displacement and corresponding force of the damping device obtained
from the analysis to calculate V), as follows.

_ I

AT IA @

where AT and A~ is the peak displacement of each damping device in positive and negative directions,
respectively, and F* and F~ are corresponding forces, respectively.

3. Damping System Design Procedure

An efficient and systematic seismic design procedure for damping systems using nonlinear
response history analysis is proposed in this section. The goal of the proposed procedure is to design
structures with damping systems complying with the design requirements of KBC 2016 that does not
specify a detailed design method.

3.1. Elastic Design of Seismic-Force-Resisting Systems

Seismic-force-resisting systems are designed to meet strength requirement for the minimum
base shear with a target value of 1. Then, the story drifts are checked using allowable story drifts
corresponding to the seismic risk category. If some story drifts exceed the allowable story drifts, it is
necessary to use damping systems in order to reduce the demand for those story drift. The allowable
story drifts are 1.0%, 1.5%, and 2.0% for seismic risk category S, I, and II, respectively.

3.2. Target Damping Ratio Calculation

In order to estimate the target damping ratio, nonlinear response history analysis of the
seismic-force-resisting system designed in Section 3.1 is performed repeatedly with a damping ratio
raised at a constant increment. The peak story drift and peak base shear of the seismic-force-resisting
systems are computed for each analysis until those peak responses reach their target values, respectively.
Both peak story drift and peak base shear are determined as average responses obtained from nonlinear
response history analysis using seven or more ground motion records. The target base shear V*
is determined as the minimum base shear corrected by the demand-capacity ratio (DCR), which is
determined in the elastic design of the seismic-force-resisting system and represent redundancy in

the design.

% Vmin
" DCR ®)

The damping ratio of the seismic-force-resisting system is composed of inherent damping and
damping added by damping systems. In this study, the damping ratio of the structure is assumed to
be 5%. The target damping ratio f; is calculated by Equation (6).

Bt = B + Po (6)

where, iy is the inherent damping ratio and  is the damping ratio added by damping system. In the
nonlinear response history analysis, i, is increased at a constant increment, and the increment need
not be too small because the response can be interpolated numerically. Thus, three to five times of
nonlinear response analysis for a given ground motion set is adequate.

Response reduction ratio with respect to effective damping ratio can be plotted in order to
determine the target damping ratio and design of damping devices. An illustrative example of such
plots is represented in Figure 2, where response reduction ratios for both base shear and maximum
story drift are plotted in broken lines.
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Figure 2. Design process of damping device.

3.3. Damping Device Design

Damping device design is to determine design parameters that can provide damping parameters.
Both displacement-dependent damping device and velocity-dependent damping device are addressed
for illustrative design examples in this study. Metallic yielding dampers, friction dampers and
many other types of dampers belong to displacement-dependent damping devices. The TADAS
(triangular-plate added damping and added stiffness) system is adopted as an example of
displacement-dependent damping devices in this study. Velocity-dependent damping devices include
viscous dampers and viscoelastic dampers of which the latter provides a displacement-dependent
force component. The viscoelastic damper is adopted as an example of velocity-dependent damping
devices in this study.

3.3.1. Effective Damping of Displacement-Dependent Damping Devices

The force-displacement relationship of the TADAS system is defined as a bi-linear model with
a post-yield stiffness ratio of 0.02. The strength and stiffness characteristics of the TADAS system
including deformation capacity are calculated by Equations (7) to (9) using metal plate dimensions and
material strengths of which details can be found in Ramirez et al. [24].

.3 syhz

oy = 2[ n 7)
Fybt?

v Zh ®
Emaxh?

(Smax = (9)

t
where 6y, Vy, and 6y are yield deformation, yield strength and deformation capacity, respectively,
and b, h and t are width, height and thickness of the triangular metal plate, ¢, is the yield strain of
the material, &y is the strain limit of the damping device and can be calculated by the following
equation [25-28].

Emax = ANJ:B (10)

where Ny is the number of deformation cycles and assumed to be 100, A and B are constant and
assumed to be 0.08 and 0.3, respectively [24]. The peak deformation demand on the damping device is

calculated as follows.
Ou = h;0; (11)
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where 0; and h; are the peak story drift angle (rad) and the story height of the i-th story.

For given peak deformation demands, the effective damping ratio can be calculated by Equations

(12) in accordance with ASCE 7-10 based on the energy dissipation due to cyclic deformations illustrated
in Figure 3 [29].

~ LEy

Po =i,

where E; is the strain energy stored in the structure E;; is the energy dissipated by the j-th damping
device. Es and Ej are calculated by the following equations.

(12)

1
E=3 Z E;; (13)

Eyj = 4(ij5uj - Pujéyj) (14)

where F; and 6; are the peak lateral force and peak lateral displacement at the i-th story, respectively,
6y i Ou ir Fyj and F, j are the yield displacement, peak displacement, yield strength and peak force of the
i-th damping device.

Kerr

Figure 3. Energy dissipation of metallic damping device.
3.3.2. Effective Damping of Velocity-Dependent Damping Devices

The characteristics of the viscoelastic damping device adopted in this study are based on the
experimental results of Soong and Dargush (1997) represented in Table 2 [30]. Kelvin model illustrated
in Figure 4 is adopted for numerical modeling of the viscoelastic damping device. Effective stiffness
and damping coefficients of the model are given by the following equations

K, = A¢ (15)
tq
_Nd
Ca= K (16)

where G’ and 7, are storage modulus and loss factor of the viscoelastic material, respectively, A and
t; are the shear area and thickness of the viscoelastic damper, respectively, and w is the excitation
frequency, which is taken as the fundamental frequency of the structure with effective stiffness of
damping devices. Added damping ratio f, can be calculated by the following equation on the basis of
the modal strain energy method [31].

m:%@—f@ (17)

10
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where w;, and @;, are the natural frequency before and after installation of damping systems, respectively.
Although the modal strain energy method is applicable to linear elastic structures, it is assumed that
nonlinear damping devices is linearized using effective stiffness. Thus, @, is calculated by eigenvalue
analysis of the structure with the effective stiffness of damping systems added. The thickness of the
viscoelastic damper tygp can be calculated as follows.

Ay

Vmax

tyep = (18)

where A is the maximum shear deformation of the damping device and Y4y is the maximum strain

capacity
Table 2. Properties of the viscoelastic damping device [20].
. Shear Storage Shear loss Loss
Temperature  Frequency Strain modulus. G modulus. G~ Factor
o H 00 4 ’
o (Hz) %) (MPa) (MPa) N4
24 1.0 20 0.958 1.151 1.20
H =
Cy4 [
Kq
2 g

Figure 4. Kelvin model of viscoelastic damping devices.
3.3.3. Design of Damping Devices Considering Change of the Natural Frequency

Once damping device properties are determined, it is necessary to update the effective damping
ratio B, because the effective damping ratio 8, given by Equations (12) or (17) is dependent on the
stiffness and/or strength of the damping device. A rational method to update the effective damping
ratio considering response reduction and stiffening effects of damping devices is described in this
section and Figure 2 illustrates the procedure for updating the effective damping ratio conceptually.

(Step 1) Base shear and maximum story drift reduction factors are plotted with respect to f,
broken lines in Figure 2.

(Step 2) The target damping ratio ;1 corresponding to the initial base shear reduction factor
(V/V,)1 is interpolated from the plot ‘Initial V/V,’ (thick broken line) in Figure 2.

(Step 3) The maximum story drift reduction factor (D/D,); is interpolated from the plot ‘Initial
D/D,’ (thin broken line) in Figure 2.

(Step 4) Damping devices are designed to achieve the target damping ratio Equation (12) or (17)
subjected to deformations corresponding to (D/D,);. Those deformations can be approximated by
multiplying (D/D,); to the initial response for only fig.

(Step 5) Effective stiffness of damping devices is calculated and added to the structure without
damping devices. Then, the fundamental frequencies of the structure are updated.

(Step 6) Response reduction factors are updated corresponding to change of the fundamental
frequencies. The peak story drift reduction factor is reduced on the basis of displacement design

11
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spectrum, as shown in Figure 5a due to fundamental period shortening. The modified peak story drift
reduction factor is plotted as ‘Updated D/D,’ (thin solid line) in Figure 2.

= s 15
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Figure 5. Modification of response due to change of the fundamental period: (a) Displacement spectrum
and (b) pseudo-acceleration spectrum.

(Step 7) The effective damping ratio is updated to f; considering the decrease of deformations
in (Step 6), and corresponding maximum story drift reduction factor is interpolated from the plot
‘Updated D/D,’ in Figure 2.

(Step 8) The base shear reduction factor is determined on the basis of pseudo-acceleration
design spectrum and increased due to shortening of the fundamental period, as shown in Figure 5b.
The modified base shear reduction factor is represented as ‘Updated V/V,” in Figure 2 (thick solid line).

(Step 9) Damping correction factor 1 for i is calculated as a ratio between V/V,’s at f> and By
on ‘Updated V/V," in Figure 2.

(Step 10) Adjust (V/V,); and repeat (Step 2) to (Step 9) until n becomes sufficiently close to
the target.

(Step 11) If ) converges to the target, nonlinear response history analysis is performed in order to
confirm whether the actual response reduction factor satisfies design requirements or not.

The design procedure proposed above utilizes nonlinear response history analysis only at Step 1.
Additional response prediction is performed using the elastic design spectrum. Thus, the proposed
design procedure is computationally efficient compared to the trial-and-error method based on fully
nonlinear response history analysis.

4. Design Example

Two design examples based on the proposed damping system design procedure are presented.
The first example is a three-story steel moment-resisting frames with metallic yielding dampers and
the second example is a six-story steel moment-resisting frames with viscoelastic dampers.

4.1. Nonlinear Modeling of Structural Elements

Nonlinear modeling of beams and columns of the steel moment frames is performed in accordance
with ASCE 41-13 [32]. Common load-deformation relationship for beams and columns subjected to
flexure is represented in Figure 6, where the yield rotation angle of beams and columns is calculated by
Equations (19) and (20), respectively.

Beams: 0, = iylb (19)
Y™ 6EI,
ZF,l P
. i
Columns : 0y = oL ( Pyg) (20)

12
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where I}, I, Z and | are the moment of inertia for beams and columns, the plastic section modulus and
member length, respectively. In addition, E, Fy, P and Py, are the modulus of elasticity, yield strength
of steel, the axial force acting on the member and the axial strength of member, respectively.

Q

Qy b

A I

Figure 6. Load-deformation relationship of beams and columns [12].

The panel zone of the steel moment frame was explicitly modeled with Krawinkler’s model [33]
of which configuration is represented in Figure 7, and the load-deformation relationship is shown in
Figure 8. The characteristics of the panel zone model were calculated by the following Equations.

Ke = 0.95dydct,G 1)
2

Ky = 1.04b,G 22)

M, = 0.55F #,0.95d,d, 23)

6, = 46, (24)

where dy, d¢, b fer tps e G and a are beam depth, column depth, column flange width, panel zone
thickness, column flange thickness, shear modulus and strain-hardening ratio (0.02), respectively.
Perform-3D software was used for modeling and nonlinear response history analysis.

) Column
ilasgtl: Rotational
sprin
® pring
Panel
zone Beam
ngid/9
link
Hinge

Figure 7. Krawinkler’s model for panel zone.
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Figure 8. Load-deformation relationship for panel zone [22].

4.2. Three-Story Steel Moment-Resisting Frames with Metallic Yielding Dampers (3F-OMRF-MD)

4.2.1. Initial Design of Seismic-Force-Resisting System

An example building with displacement-dependent damping devices is designed based on the
KBC 2016, which is composed of three stories, five spans in X direction, three spans in Y direction.
Figure 9a,b shows a three-dimensional view and plan view of the building. All the X-directional
internal frames are identical and only one frame is used in this design example and represented
in Figure 9c. The dead and live loads of the structure applied to building floors are 5.0 kN/m?
and 3.5 kN/m?, respectively, and identical for all stories. The building is assumed to be located in
seismic zones I and belong to seismic risk category ‘Special’. Site class Sp is assumed for the building.
The seismic-force-resisting system of the building is designed as an ordinary moment-resisting frame
of which design factors are listed in Table 1. Allowable story drift of 1.0 % for seismic risk category
‘Special’ is adopted.

t
£
]
E
t £
i ]
o
3 — —
5
£
t ST 1 4 a
€ 7 7 %
§
[ | L
7.5m 7.5m 7.5m
| em | 75m | 75m | 75m | em | 1 1 1 1
}

Figure 9. Three-story steel moment resisting frame with metallic yielding dampers: (a) Isometric view,
(b) plan, (c) elevation of internal frame.
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The initial design of the moment-resisting frame was performed for the minimum base shear with
n = 0.75. The properties of columns and beams of the designed frame are listed in Table 3. The same
section is used for each member in all stories. SM490 material was applied to all the members. The DCR
of the initial design result is 0.95. Thus, the target base shear reduction factor required for damping
systems is moderated to be 0.79, considering the DCR.

Table 3. Properties of moment-resisting frames.

Model Member Story Section Material
Beam 1-3 H-506 x 201 x 11/19
3F-OMRF-MD Column 13 H-394 x 405 x 18/18
Brace 1-3 H-200 x 200 x 8/12 SM490
5-6 H-354x 176 x 8/13 1y =315MPa
Beam ., = 490 MPa
34 H-450 x 200 x 9/14
6F-SMRF-VED 12 H-496 x 199 x 9/14
46 H-414 x 405 x 18/28
Column
13 H-428 x 407 x 20/35
Brace 1-6 H-244 x 252 x 11/11

From linear dynamic analysis using the response spectrum method, the maximum story drift
without damping devices was 1.32%, which occurs at the first story and is higher than the allowable
story drift of 1.0%. Therefore, it is necessary to reduce the story drift as well as base shear using
damping devices. TADAS damping devices are installed at the center span using brace members
listed in Table 3. Thus, the center frame and the damping devices shown in Figure 9c comprises a
damping system.

4.2.2. Design of Displacement-Dependent Damping Devices

In order to achieve target reduction factors for base shear and maximum story drift, those two
response values are recorded from nonlinear response history analyses repeated with incremental
damping of 0.05. Thus, the nonlinear response history analysis was performed only five times.
Response reduction factors obtained from the nonlinear response history analysis are plotted in

Figure 10.
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Figure 10. Base shear and peak story drift reduction factors.
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Target damping ratio corresponding to the base shear reduction factor 0.79 is interpolated to
be 19.1%. The damping devices were designed to achieve an added damping of 0.141 except 0.05
inherent damping of the moment-resisting frame. To design each damping device, the total dissipated
energy ). E; j was calculated from Equation (12) in combination with Equation (13). Then }, E;j was
distributed to each story in proportion to the story shear force. It is taken into account that yield
strength or friction force of displacement-dependent damping devices are distributed based on the
distribution of story shear force to maximize energy dissipation [34,35]. First estimation of target f,
and corresponding f; were 0.141 and 0.191. Characteristics of damping devices determined to achieve
the target $, on the basis of Equation (14) are given in Table 4. The post-yield stiffness ratio of the
damping device was assumed to be 0.02 in the calculation of dissipated energy.

Table 4. Characteristics of TADAS damping devices to achieve target damping ratio.

Story Force Vy Vu Oy Ou

o Floor Ratio (N) (kN) (mm) (mm)
3 0.56 140 147 46 172

0.141 2 0.82 204 23 46 248
1 1.00 249 270 59 304

3 0.57 145 152 46 157

0.120 2 0.81 209 26 46 26
1 1.00 255 274 59 282

The fundamental period of the structure without damping devices was 1.04 sec. The fundamental
period of the moment-resisting frame with damping devices substituted by secant stiffness thereof
at respective peak deformations of them was reduced to 0.92 sec. Considering the change of the
fundamental period, the story drift reduction factor was decreased, as shown in Figure 10. Then, f,
and corresponding f; were modified into 0.12 and 0.17, respectively, using updated damping device
deformations corresponding to the adjusted story drift reduction factor. As a result, the corresponding
maximum story drift response is reduced to 64% compared to the structure with 0.05 damping ratio.
Using those updated damping device deformations, the fundamental period based on the secant
stiffness of damping devices was calculated to be 0.91 second. Then, the base shear reduction factor
was elevated corresponding to 0.91 second period as shown in Figure 10. Finally, damping device
yield strengths are modified in order to compensate reduced deformations due to period change and to
achieve an added damping ratio 8, of 0.12. The final damping device properties are listed in Table 4 for
each story. Based on the modified base shear reduction factor represented by the thicker solid line in
Figure 10, the expected damping correction factor is 0.93/1.14 = 0.82, which is slightly higher than the
target 1 = 0.79. However, the damping performance obtained from the results of the nonlinear response
history analysis is 0.79, which mean that the expected damping performance goal was achieved with a
sufficiently accurate prediction of performance.

The average maximum story drift ratios for seven ground motion records representing design
earthquake were 0.66%, 0.65% and 0.48% for the first, second, and third story, respectively, as
summarized in Table 5 and all of those values are much smaller than the allowable story drift ratio
1.0%. This is because the base shear reduction factor 0.79 for seismic-force-resisting system governs
the design rather than story drift reduction in this design example. The average maximum TADAS
damping device deformation for seven ground motion records representing the maximum considered
earthquake was maximum at the first story and calculated to be 41.2 mm. The deformation capacity
of the example TADAS damping device is 60.3 mm. Therefore, damping devices can maintain the
damping performance even under the maximum considered earthquake.
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Table 5. Comparison of drift ratio and structural weight.

Seismic Design Model Story Story D(,;lft Ratio Member Section (DCR) Weight (kN)
3 0.48
y g Beam: H-506 x 201 x 11/19 (0.79)
(witﬁfigyﬁl: Ifgices) 2 0.65 Column: H-394 x 405 x 18/18 (0.81) 149
ping 1 066 Brace: H-200 x 200 x 8/12 (0.29)
3 039
( ?f};m‘fgl:'s‘? 5 05 Beam: H-692 x 300 x 13/20 (0.57) 01
without damping : Column: H-428 x 407 x 20/35 (0.58)
devices) 1 0.61

KBC 2016 requires structural elements comprising a damping system to remain elastic subjected
to both seismic loads and forces induced by damping devices for design earthquake. DCRs for the
frame members and panel zones were computed in terms of rotation angle ductility from nonlinear
response history analysis and represented in Figure 11. In the case of columns and braces, higher
DCR among bending moment DCR and axial force DCR in a member is given in Figure 11a. All the
members that belong to the damping system at the central bay remain elastic since DCRs are lower
than 1.0. Therefore, the design result obtained by the proposed procedure satisfies all the requirements
of KBC 2016.

0.52 0.64 0.66 £ & I i 8
B él : y 0.50 0.46 = 0.46 0.51
W7 4
0.25 025 o v 024 0.25
| 0.70 0.76 J 0.77 g iz I :»_
ks = i B 0.65 077 = 0.81 068
)
0.38 0.44| o Y 1043 0.40
0.76 | 0.81 N 0.86 i - N B
fi e = ‘ H 0.73 122 = 122 0.79
0 2 I
0.79 089l o Y 088 0.83 Section for Section for
base shear v . base shear
——— — —_— —— of SFRS of SFRS
(a) (b)

Figure 11. Demand-capacity ratio (DCR) of three-story steel moment-resisting frames with metallic
yielding dampers (3F-OMF-MD): (a) Frame members, (b) panel zones.

To examine the effect of structural steel material reduction by damping devices, a bare ordinary
moment resisting frame is designed to achieve story drifts similar to the frame with damping devices.
Steel sections and story drifts of two models with and without damping devices are summarized
with the respective total weights in Table 5, where 3F-OMREF-SD represents the seismically designed
bare frame. The total weight of steel sections for the frame with damping devices is 149 kN, which
is 67% of 221 kN for the frame without damping devices. Thus, the proposed procedure can yield
efficient structural material-saving design. Ramirez et al. [5] provide similar design example, in
which three-story and three-bay frames are designed without and with metallic yielding damping
devices using equivalent lateral force procedure although the seismic-force-resisting system is a special
moment-resisting frame and target story drift ratio is set to 2% differently from this study. In the
comparative design example, the frame with damping devices has 76% of the weight for frames
without damping devices. In spite of several different conditions, this comparison supports the ability
of the proposed design procedure to reduce seismic demand on the seismic-force-resisting system with
supplementary energy dissipation relying on more accurate response prediction by nonlinear response
history analysis.
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4.3. Six-Story Steel Moment Frames with Viscoelastic Dampers (6F-SMRF-VED)

4.3.1. Initial Design of Seismic-Force-Resisting System

A six-story steel moment-resisting frame is designed in this example. Velocity-dependent damping
devices are added for seismic response reduction. The steel moment frame has five spans in the
longitudinal direction, and three spans in the transverse direction. The building is assumed to be
located in Seismic zone I of KBC 2016 and belong to seismic risk category ‘Special” of which importance
factor is 1.5. Site class was assumed to be Sp. The overall design was performed under conditions
similar to the example building with displacement-dependent damping systems. However, a special
moment-resisting frame was adopted for the seismic-force-resisting system. The numerical model of
the example building is represented in Figure 12.
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Figure 12. Six-story steel moment-resisting frames with viscoelastic damping devices: (a) Isometric
view, (b) plan, (c) elevation of internal frame for design example.

In the transverse direction, only two special moment-resisting frames placed at the outermost part
of the building plan play a role of seismic-force-resisting system. Considering geometrical symmetry,
only one moment-resisting frame is modeled in the example for simplicity. In addition, the P-A effect
due to gravity loads at the center of the plan was taken into account using the leaning column as
shown in Figure 12c.

The initial design of the special moment-resisting frame was performed for the minimum base
shear with n = 1.0. The DCR of the initial design result is 0.88. Table 3 summarizes sections of members
used in the designed frame. Since 17 assumed in the design equals 1.0, it is unnecessary to confirm
whether a target base shear reduction factor is achieved. The damping devices are installed at the
center span of the planar frame with braces and illustrated in Figure 12c. Thus, the frame in the central
bay and the damping devices shown in Figure 12c comprises a damping system.
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From linear dynamic analysis based on response spectrum method with response modification
factor and deflection amplification factor defined in KBC 2016, it was observed that the highest peak
story drift was 1.75% and observed in the third and fourth stories. It is necessary to reduce the story
drift by the damping device because it does not satisfy the allowable story drift of 1.0%.

4.3.2. Design of Velocity-Dependent Damping Devices

The natural frequency of the first mode was 0.5 Hz from the eigenvalue analysis of the structure with
only the stiffness component of the viscoelastic damping devices. Viscoelastic damper characteristics
corresponding to an excitation frequency of 1.0 Hz, which is the closest one to 0.5 Hz, was adopted
among those dependent on excitation frequencies. The stiffness and damping coefficients of each
damping device were calculated using Equation (15) and (16).

The average maximum story drift ratios from nonlinear response history analysis for seven
ground motion records representing design earthquake are listed in Table 6. The maximum story drift
ratio is found to be 1.48% for the third story. Target story drift reduction factor is 1.0%/1.48% = 0.68.
The maximum story drift reduction factor was obtained from the nonlinear response history analysis of
the moment-resisting frame with an incremental damping ratio of 0.05 that substitute damping devices.
Thus, the nonlinear response history analysis was performed only five times and the maximum story
drift reduction factor was plotted in Figure 13 and the target damping ratio ; interpolated from the
plot is 0.20. To achieve the target damping ratio, f, = 0.15 excluding B = 0.05 is necessary to be added
by damping devices.

Table 6. Peak story drifts of six-story steel moment frames with viscoelastic dampers (6F-SMRF-VED).

Seismic Risk  Importance Story-Drift Ratio without Damping Allowable

3 0,
Category Factor Story Devices (%) Story-Drift
Equivalent Nonlinear Response  Ratio (%)
Static Analysis History Analysis
6 1.32 1.24
5 1.59 1.28
S 15 4 175 1.31 1.00
3 1.75 1.48
2 1.54 1.39
1 0.93 0.76
T
© 0
83
iy
100 189
5 2
0.90 - 5 _g
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Figure 13. Normalized response vs. incremental damping ratios.
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The damping ratio added by viscoelastic damping devices is calculated by Equation (17), in which
the added damping ratio is dependent on the fundamental frequency of the structure with effective
stiffness of damping devices. In order to design damping devices, the stiffness K; of damping devices
represented by Kelvin model are increased until the fundamental frequency becomes the target value
corresponding to the target damping ratio. This work is conducted by eigenvalue analysis of the linear
elastic model and does not require additional nonlinear response history analysis. The same stiffness
was applied to all the damping devices in this design example, but more efficient distribution may be
investigated [18]. When K; is determined, a corresponding C; can be calculated using Equation (16).

However, change of the fundamental frequency due to damping devices affects the maximum
story drift reduction factor. As a result, the maximum story drift reduction factor in Figure 13 is updated
repeatedly. For each update of the maximum story drift reduction factor, the target damping ratio
changes correspondingly. Four times of update were performed and updated parameters including
target damping ratios and target frequencies are summarized in Table 7. The final fundamental
frequency converged to 1.89 sec and K, and C; reached 6800 kN/m and 2718 kN-sec/m, respectively.

Table 7. Target damping ratio and frequency.

Structure without Damping

. Target Added Target Target
Devices . Damping  Damping Frequency  Period
Fundamental Fundamental Iteration Ratio Ratio (;; (rad/sec) T (sec)
Period Frequency Bt Bo
T (sec) w (rad/sec)
- 0.050 0.000 3.00 2.09
Ist 0.200 0.150 3.47 1.81
2.09 3.00 2nd 0.142 0.092 326 1.93
3rd 0.166 0.116 3.34 1.88
4th 0.156 0.106 3.31 1.90
Fin 0.161 0.111 3.33 1.89

Nonlinear response history analysis was performed using the final stiffness and damping coefficient
of the damping devices. It is unnecessary to examine design base shear because the damping correction
factor was set to 1.0. The base shear reduction factor was 0.92 which is smaller than 1.0. The peak story
drifts of the final design are summarized in Table 8. Compared to Table 6, the maximum peak story
drift was reduced to 0.90%, which is slightly lower than the allowable story drift ratio of 1.0%. As a
result, the proposed design methodology can design damping systems with a sufficiently accurate
prediction of performance.

Table 8. Comparison of peak drift ratio and structural weight.

Seismic Design Story Story Drift Member Section (DCR) Weight (kN)
Model (%) Beam Column or Brace
6 0.51 H-354 (Xol7756> X813 Column: H-414 x 405 x 18/28 (0.19)
6F-SMRF-VED 5 0.68 : Brace: H-244 x 252 x 11/11 (0.43)
(with damping 4 083 H-450 x 200 x 9/14 297
systems) 0.79)
3 0.90 :
Column: H-414 x 405 x 18/28 (0.32)
2 0.85 H-496 x 199 x 9/14 Brace: H-244 x 252 x 11/11 (0.46)
] 051 0.78)
6 0.62 H-506 x 201 x 11/19
GE-SMRE-SD 5 077 0.36) Column: H-498 x 432 x 45/70 (0.07)
‘W“}‘s‘;‘;‘ti:‘sp‘“g 4 0.90 H-606 x 201 x 12/20 590
3 0.97 ©47)
3 058 11606 X 201 x 12720 Column: H-498 x 432 x 45/70 (0.15)
1 0.48 045
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As with the displacement-dependent damping system design, the structural elements comprising
the damping system must be both elastic against the loads including seismic loads and forces induced
by damping devices for design earthquake. Braces to install damping devices transmitting damping
device force to the seismic-force-resisting force and the column at the right-hand side of the first story
damping device transmitting vertical component of damping device force to the foundation comprises
the damping system of the structure. DCRs for the frame members and panel zones were computed in
terms of rotation angle ductility from nonlinear response history analysis for design earthquake and
represented in Figure 14. In the case of columns and braces, higher DCR between bending moment
DCR and axial force DCR is given in Figure 14a. All the members that belong to the damping system
in the central bay remain elastic with DCRs lower than 1.0.
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Figure 14. DCR of 6F-SMRF-VED. (a) Frame members, (b) panel zones.

Finally, damping device safety subjected to the maximum considered earthquake was checked.
The maximum shear strain of damping devices was 0.455 from the response analysis for the maximum
considered earthquake. The experimental data of Soong and Dargush used in the design of the
damping device does not provide the deformation capacity of the damping device [20]. Therefore, it is
necessary to ensure whether or not the damping device is broken for the strain demand subjected to
the maximum considered earthquake. Therefore, the design result satisfies all the requirements of KBC
2016 under the premise that the deformation capacity requirement for the damping device can be met.

Like the three-story frame example, a bare special moment-resisting frame is designed to achieve
story drifts similar to the frame with damping devices. Steel sections and story drifts of two models
with and without damping devices are summarized with the respective total weights in Table 8 where
6F-SMREF-SD represents the seismically designed bare frame. The total weight of steel sections for the
frame with damping devices is 297 kN, which is about 50% of 590 kN for the frame without damping
devices. Thus, the proposed procedure can yield efficient structural material-saving design in case of
viscoelastic damping devices. Ramirez et al. [5] provide similar design example, in which six-story
and three-bay frames are designed without and with viscous damping devices using equivalent lateral
force procedure although the damping device does not have stiffness component and target story
drift ratio is set to 2% differently from this study. In the comparative design example, the frame with
damping devices has 60% of the weight for frames without damping devices. Similar to the preceding
design example, the proposed design procedure can design damping devices effectively to reduce
seismic demand on the seismic-force-resisting system with better efficiency, which is owing to more
accurate response prediction by nonlinear response history analysis.
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5. Conclusions

This study proposed an efficient seismic design procedure for building structures with damping

systems subjected to requirements of the revised Korean building code, KBC 2016, using nonlinear
response history analysis. The proposed design procedure was validated by two design examples of
steel moment-resisting frame with metallic yielding dampers and viscoelastic dampers, respectively.
The conclusions from this study are summarized as follows.

The proposed design procedure makes use of nonlinear response history analysis, but does not
repeat time-consuming nonlinear response history analysis until convergence of design solution.
Instead, design parameters of damping devices are determined using the response reduction
curve prescribed by a limited number of response history analyses. Only five times of response
history analysis is sufficient for practical application.

The proposed design procedure can predict seismic response of nonlinear structures with
considerable accuracy because basic response reduction factors are obtained through nonlinear
response history although equivalent linearization technique is used partially to estimate effects
of damping devices with limited computational efforts.

The proposed design procedure does not require an optimization procedure and can be conducted
using commercial structural analysis software. However, the proposed design procedure provides
a systematic process to update the design parameters of damping devices and converges to a final
design meeting design goals.

The proposed design procedure for structures with damping systems can reduce structural
materials of seismic-force-resisting systems efficiently by 30 to 50% compared to those without
damping systems as illustrated by design examples for steel moment-resisting frames.
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Abstract: Based on potential flow theory and arbitrary Lagrangian-Eulerian method, shell-liquid
and shell-wind interactions are solved respectively. Considering the nonlinearity of tank material
and liquid sloshing, a refined 3-D wind-shell-liquid interaction calculation model for liquid storage
tanks is established. A comparative study of dynamic responses of liquid storage tanks under wind,
earthquake, and wind and earthquake is carried out, and the influences of wind speed and wind
interference effect on dynamic responses of liquid storage tank are discussed. The results show that
when the wind is strong, the dynamic responses of the liquid storage tank under wind load alone are
likely to be larger than that under earthquake, and the dynamic responses under wind—earthquake
interaction are obviously larger than that under wind and earthquake alone. The maximum responses
of the tank wall under wind and earthquake are located in the unfilled area at the upper part of the
tank and the filled area at the lower part of the tank respectively, while the location of maximum
responses of the tank wall under wind-earthquake interaction is related to the relative magnitude
of the wind and earthquake. Wind speed has a great influence on the responses of liquid storage
tanks, when the wind speed increases to a certain extent, the storage tank is prone to damage. Wind
interference effect has a significant effect on liquid storage tanks and wind fields. For liquid storage
tanks in special environments, wind and earthquake effects should be considered reasonably, and
wind interference effects cannot be ignored.

Keywords: liquid storage tank; earthquake; wind; dynamic response; fluid-solid interaction

1. Introduction

With the development of economy and society, more and more liquid storage tanks are built in
seismically active areas, in extreme cases, these areas may also belong to strong wind areas, which
leads to the threat of wind and earthquake to large-scale liquid storage tanks in the whole life cycle.
Moreover, earthquake and wind-induced damage cases of liquid storage tanks are very common [1-3],
two cases corresponding to earthquake and wind are shown in Figure 1. The destruction of the
liquid storage tank not only involves the structure itself, but it will also cause huge economic losses,
environmental pollution, fire, and so on, and even threaten people’s safety.

Appl. Sci. 2019, 9, 2376; doi:10.3390/app9112376 25 www.mdpi.com/journal/applsci
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" (b)

Figure 1. Failure cases of liquid storage tank. (a) Earthquake. (b) Wind [1].

Dynamic responses of liquid storage tanks during earthquakes involves shell-liquid interaction,
Rawat et al. [3] used a coupled acoustic-structural (CAS) approach in the FEM for the analysis of
the tanks with rigid and flexible walls with varying parameters. Kotrasov et al. [4] simulated the
interaction between structure and liquid on the contact surface based on the bidirectional fluid—solid
coupling technique and studied the dynamic responses of liquid storage tanks by finite element
method. Gilmanov et al. [5] proposed a numerical method to simulate the shell-liquid interaction of
elastic thin plate with arbitrary deformation in incompressible fluid. In addition, a large number of
studies and post-earthquake investigations show that the failure modes of liquid storage tanks under
earthquake basically include liquid overflow, bottom lifting, circumferential tension, and instability.
Ishikawa et al. [6] proposed a practical analytical model for shallow excited tank, which exhibited
complex behavior because of nonlinearity and dispersion of the liquid. Moslemi et al. [7] conducted
nonlinear sloshing analysis of liquid storage tanks and found that the sloshing nonlinearity had a
significant effect on the seismic performance of liquid containing structures. Miladi and Razzaghi [8]
performed numerical analysis of oil tank by using ABAQUS software, and carried out parametric study
to evaluate the effect of amount of stored liquid on seismic behavior and performance of the studied
tank. Ormefio et al. [9] performed shake table experiments to investigate the effects of a flexible base
on the seismic response of a liquid storage tank, results showed that the axial compressive stresses
decreased after a flexible base was considered. Sanapala et al. [10] performed shake table experiments
to study the fluid structure interaction effects between the sloshing liquid and the internal structure,
and found that when the partially filled storage tank was subjected to seismic excitation, spiky jet-like
features were observed over the free surface. Rawat et al. [11] investigated three-dimensional (3-D)
ground-supported liquid storage tanks subjected to seismic base excitation by using finite element
method based on coupled acoustic—structural and coupled Eulerian-Lagrangian approaches. Generally
speaking, dynamic responses of liquid storage tank involves complex fluid—structure interaction, and
numerical simulation is an effective means to solve this problem.

Researchers have made certain explorations on the behavior of liquid storage tanks under wind
load. Flores and Godoy [12] used numerical methods to study the buckling problem of liquid storage
tanks under typhoon, and obtained that bifurcation buckling analysis could better evaluate the critical
state of liquid storage tanks. Portela and Godoy [13] used computational model to evaluate the
buckling behavior of steel tanks under wind loads. Zhang et al. [14] studied the dynamic responses
of flexible liquid storage structure under wind load by multi-material ALE finite element method.
Yasunaga et al. [15] used wind tunnel testing and finite element method to study the buckling behavior
of thin-walled circular liquid storage tanks, and discussed the effect of wind load distribution on the
buckling of liquid storage tanks by comparing it with a static wind load. Chen and Rotter [16] used
finite element method to study the buckling of anchored liquid storage tanks with equal wall thickness
under wind load. Zhao et al. [17] and Lin et al. [18] used wind tunnel tests to study the distribution of
wind pressure and the stability of liquid storage tanks under wind loads.

In view of the structural dynamic response under the combined action of wind and earthquake,
Hong and Gu [19] found that for high-flexible structures whose horizontal loads are controlled by
wind load, the combined total loads after considering wind and earthquake loads may be more
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disadvantageous than those when considering wind loads in seismic design. Ke et al. [20] obtained that
the structure responses of super-large cooling tower varied significantly along with height under wind
load, earthquake, and wind—earthquake. Peng et al. [21] used the method of combining theoretical
analysis with numerical simulation to get the position of maximum stress under wind load and
earthquake action is different. Sapountzakis et al. [22] studied the nonlinear responses of wind turbine
under wind load and earthquake. Mazza [23] synthesized velocity time history of wind based on
equivalent spectrum technology, and studied the dynamic responses of steel frame structures under
wind load and earthquake action.

To sum up, the dynamic responses of structures under earthquake and wind are obviously
different, and the combined action of wind and earthquake will have more adverse effects on the
structures, but the research on dynamic responses of liquid storage tanks under wind and earthquake
is rare. In this paper, the shell-liquid and the shell-wind interactions are considered, and a refined
calculation model of the liquid storage tank is established. The dynamic responses of the liquid storage
tank under wind, earthquake, and wind and earthquake are studied in many aspects, which is of great
significance to the rationality of the design and the reliability of the operation of the liquid storage tank.

2. Wind Field Control Equations

Large eddy simulation (LES) is used to calculate the wind field, and its control equation is

3_;1- Bu,u] 1 P 8251. %

o T T Tpom Vaxex; oy @
oy
S =0 @)

where T;; = Uil = Ui i, Tij is subgrid-scale stress, namely, SGS stress, which reflects the influence of
the motion of small-scale vortices on the motion equation.

If the equations consisting of Equations (1) and (2) are closed, then according to Smagorinsky’s
basic SGS model, it is assumed that the SGS stress satisfies the following requirements

I =
Tij — 3 Tkk0ij = ~2iSij ©)
w = (CA)[S] 4

_ 1(ou; U
h L= o= L
where S;; 2((99(]' + 7% ),
A is filtration scale of large eddy model, A; represents the grid size along the i-axis, CsA is equivalent to
mixing length, Cs is SGS constant.

- p— 1/3
S | = /2S; ]-S ijr &= (AxAyAZ) , it is turbulent viscosity at sublattice scale,

3. Structure Control Equations

The structure equation of motion is
Msus + Cosus + Kgsus = Fog 5)

where Ms;, Css, and Kgs are mass, damping and stiffness matrices of structures, respectively; Fs; is load
vector acting on structure, which includes liquid pressure; u,, us, and us are vectors of acceleration,
velocity, and displacement of structure, respectively.

Newmark method is used to solve the dynamic Equation (5), and the first assumption is

Ug(ip1) = Ug() + [(1 = B)ug(p) + ﬁﬁs(Hl)]At (6)
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A 1\, .
Us(iy1) = Us(i) + wiAE+ [(5 - V)ui + Vui+1]At2 @)

where f and y are adjustment coefficients for accuracy and stability.
The incremental forms Aus and Aug of velocity us and displacement ug can be obtained from
Equations (6) and (7), respectively

Aug(j) = Ug(i41) — Ug(y) = (ﬁs(i) + ﬁAﬁs(i))Af ®)
. 1. .
Augj) = Ug(i1) = Us(j) = Uy Af + Eus(i)Atz +yAuy; )

Acceleration increment Au; can be obtained by transforming Equation (9), then taking Au; into
Equation (8)

.. 1 1 . 1 ..
Au,— = WAU,‘ - }TAtui - (5 - 1)11,‘ (10)
= P oAy, Pl B \ari
Au; = yAtAu' +(1 y u; + (1 2 Atu; (11)

The incremental form corresponding to Equation (5) is
MssAﬁs(i) + CssAﬁs(i) + KssAus(i) = AFss(i) (12)
Taking Equations (9)—(11) into Equation (12)

KAu,;) = F (13)

= 1 B = 1 . 1 . B . B ..
where K = K+ )/A_tzM + WC/ F= AFSS(,) + M[yAtu7 + (2)/ 1)u,] + C[()/ 1)u, + (2)/ 1)Atu; .
The displacement increment Au,(;) can be obtained by Equation (13), velocity increment Au;)

can be obtained by substituting displacement increment Auy;) into Equation (11). As a result,
the displacement uy(; ) and velocity us(i +1) of i + 1 time step can be obtained

Uy 1) = Ug() + Augy) (14)

ils(i+1) = ﬁs(i) + Aﬁs(i> (15)

The acceleration uy;, 1) of time step i + 1 can be obtained by substituting Equations (14) and (15)
into Equation (5)

Us(i+1) = M [Fss = Cos - u5(i41) — Kos - “s(i+1)] (16)

4. Fluid-Solid Interaction

In order to overcome the defects of large calculation amount and low calculation efficiency, the
potential flow theory is used to solve the shell-liquid interaction, and the arbitrary Lagrangian-Eulerian
method is used to solve the shell-wind interaction.

4.1. Shell-Liquid Interaction

Because the calculation process involves a large number of nonlinearities, the exact solution of
each response can be obtained through multiple equilibrium iterations. A¢ is used to express the
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increment of the unknown velocity potential ¢, and Au is used to express the increment of the unknown
displacement u. The shell-liquid interaction dynamic equation based on potential fluid theory is [24]
Au [ Cuu + Css Cu ]

[Mss 0 ] Au N
0 M || Ad Cru —(Cu+(Cp)s) || Ad

[ K““KJ;KSS —(Ky EZ‘EKZZ)S) ][ AA:;’ ]:[ F(;S ]_[ F; +F’(gFl)s ]

where Mj; is the liquid mass matrix; C,;, Cy, Cy1, and Cj; are the damping matrices of the structure
itself, the liquid contributed by the structure, the structure contributed by the liquid and the liquid
itself, respectively; and K, K, K;;, and Kj; are the stiffness matrices of the structure itself, the liquid
contributed by the structure, the structure contributed by the liquid and the liquid itself, respectively;
Fy,, Fj, and (F))s are the forces acting on the structural boundary caused by the liquid pressure, volume
force, and area force, respectively; F; is obtained by the volume integral of Equation (18), and (F;)s is
obtained by surface integral of Equation (19) [24]

17)

o -
F = f (a—ijh&p— p,v¢)dv (18)
14
(B)s = [ ~pra-nooas (19)
S

where p; is the liquid density; V is the liquid domain; S is the liquid domain boundary; n is the internal
normal direction vector of S; and u is the moving speed of the boundary surface S.

The boundary surface adjacent to the structure is represented as S;, and the force acting on
structure boundary F,, caused by the liquid pressure can be expressed as Equation (20)

—0F, = —fpn -oudSy (20)
S

where 6F; is differentiation of additional forces caused by liquid; n is normal vector of adjacent
interface. Liquid pressure p is calculated by Equation (21)

p=p(h) :p[Q(eru)—¢—%vn~vn—%v1~v1} (21)

where () is volume acceleration potential energy; v, and v, are liquid normal and tangential velocities
on the interaction boundary.

4.2. Shell-Wind Interaction

The wind field equation and the structure equation are expressed by Gy, [w, w] = 0and G; [u, u, u] =
0, respectively, subscript w denotes wind field variables, and subscript s denotes structure variables.
Firstly, the velocity and acceleration of wind field are expressed as [25]

t+aAtu _ tu

Hrabty, _ . = bty 4 ty(1—a)
t+aAtU _ t?}

tralt, ; — Aty +ta(1 _a)

(22)

where « is stability conditions of compatible time integral.
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Velocity and acceleration of Equation (22) at t + At can be expressed as functions of
unknown displacement

AL, 1 (H—Atu _ tu) _ tv(l _ 1) — Dy e
alt a 23)

1 1

FHAE, FAE, b))t o2 q) At t

a aZAtZ( u u) v a(a 1) dn+"'n

Taking Equations (22) and (23) into wind field equation Gy, [w, w] = 0 and structure equation
Gs[u,1ii] =0
HadtG & Gw[f“””w, (f+aAtw _ tw)/aAt] -0
24
HOG, v GO, M 415, 0t + 1] = 0 (24)

In order to solve the coupled system, Equation (24) is discretized. Assuming that the solution
vector of the coupled system is X = X(Xw, Xs), Xu, and X represents solution vectors of wind field and
structure nodes. Therefore, us = 15(Xs) and 7, = 74(Xy), and the shell-wind coupling equation can be
expressed as [25]

G| X5, Ak + (1= Ak =0
25
Gs[XE Aotk + (1= A0)T5 1] =0 )

where A; and A; are displacement and stress relaxation factors.
The above solving process can be illustrated by Figure 2.

5

Assuming the initial solutionas 2" = u” = 'u, |

Tntroducing ~ displacement
relaxation factor 0<A,<1

Solving wind field equation G [X”

¥

Wind field solution vector X: |

v

| Calculating residuals and comparison with iteration tolerance

At +(1_A¢)”:HJ:O

Convergence conditions

Introducing Stress
Relaxation Factor 0<A,<1

Yes

—)| Solving structure equation G, [Xf,),r‘r: + (] _/1: ) 1':"] =0 |

| Structural solution vector X *

v

Calculating residuals and comparison with iteration tolerance

No

Saving and output results

Figure 2. Shell-wind interaction solution.
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5. Boundary Conditions

5.1. Wind Field Boundary Conditions

For high Reynolds number incompressible steady flow, velocity-inlet is chosen as the boundary
condition at the entrance; pressure-outlet without backflow is chosen as the boundary condition at the
outlet, that is, at the exit boundary of the flow field, t