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Abstract: Buildings located in coastal regions are prone to tsunami dangers, which often carry debris
in the form of shipping containers and boats. This paper presents an approach for the design of
fender structures to minimize debris impacts on buildings. The impact of shipping containers, which
are categorized as large debris, is considered in the study. Since the weights of shipping containers
are standardized, the impact energy can be related to other debris. For a fender structure, cone-type
rubber fenders are used to resist the impact of the shipping container. Various fender reactions
are considered as parameters to study the efficiency of the fenders. The displacement-controlled
nonlinear static analysis is carried out to determine the building capacity. The energy approach for
shipping container impact is used to evaluate the resistance of the building. Capacity curves, energy
absorptions, inter-story drift ratios of the buildings with and without a fender structure, and the
efficiency of the fender are presented. The buildings with a fender structure can absorb the energy
from the impact of a loaded shipping container. Conversely, the building without a fender structure
cannot resist the impact of a loaded shipping container. From the obtained results, a recommendation
is given for buildings with a fender structure. The hydrodynamic force on the fender structure is
transferred to the main building through the fender. Hence, the yield force of the fenders affects the
performance of the main building that must be considered in the design.

Keywords: tsunami force; displacement-controlled nonlinear static analysis; energy absorption; fender

1. Introduction

The 2004 Indian Ocean tsunami resulted in damage to structures in many countries
around the Indian Ocean, including Thailand. The run-up heights of approximately 5 to
12 m were found on the western coast of southern Thailand, as the unprecedented tsunami
caused over 5300 deaths and severe damage to buildings [1]. The effects of tsunami forces
on buildings have been investigated in the past. Openings in buildings were found to
reduce tsunami forces [2]. Lateral failure or deformation of the building and out-of-plane
failure of walls were observed due to the lateral hydrodynamic and hydrostatic forces.
Additionally, foundation failure due to scouring and overturning effect and uplift damage
to precast slab were observed in many RC buildings [3]. Furthermore, the flooding water
carries debris in the form of shipping containers, automobiles, parts of the structures, and
even ships, during the occurrence of tsunamis. Debris types can be generally divided into
three groups: small, moderate, and large debris, depending on the characteristic of mass,
size, stiffness, and buoyancy [4]. Small size debris may not completely affect the structure.
Field investigations have shown that structural failure mostly occurs from moderate and
large debris strikes [4]. Therefore, buildings prone to high inundation levels in coastal areas
must be sheltered from tsunami forces as well as debris impact.
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The dominant forces considered for the design of tsunami-resistant buildings in
tsunami-prone areas include hydrodynamic, hydrostatic, buoyant, surge, and debris im-
pact forces. The drag coefficient is one of the important parameters for the evaluation of
hydrodynamic force on the building, in which different drag coefficients are expressed
depending on the objects [5-8]. Hydrostatic forces are critical for long structures, such as
dikes and sea walls, while they are less relevant when water passes through buildings [8].
Surge forces were not found to exceed hydrodynamic forces in the circular element and
cannot occur simultaneously with the hydrodynamic and debris impact forces [9-11]. The
important parameter of tsunami forces is the flow velocity, which can vary with high uncer-
tainty during a single tsunami event. Flow velocity depends on the flow depth. Several
researchers have investigated the empirical coefficients of flow velocity with different exper-
iments [1,9,12,13]. These investigations suggested that flow velocity’s empirical coefficients
lie between 1.2 and 1.7.

A tsunami can cause massive wave and debris impacts, resulting in building destruc-
tion. Designing the entire building to resist these effects may be uneconomical. Therefore,
the need of a mitigation method that minimizes the undesired loss or damage is essential.
According to [1,2,14,15], the presence of openings in masonry infill or breakaway walls can
significantly reduce the lateral tsunami forces on the building. The hydrodynamic force on
the circular column was found to be lower than that on the rectangular column, resulting
in a significant reduction of hydrodynamic force on the building [11]. The guideline of
tsunami evacuation building indicates that the foundation, which may experience the scour
and liquefaction effects, should be supported on piles with an appropriate degree of fixity
at the column base [8]. Safeguarding structures through a suitable protection system was
recommended for large debris cases [16,17]. A building with a protection system was
studied in [17]. Two structures were connected with energy absorption devices, such as
fenders, to absorb the impact of moving debris without inducing damage to the building.
All tsunami loads occur on the building during a tsunami event, but only debris impact
loads were considered in this literature. Fenders are energy absorption devices used as a
shelter for marine structures to absorb the large berthing energies through their elastic and
inelastic deformations [18].

Few studies have focused on tsunami pushover analysis for the hydrodynamic load
pattern [19-22]. Constant height pushover (CHPO) and variable height pushover (VHPO)
analyses were implemented to assess the response of the structure under the hydrody-
namic force. CHPO and VHPO analyses are displacement- and force-controlled methods,
respectively. In this literature, both pushover methods were considered on hydrodynamic
load patterns using constant and variable inundation depths [21]. In previous studies, only
the hydrodynamic load was used for the tsunami pushover analysis [19-22].

Thus far, the performance of the fender and the building system has not been thor-
oughly studied. Therefore, the efficiency of the fender and associated building should be
investigated. In this study, a building coupled to a cone-type rubber fender is considered.
The hydrodynamic force, buoyant force, and debris impact are considered. The impact
of shipping containers, which are categorized as large debris, is considered in the study.
Since the weight of a shipping container is standardized, the impact energy can be related
to other debris. The debris impact is applied after the application of hydrodynamic force
to simulate the actual situation. The capacity of the building under debris impact after
applying the hydrodynamic force is obtained using the displacement-controlled nonlinear
static analysis. This study pioneers the investigation of the performance of a building
with fender structures, as illustrated in Figure 1. Finally, the formulations to select an
appropriate fender and to consider the fender structure are proposed. The application is
not limited to the cone-type rubber fender and the shipping container since the energy
approach is used in developing the formulations.
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Figure 1. Building and fender structure.

2. Building Models and Loads
2.1. Details of Building

The target building was a five-story square-shaped RC building with a typical story
height of 3 m, as shown in Figure 2. The plan size of the building and the number of
stories depend on the area where a tsunami may occur and the required minimum area
per evacuees [8]. The area of the structure was 850 m? to accommodate 850 evacuees per
floor. The height of the main building was 15 m. The design inundation depth considered
in this study was 9 m. Circular columns, rectangular beams, and breakaway walls were
considered to mitigate the tsunami effects. The pressure on the walls was not considered
due to the breakaway walls. The hydrodynamic loads on the building were applied as
uniformly distributed loads on columns and beams. The super-imposed dead load and
live loads were taken as 1.5 kPa and 4.8 kPa, respectively.
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Figure 2. Proposed building (a) three-dimensional, (b) plan, and (c) elevation view.

The compressive strength of concrete was 53 MPa and the yield strength of longitudinal
and transverse reinforcing steels was 500 MPa. Constant column and beam dimensions
were utilized throughout the building. The building was designed in accordance with
the tsunami load combinations to resist tsunami forces presented in FEMA P-646 [8]. The
column and beam were designed according to ACI318 [23] to resist the tsunami. The
cross-section dimension of 0.85 m in diameter was used. The flexural failure of the column
was predicted according to ASCE 41-17 [24]. The beam cross-sectional dimension was
0.4 x 0.6 m. Longitudinal reinforcement ratios for beams and columns were 1.64 and 3%,
respectively. For columns, the longitudinal bar size had a diameter of 28 mm, and the
transverse bar size was 16 mm with 100 mm spacing. For beams, the longitudinal bar size
was 25 mm in diameter, and the transverse bar size was 12 mm provided at a spacing of
280 mm. The slab thickness was kept at 200 mm. Table 1 and Figure 3 provide the structural
properties of members.
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Table 1. Structural properties of the building.

Component Structural Properties
Cross-section (mm) 850 mm diameter
Deformed bar size (mm) 28 mm
Transverse bar size (mm) 16 mm
Columns Nos of longitudinal bar 28
Rebar percentage 3.06%
Stirrup spacing 100 mm
PMM interaction ratio 0.859
Cross-section (mm) 400 x 600 mm
Deformed bar size (mm) 25 mm
Transverse bar size (mm) 12 mm
Beams Nos of longitudinal bar 8
Rebar percentage 1.64%
Stirrup spacing 280 mm
PMM interaction ratio 0.744
Slab Thickness (mm) 200 mm
8 0 25 mm
A 28 ) 28 mm
& £ 12mm @ 280 mm
’ = c/c spacing
©
- v - -
COVERS SOmm 16mm @ 100 mm - -50mm
c/c spacing e >
400 mm
(a) (b)

Figure 3. Detailed properties of (a) column and (b) beam.

2.2. Nonlinear Properties of RC Members

To incorporate non-linear behavior of beams and columns, frame elements with
lumped plasticity were used by defining plastic hinges at their both ends. User-defined
hinges based on ASCE 41-17 recommendations were used in this study for the modeling
of plastic hinges [24]. The confined concrete model by Mander et al. [25] and the simple
steel stress-strain model with a strain hardening ratio of 0.01 were utilized for the section
analysis in this study. The yield moment and corresponding curvature were obtained from
the section analysis using strain compatibility of concrete and steel bars. The shear strength
equation according to [26] was adopted to confirm that shear failure does not occur.

ASCE 41-17 presents the nonlinear lateral-force deformation relationship of typical
plastic hinges for RC members. Figure 4 shows the moment-rotation relations of plastic
hinges. The nonlinear modeling parameters and the acceptance criteria of the member,
such as yielding (B), immediate occupancy (1O), life safety (LS), and collapse prevention
(CP), are evaluated in accordance with [24]. Plastic hinges were considered at each member
end [27]. Several plastic hinge length equations have been proposed in the literature [28-33].
Equation (1) by Berry et al. (2008) [33] was adopted in this study for the plastic hinges of
beams and columns:

Ly, = 0.05L+0.1f,d,// f' 1)

where L, is the plastic hinge length (m), L is the length from the critical section to the
point of contra flexure, f.’ is the concrete compressive strength, and f, and d,, are the yield
strength and the diameter of longitudinal reinforcement, respectively.
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Figure 4. Moment-rotation relations of plastic hinges.

2.3. Model of Buildings with a Fender Structure

Energy absorption of a building to resist the tsunami forces and large debris impact can
be increased by using the fender, which absorbs energy under large inelastic deformations.
Figure 5 shows the arrangement of the fender structure in front of the building. The fender
structure comprises (1) columns with supports free to rotate towards the building but
restrained in the transverse direction to maximize deformation of fenders, (2) transfer
beams which are pinned to the columns, and (3) cone-type rubber fenders. The debris
impact may occur at a certain location in the plan. Since the top transfer beams are pinned
to the columns, the impact energy is distributed to the nearest frames. It is conservative
to consider that the impact occurs at the fender column, as shown in Figure 5b. Hence, a
two-dimensional frame with the fender (Figure 5c¢) is studied in detail using SAP2000 [34].
The height of the fender structure is equal to the target water level. The impact energy
due to the impact at the fender location is larger than the impact at the lower location
(Figure 5d). The impact at the fender location (Figure 5c¢) is considered in the study. For
the size of the steel structure, the steel column was 0.7 x 0.3 m, and the steel beam size
was 0.4 x 0.3 m to resist the hydrodynamic force. Figure 6 shows the sections of the beam
and column for the steel fender structure. The flanges of the steel members are placed
towards the direction of tsunami flow so that the major axis of the section is subjected to
the hydrodynamic force.

‘

— S =< Steel beam—" | | | | | |
Fende(y: — l—l_l—l_l_l
R

HEEEN
(a) 3-dimensional view (b) Plan view

WJWEWI .
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(c) Elevation view (water level at fender (d) Elevation view (water level lower than

location) fender location)

Figure 5. Two-dimensional model of the building with a fender structure.
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Figure 6. Detailed properties of steel structure (a) column and (b) beam.

The variation of fender reactions was considered to investigate the efficiency of build-
ings with fender structures. Figure 7 shows the typical load-deformation relation of the
cone fender as obtained from catalogs of some marine fenders. The actual behavior was
idealized as an elastic-perfectly plastic model, while preserving the total dissipated energy
and the yield force. Table 2 shows the parameters used for the fender structure.

120
£ 100 S —
-g 80
< o —— Actual
E Idealized yield point at 33 % Idealized
2 40 of the fender length
(o]
§ 20

0
0 20 40 60 80

Deformation of fender (%)

Figure 7. Load-deformation curve of a typical marine fender.

Table 2. Parameters for the fender structure.

Parameters Values

Fender reaction Based on LS state of the building

(to be varied)
Fender deformation at yielding 33% of fender length
Fender deformation at ultimate point 72% of fender length

2.4. Loads on Structure
Tsunami forces considered in the analysis are as follows.

(1) Buoyant force

The buoyant force applied to the floors can be computed from [5,8] as:

F, =pgV ()

where p is the density of fluid taken as 1128 kg/m? according to ASCE 7-16, g is the acceler-
ation due to gravity, and V is the volume of water displaced by the submerged structure.
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(2) Hydrodynamic force

Using the parameters of the drag coefficient and flow velocity, the hydrodynamic force
induced by quasi-steady flow can be computed from Equation (3). The hydrodynamic force
acting on the structure was modeled with an equivalent uniform lateral load pattern, as
suggested in the current design guidelines [5,6,8].

CyAu?
£ = ®)

where A is the projected area of the building normal to the flow direction, u is the flow
velocity at the location of the building, and C; is the drag coefficient [5].

(3) Debris impact force

Impact from shipping containers can cause significant damage to the building. The
impact energy of the moving container was determined in accordance with [35].

1
Kinetic energy of moving debris = Emuz 4)

where u is the flow velocity at the site and m is the mass of the debris. The general form of
flow velocity can be expressed as follows:

u=ay/gh ()

where u is the flow velocity (m/s), a is the empirical velocity coefficient, and # is the
inundation depth (m). According to the studies on tsunami flow velocity, the velocity
coefficient values were proposed to vary between 1.2-1.7 [1,9,12,13]. A value of 1.25 was
used for the velocity coefficient in the study because the value from [13] was close to the
field observation in Thailand [1]. Table 3 summarizes the parameters used to evaluate the
tsunami forces on the building.

Table 3. Parameters of tsunami loads.

Parameters Values
Design inundation depth, & 9m
Velocity coefficient, « 1.25
Acceleration due to gravity, g 9.81 m/s?
Flow velocity, u 11.75m/s

1.2 (for circular element)

Drag coefficient, C; (ASCE 7-16) 2 (for rectangular element)

Minimum fluid density for tsunami load, p 1128 kg/m?3
Mass of 20 ft standard shipping container 2270 kg (empty)
(ASCE 7-16, FEMAP 646) 13,150 kg (loaded)
Mass of 40 ft standard shipping container 3810 kg (empty)
(ASCE 7-16, FEMAP 646) 17,240 kg (loaded)

(4) Load combinations

For the strength design of the building, the tsunami forces were combined with the
gravity load effect according to [8].

Load combination 1 = 1.2(DL + SDL) + 1LLggr + 0.25LL + 1(Drag + Buoyancy) (6)

Load combination 2 = 0.9(DL + SDL) + 1(Drag + Buoyancy) (7)

where DL is the dead load, SDL is the super-imposed dead load, LLggr is the live load on a
tsunami refuge floor level, and LL is the live load outside of the refuge area.
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3. Analysis
3.1. Analytical Cases

In this study, hydrodynamic force was applied first and then debris impacts were
applied using the displacement-controlled nonlinear static analysis. This study examined
two cases in the building analysis, namely, case I, i.e., the building without a fender
structure, and case II, which referred to the building with a fender structure as shown
in Figure 8. The capacity of the building under different cases was obtained using the
nonlinear static analysis. The resistance of the building was evaluated using the energy
method, in which the kinetic energy of the debris is absorbed by the strain energy of
the building.

Hydrodynamic force Hydrodynamic force and debris impact
I
E
o
£
v =5 H H H H E IS = = = a =
< = — = — = = = = = = = =
= —  —-  —- | -  —-  — =  — 3 o | —
& = — = j— —3 = = = S— = = —
5 o — = = = = o - = — P =
2
= Case la Case Ib
=
2
=4
Q
2
g s — — — — — Doors. Par—A1— — — — — —
5 = = = = = = = = = = = =
= = = = = = = = = = = = =
= = = = = = = = = = = = =
“9 = = = = = = = = = = = =
E :, :, :, :, :, :, :, :, := := :, :,
& Case Ila Case IIb

Figure 8. Building structures under different cases.

3.2. Response of the Building without a Fender Structure (Cases In and Ib)

Figure 9 shows the deformation of the building due to the hydrodynamic force and
debris impact. No failure mechanisms were observed in the building against the hydrody-
namic force (case Ia). The flexural moments of members under the hydrodynamic force did
not reach the yield point because the building was designed using the load combination
accounting for the hydrodynamic force. Referring to case Ib, beams developed the LS
state earlier than columns. Consequently, this failure mechanism corresponds to the strong
column-weak beam theory. After reaching the LS state, the building exhibited extensive
damage in beams.

f#’?ﬁ [ ]

(a) Due to actual hydrodynamic force (b) B state

N N Y N s N N N

| ]

(c) IO state (d) LS state

Figure 9. Deformation of the building and plastic hinge formation for cases Ia and Ib.



Buildings 2022, 12, 66 9of 18

The force-deformation relation of the building under the hydrodynamic force is shown
as a dashed line in Figure 10. The base shear was 5946 kIN. No plastic hinge formation was
observed. The remaining energy for the impact of debris was evaluated from Figure 10a
and presented in Figure 10b. The remaining base shear capacities above the hydrodynamic
force at B, 10, and LS states were 887, 1917, and 2488 kN, respectively. Figure 11 shows the
inter-story drift ratio of the building due to debris impact at each performance state. As can
be seen in Figure 11, the largest inter-story drift ratio was found at the second floor when
the building reached its LS state.

Energy of the building due to debris after
hydrodynamic forces

o
Q
=]

B
Q
=]

- = =Due to LS
hydrdynamic
forces

Due to debris

w
Q
=]

N
Q
=1

Remaining energy
absorption (kN-m)
=
[=3
o

Building base shear

o

0 0.1 02 03 0 01 02 03
Displacement at debris impact floor (m) Displacement at debris impact floor (m)

(a) (b)

Figure 10. Response of the building without the fender structure. (a) Capacity curve due to hydrody-
namic force and debris impact, and (b) relationship between energy absorption and displacement at

the debris impact floor.
A\
PR
3 \\\E\ -=-B

X
Fa LS

/
£

Floor number
(3]

0 0.01 0.02 0.03 0.04
Inter-story drift ratio

Figure 11. Inter-story drift ratio due to debris for cases Ia and Ib.

The energy absorbed by the building was compared with the kinetic energy of different
kinds of impact by shipping containers, as shown in Figure 12. It can be seen that the
building could only resist the impact of the empty shipping container (shown by the
threshold of vertical orange line).

Loaded 40ft container | I 1190
Loaded 20ft container [N 008

|
Empty 40ft container | NG ZeiB

Energy absorption of the building =330 kN-m

Empty 20ft container [N 157

0 200 400 600 800 1000 1200 1400
Energy (kN-m)

Figure 12. Comparison of energy absorption of the building for cases Ia and Ib.
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3.3. Response of the Building with the Fender Structure (Cases Ila and 1Ib)

It is important to note that the fender force transferring to the structures is limited by
the yield force of the fender. Hence, the fender yield force was set lower than the force
at the LS state of the building to ensure the safety of the building. Table 4 shows the
parameters used in the fender structure. Fenders were selected from a commercial catalog
of cone-type marine fenders based on the fender forces while maintaining the same stiffness
to systematically compare the response. Hence, different fender lengths were obtained
against different forces. The distance between the building and the fender structure was
2.5 m, which was chosen according to the fender lengths. The fender yield force was set
lower than the remaining base shear capacity at the LS state, which was equal to 2488 kN.
Figure 13 shows the force-deformation relation of the fenders used in the analysis.

Table 4. Parameters of the fenders.

Actual Fender Properties Idealized Fender Properties
Case Fender Length, Stiffness Maximum Idealized Idealized Yield
L¢ (m) (kN/m) Reaction (kN)  Stiffness (kN/m) Force (kN)
F1 1.6 3796 2012 3700 2000
F2 1.8 3735 2204 3700 2200
F3 2 3589 2369 3700 2400
3000
> 2500 F====--- F— ee--- LS state of
&4 2000 A building
=
.S 1500 ——I3
3]
S 1000
[ F2
500
0 F1
0 0.5 1 1.5 2

Deformation (m)

Figure 13. Idealized force—deformation relation of the fenders.

The hydrodynamic force was initially applied to the building and fender structure,
as shown in Figure 8. Fender reactions against hydrodynamic force was approximately
one-third of their capacities, as shown in Figure 14. Figure 15 shows the relationship
between the base shear and displacement of the building. Since the fender stiffness is
constant, global force-deformation curves for all fender cases were identical in the initial
stage, as shown in Figure 15. The total hydrodynamic force on the building with a fender
structure was approximately 6706 kN, which was larger than the hydrodynamic force from
the building without a fender structure (5946 kN). This is because the hydrodynamic force
acts on the fender structure and the force is transferred to the building through the fender.
Hence, the total base shear due to the hydrodynamic force is increased for the building
with the fender structure. After applying the hydrodynamic force, the capacity of the
building under debris impact was obtained using the displacement-controlled nonlinear
static analysis. The maximum base shear of the building due to debris impact was limited
by the fender yield force, as shown in Figure 15. It is seen that the higher the fender yield
force, the larger the energy absorption. Note that the fender yield force was kept lower
than the force at the LS state.
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Figure 14. Load-deformation relations of fenders at various states: (a) Fender F1, (b) Fender F2, and
(c) Fender F3.
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Figure 15. Capacity curve due to debris impact after applying hydrodynamic force: (a) building with
fender F1, (b) building with fender F2, and (c) building with fender F3.

Figure 16 shows the plastic hinge formation of the building with a fender structure.
No plastic hinge formation occurred under the hydrodynamic force. Figure 9 shows that
the building without a fender structure suffered damage in the structure due to the debris
impact. However, Figure 16 reveals no failure in the building owing to the efficiency of the
fender structure. As in the case of a building with a fender structure, plastic hinge formation
in the building was found only before yielding of the fender. The fender experienced a large
inelastic deformation from yielding to its ultimate point. According to this observation,
the fender with a capacity lower than that of the building at the LS state can effectively
absorb the energy by its inelastic deformation without inducing critical damage to the
main building.

Figure 17 shows the inter-story drift ratio of buildings with and without a fender
structure. It is evident that the inter-story drift ratios of the building with and without the
fender structure are identical for the B and 1O states. As shown in Figure 17¢,d, as yield
forces of fenders F1, F2, and F3 were lower than the base shear of the building at its LS state,
the inter-story drift ratios were lower than that of the building without the fender structure
at the same state. Once the fender reached the yielding point, the force transferred to the
building was limited. Hence, there was no further increase of the inter-story drift. This
result clearly illustrates the benefit of the fender structure.

Figure 18 illustrates the energy absorbed by the building with and without the fender
structures due to debris impact. Various states of the structural performance are presented.
The major portion of energy absorption apparently arises in the fender structure. The
fender yielding limited the force to the building, resulting in limited energy absorption
and damage in the building. Figure 19 shows the total energy absorbed by the building
with fenders, compared with the impact energy by the shipping container. Apparently,
the energy absorption of the structure was increased significantly and was adequate to
resist the impact by a loaded shipping container, while the fender F3 resulted in the highest
energy absorption.
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Figure 16. Plastic hinge formation of the building with the fender structure.
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Figure 17. Inter-story drift ratios of the buildings.
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Figure 18. Energy absorption of the buildings with and without the fender structure.
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Figure 19. Energy absorption compared with the energy from shipping container impacts.

4. Design Recommendations for Buildings with a Fender Structure
4.1. Concept

The concept for the selection of the fender structure is proposed to account for the
combined behavior of the fender and the building. The selected fender yield force for
the building with a fender structure should be taken from the base shear force at the
performance state of the main building without inducing failure, preferably the LS state.
Figure 20 summarizes the recommendation of the proposed design system.

Analyze the building
without fender structure
(under debris and

drodynamic force

- - Compute the energy
Detvelrr.mne the capac1ty o; the absorption of the Check the | Pass
bulhdglg ((idue tq d?brls after building, at selected ’ remsta'nc? of the (Finished)
ydrodynamic forces) performance point building

| Not pass

Compute the
energy absorption
of the building

Compute the energy

Select fender yield force based absorption of fender
on LS state (due to debris after

hydrodynamic force)

Compute the energy with a fender
Combine the selected fender absorption of the structure
with the building building, based on the [
selected fender yield
force

Figure 20. Flowchart of the proposed recommendation for the building with a fender structure.

Figure 21 illustrates the simplified model for the building without a fender structure to
which the hydrodynamic force is initially applied. Then, the debris impact is applied to the
building. The energy absorbed by the building is obtained on the basis of the capacity curve
using the nonlinear static analysis. Figure 22 shows the simplified model for the building
with a fender structure in which the hydrodynamic force is applied not only on the building
but also on the fender structure. Then, the debris impact is applied to the fender structure.
The energy absorbed by the building with a fender structure can be computed on the basis
of the selected fender yield force without the need to perform a nonlinear static analysis.
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Figure 21. Idealization of the building without a fender structure.
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Figure 22. Idealization of the building with a fender structure.
The variables in Figures 21 and 22 are defined as:
AZ (I) = displacement of the building without a fender structure due to
hydrodynamic force;
AZ (II) = displacement of the building with a fender structure due to

hydrodynamic force;
AZ = displacement of the building due to debris after applying hydrodynamic force;

A£ = displacement of the fender due to hydrodynamic force;
Ajyr = displacement of the fender at the fender yielding state;
A{, = displacement of the fender at the fender ultimate state;
F}{ = hydrodynamic force on the fender structure;
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Fil: = hydrodynamic force on the building;
FJ = fender yielding force;

EP = energy absorption of the building;
Ef = energy absorption of the fender;

E{ = energy absorption of the fender due to debris after applying hydrodynamic force;
EY(I) = energy absorption of the building without a fender structure due to debris after
applying hydrodynamic force;

Eb(II) = energy absorption of the building with a fender structure due to debris after
applying hydrodynamic force;

EJ*#! = total remaining energy absorption of the building with a fender structure due to
debris after applying hydrodynamic force;

k! = initial stiffness of the building.

In Figure 22b, the remaining energy of the fender due to debris after applying hydro-
dynamic force is as follows:

Ef =05 x (E — F)[(&] — &) + (A — A])] ®)

In Figure 22¢, the building with a fender structure under hydrodynamic force is
displaced more than the building without a fender structure. This is attributed to the
hydrodynamic force transferred from the fender structure. Therefore, the displacement of
the building with a fender structure caused by the hydrodynamic force is as follows:

(Fb +0.5F))

Ab(11) = 5

©)

Notably, the remaining energy absorbed by the building with a fender structure is
lower than that of the building without a fender structure. According to Figure 22¢, the
remaining energy absorption of the building with a fender structure due to debris after
applying the hydrodynamic force is as follows:

EV(IT) = EV(I) — 0.25F (2L — AL(T) — A (11)) (10)

The total remaining energy absorption of the building with a fender structure shall be
larger than the kinetic energy of the debris impact as follows:

Elotal — Ef 4 EV(11) > EP (11)
where EP is the kinetic energy of debris impact.

4.2. Sample Application of the Proposed Method

The sample application for the proposed method is considered for the building with a
fender structure to resist the impact of a 40 ft loaded shipping container. The building used
in this application was the same as the target building used in Section 3.1. The application
of hydrodynamic force and debris impact was also the same. Therefore, the capacity curve
of the building without a fender structure and the energy absorbed by the building were
obtained from Section 3.2.

The capacity of the main building at the LS state was used to design the fender. The
fender yield force was set to be lower than the force at the LS state of the building to ensure
the safety of the building.

Trial fender size is Fj = 2300 kN, Ly = 1.6 m, A = 053 m, and A} = 1.15m.
From the capacity curve shown in Figure 23, the following information related to
the selected fender was obtained: AZ = 0.185 m, AZ(I ) = 0.049 m, kb = 121,347 kN/m,

F/ = 1519 kN, F! = 5946 kN, and E!(I) = 237 kN — m,
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Figure 23. Target performance based on the selected fender yield force.

Using Equation (8), the remaining energy of the fender due to debris after hydrody-
namic force was calculated as:

Ef =05 x (F| —F)[(a] - A)) + (8] — A])] = 1220 kN

Using Equation (9), the displacement of the building with a fender structure due to
hydrodynamic force was found to be the following:

(Fb +0.5F))

Ab(11) = 5

= 0.055 m
Using Equation (10), the remaining energy absorption of the building with a fender
structure due to debris after applying hydrodynamic force was as follows:

EV(IT) = EV(I) — 0.25F) (28 — AL(I) — AL(I1)) = 136 KN —m

According to Equation (11), the total remaining energy was as follows:

EFtal = Ef 1 EV(IT) = 1229 + 136 = 1365 kN — m > Kinetic energy of 40 ft shipping
container (1190 kN — m).

Therefore, the selected fender size was suitable for the building with a fender structure
to resist the impact of a 40 ft container impact.

5. Conclusions

This study established a performance-based approach for the building with a fender
structure. It introduced a reinforced-concrete building with a fender structure under
tsunami forces and debris impact using displacement-controlled nonlinear static analysis.
The building with a fender structure utilized the cone-type rubber fenders for the connection
between the structures. The behavior of fenders was observed with the performance of
the building. The kinetic energy of the shipping containers was evaluated to compare the
resistance of buildings with and without fender structures. From the study, the following
conclusions can be deduced:

1. The target building was designed on the basis of tsunami forces without debris impact.
The analysis showed that the building without a fender could not resist the impact
by a loaded shipping container. Therefore, a fender structure was necessary for the
target building.

2. The hydrodynamic force on the building with a fender structure was larger than that
on the building without a fender structure because the hydrodynamic force on the
fender structure was transferred to the main building through the fender. The fender
utilized about 30% of its load capacity due to the hydrodynamic force. According to
this observation, the design of the building should also consider the hydrodynamic
force transferred from the fender structure.
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3. Inthe comparison of the performance of the building with and without fender struc-
tures, the building with a fender structure demonstrated limited damage, and the
maximum energy was 1800 kN — m, which was able to resist the maximum impact
of the shipping container (1190 kN — m). Conversely, the building without a fender
structure exhibited severe damage and could not sustain the maximum impact of the
shipping container.

4. This study proposed design recommendations for the building with a fender structure.
The capacity curve of the building without a fender structure is to be determined
first. Then, the kinetic energy of the debris impact is compared with the computed
remaining energy absorption of the fender and the building, without the need to
perform a nonlinear static analysis of the buildings with a fender structure.
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