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ABSTRACT: Container crane structure plays a crucial role in loading and unloading goods from a container
ship to harbors. In any case, a breakdown of the container crane would harm the economy of a country.
The modern crane is bigger to satisfy the demand of the owner; therefore, it is less stable under seismic
excitation. Engineers often encounter an issue for choosing the boundary condition of the simulated model
of the container crane as the legs can be uplifted or derailed under strong earthquakes. In this case, the
simple work of pinned boundary condition can be replaced by the elastic-no-tension element between
the structure and the ground. In this way, the leg base is free to move in vertical direction, and its vertical
reaction reduces to zero. The objective of this paper is to evaluate the seismic performance of a container
crane by the time history acceleration analysis using two different base supports, i.e., pin and elastic-
no-tension supports. Firstly, horizontal response spectra of actual earthquakes are adjusted by scaling the
amplitude of each ground motion to coincides with a specific target spectral acceleration at the fundamental
period of the container crane and then determined the scale factor. Afterwards, the ground motions are
generated based on the scale factor, and they are used as input data for dynamic analysis by time history
method. Two cases of target spectral accelerations will be determined to evaluate the dynamic responses
of structure for uplift and no uplift phenomenon. Some response characteristics, i.e., total base shear and
portal drift, are investigated. From that, the results show that the elastic-no-tensions supports are suitable
for simulating the real behavior of the container crane when it is analyzed under high seismic excitation.

KEYWORDS: container crane, boundary condition, total base shear, portal drift, uplift, vertical reaction.

TOM TAT: Két cdu ciu hang container déng vai tré quan trong trong viéc boc dé hang héa tir cac tau cho
hang container 16i bén cang Trong moi truong hop, mot sw co cho cau hang container sé gy anh hzmng cho
nén kinh té ciia mot quoc gia. Két cau cau hang ngay nay digc yéu cau phaz I6n dé dap vimg nhu cau cua chu
s6 hitu do d6 cang dan dén sie mat on dinh dwdi tac dung ciia dia chan. Cdc ki sw thuong gdp phdi van dé
trong viéc lya chon diéu kién bién cho mé hinh mé phong do chan cu co thé nang lén hodc trat banh khi gap
phai déng dat manh. Trong trueong hop nay, mé hinh diéu kién bién bang goi cé dinh co thé dwoc thay thé bang
phan tir dan hoi khong luc cang giita két cau va ddt. Bang phirong phap nay, chdn cau cé thé di chuyén tir do
theo phuong thang dung, a’ong thm phan lyc thing dung sé giam vé khong. Muc tiéu cua bai bdo la danh gia
phan a"ng dia chan cua két cdu cau hang container bang pha’ong phap phan tich theo lich sw thoi gian tran
dong dat khi sir dung cdc mé hinh diéu kién bién: bang goi co dinh va phan tir dan hoi khong liee cang. Pau
tién, pho phan umg ngang cua cdc tran a’ong ddt thuec té dwgc diéu chinh bang cdch diéu chinh bién do cua
tirng phé phan vmg tring véi gia toc pho muc tiéu tqi chu ky co ban ciua can cau container, tir do hé so diéu
chinh sé dwoc xdc dinh. Tiép theo, chuyén dong mdt dat sé deoe diéu chinh phu thudc vao hé sé, va cdc chuyén
dong dwoc diéu chinh sé dwoc dung lam dit liéu cho phan tich dong bang phuwong phdp phan tich theo lich si
thoi gian. Hai truong hop gia toc phé muc tiéu sé dwoc xdc dznh dé ddanh gia phan img d‘ong ciia két cdu khi
co va khong co hién twong ndng lén. Cac thugc tinh nhuw luc cat day, do léch cua khung cong sé duoc khdo sat.
Tir d6, két qua cho thdy phan tir dan hoi khong c6 luc cang phit hop dé mé phong diéu kién bién cho két cdu
cau hang container khi phan tich véi kich thich dia chdn manh.

TU KHOA: can cdu container, diéu kién bién, lyc cat ddy tong, do léch khung cong, ndng 1én, phan lc
thang ding.
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1. INTRODUCTION

Container cranes continue growing in the size
and numbers to handle the freightage increasing.
The modern container cranes are triple size than
the original ones, making them heavier and more
vulnerable under seismic excitation [1]. From
previous reports, failure of container cranes
occurred in four modes: uplift and derailment as
the wheels lift up off the rails and transfer in the
horizontal direction; local buckling of the legs;
yielding of tie downs; and overturning. The uplift
phenomenon represents that the legs (wheels)
of container crane lift up out of crane rails and
move free in both vertical and horizontal direction
under seismic excitation. As a result, the load will
increase on the opposite leg. A crane at rest is fixed
to rails with clamps or anchors, whose strength
provides the upper limit for the crane resistance
against external forces. In the United States, the
design guidelines give a strong assumption: the
design seismic load only creates incipient uplift
for a crane [2]. That assumption is suitable for
the previous container cranes that had small gage
lengths and light weight, and thus could overturn
over at relatively low lateral loads. As a result, U.S.
port designers typically adopt a lateral seismic
design load of 0.2 g for new container cranes [3].
However, cranes in operation are not supported by
clamps or anchors, and the lateral resistance of the
crane against external forces is from the friction and
the wheel flanges [4]. During the Kobe earthquake
in 1995, several cranes were damaged in the portal
frame, even completely collapsed, where the uplift
was determined as a direct cause of collapse for
the failed cranes [5]. Thus, the boundary condition
of the numerical model needs to be developed to
accurately capture real responses of the container
crane under seismic excitation.

Not many studies about the response of the
container cranes under strong seismic excitation
are published, and even less about the uplift
phenomenon. For a better understanding of the
dynamic response of container cranes, especially
their uplift behavior, the response of container
crane should be investigated by numerical and
experimental methods. Some researchers analyzed
both numerical and experimental models, for
example, Laura D. Jacobs et al. [6] investigated the
seismic response of jumbo container cranes by a
shake table experiment and numerical model (both
2-Dand 3-D) using the finite element method (FEM).
C. Oktay Azeloglu et al. [7] also studied dynamical
response of container crane by both experimental (a
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shake table test) and numerical methods, the authors
concluded that the dynamical behavior of container
crane including time and frequency domains could
be done by an experimental method or a numerical
method (using FEM).

FEM has some advantages to simulate the
seismic response of container cranes. However, if
the legs of a crane are uplifted under seismic
excitation, the point at which the uplifted leg is very
difficult to predict, and the contact forces between
wheels and crane rails are always fluctuating
because of changing of the contact configuration
between the wheels and crane rails. Moreover, the
stiffness and the frictional properties of the contact
point are vary, which depend on how the wheel and
the crane rail contacts each other. Therefore, it is
difficult to accurately analyze the seismic behavior
ofthe crane without a special modeling of the contact
problem between the wheels and cranes. However,
the difference of the boundary condition model was
not shown in previous research. There were some
models that were often used, such as a pin, fixed,
elastic-no-tension element, frictional contact. It is
questionable whether there need to be a a special
model, or it is a simple model, i.e. pin, fixed, roller
support to simulate boundary conditions of the
container crane.

In this study, the boundary condition was
investigated by SAP2000. Two models, i.e. Pin
support and elastic-no-tension element, were used
to simulate the link between wheels and crane rails
(ground). Pin support can resist both vertical and
horizontal forces, but they cannot resist moment.
The pinned boundary is simple and available in
all structural software, so it is an attractive choice.
Using this support to simulate the interaction of
wheels and crane rails means that neither uplift
nor derailment is permitted. It can be used for
a case of static analysis or when the uplift is not
essential. When a pinned support is used, a simple
check should be done to ensure that all vertical
reactions of supports throughout the analysis remain
compressive. The elastic-no-tension element is used
to allow uplifting. It allows to develop compressive
vertical reaction, but no tensile reaction. In other
words, the elastic-no-tension element allows the
legs to move freely in the vertical direction, so
uplift event of the crane can capture by this element.
The elastic-no-tension element is defined by Gap
element in SAP2000 that Tran et al.[8] used in their
study which compared the Nonlinear static and Time
history analyses of a typical Korean STS container
crane. The authors showed that uplift response of
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crane could be simulated by the Gap element. The
result was nearly the same for nonlinear static and
time history method. The Gap element used to
simulate the interaction of wheels and crane rails
represents that the uplift can occur while derailment
is not permitted.

Total base shear, vertical reaction and portal drift
will be determined to evaluate the effect of other
boundary conditions to the response of container
crane. Since a suitable model for boundary condition
of container crane should be proposed for analyzing
seismic load.

2. NUMERICAL SIMULATION
2.1. Modelling of a Jumbo Container Crane

In this study, a jumbo container crane was
modeled by SAP2000 with the properties that were
the same as those of the real crane. The simulated
model has a height of 77.82 m from the ground
to top of the container crane. The length from the
end of the trolley girder to the end of the boom is
around 136 m. The portal frame has a width span
0f 30.48 m and its height of 17.5 m. The numerical
model has 9916 elements consisting of 9912 frame
elements and 4 elements for the interaction of
wheels and crane rails. The structural components
are made of built-up stiffened box-sections and
tubes. Since the mass of simulated model includes
the self-weight of the structure and the weight of
nonstructural facilities, i.e. machinery house, drive
trucks, stowed pin, snag device, boom hoist rope,
they are simulated as concentrated or distributed
loads. These loads were analyzed simultaneously
with the weight of the structure. The total weight
of simulated models was 13883 kN, as shown
in Table 1. The container crane are made of the
SM490Y B steel for main structure and the STK490
steel for pipe and tubes elements, and their material
properties of the simulated model in SAP2000 are
represented by yield stress 6 =355 N/mm?, density
p = 7850 kg/m’, elastic modulus E = 200 GPa,
Poisson’s ratio pu = 0.3, respectively. The model of
the container crane is shown in Figure 1.

Table 1. Total weight of container crane

No. Items Weight (kN)
1 Structural frames 11030
2 Nonstructural loads 2853
Total 13883
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Figure 1. 3D model of container crane

2.2. Boundary Conditions

As mentioned above, the response of the crane
legs under seismic excitation is a complicated
phenomenon. The contact between the crane wheel
and rail could be a pin support in normal conditions.
However, pin support is not suitable for simulating
the dynamic response of container crane coupled
with uplift and derailment. In this study, Pin support
and elastic-no-tension element was investigated by
SAP2000 to compare the difference between the two
investigated base boundaries. Elastic-no-tension
element is defined by Gap element in SAP2000,
as shown in Figure 1. Property of this element is
illustrated in equation (1).

k(d+
. {0< open)

if d+open <0
) )
otherwise

Here, k is the spring constant, and the “open”
is the initial gap opening. In this study, the “open”
must be equal to zero because of the contact of
wheels and crane rails before having a seismic load.
All internal deformations are independent. The
opening or closing of a gap for one deformation does
not affect the behavior of the other deformations.
This element only works in compression, it means
that the element will be deactivated if the vertical
reaction of legs is tensile. In other words, the
legs can move freely in the vertical direction, but
the legs cannot move in the horizontal direction.
Therefore, the uplift phenomenon of crane’s legs can
be captured purely. The stiff spring constant (k) is
recommended to be from 8756 to 52538 kN/cm
(5000 to 30000 kips/in) [9]. Besides, several studies
also shown the response of the structure to be
insensitive to changes in the impact spring stiffness
by one order of magnitude. In this study, a value of
43781 kN/cm (25000 kips/in) was chosen for the
linear spring stiffness in the vertical direction.
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Table 2. Boundary conditions of finite
element model

Gap (Pin)
Joints
Force Moment
U1 U2 U3 R1 R2 R3
10 1(1) 1(1) 0(1) 0(0) 0(0) 0(0)
20 1(1) 1(1) 0(1) 0(0) 0(0) 0(0)
30 1(1) 1(1) 0(1) 0(0) 0(0) 0(0)
40 1(1) 1(1) 0(1) 0(0) 0(0) 0(0)

Table 2 shows the characteristics of the boundary
conditions of two models (Pin and Gap). Four joints
in the model (Joint 10, 20, 30, and 40, as shown
in Figure 1) are restrained to simulate the links of
the crane rail and the wheels of the container crane.

Note that, in Table 2, the number “1” describes
restrained and the number “0” shows free. The
values in the parenthese indicate the Pin model.
U1, U2, U3 represents the degree of freedom along
x-axis (from landside leg to seaside leg), y-axis
(along the rail) and z-axis (the gravity) directions,
respectively; R1, R2, R3 represent the degree of
the freedom for rotation around x-axis, y-axis and
z-axis, respectively.

2.3. Ground Motions

Seismic ground motions selected for this study
are therecoded ground motions taken from Pacific
Earthquake Engineering Research Centre (PEER).
Six ground motions data are shown in Table 3.
The original response spectra of these ground
motions are shown as Figure 2. The horizontal

Spectral acceleration S,, g

Imperial Valley-02.1940 (GM1)
--------- Imperial Valley-06. 1979 (GM2)
--------- Landers Yermo. 1992 (GM3)
— - - Loma Prieta, 1989 (GM4)
= = = Northridge-01 Newhall. 1994 (GM5)

— — Northridge-01 Sylmar, 1994 (GM6)

1.50 2.00 2.50 3.00

Period T, s

Figure 2. Original response spectral accelerations
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Figure 3. Scaled response spectrum at the fundamental period
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Table 3. Ground motion from PEER

Ground motion Earthquake Year Station Magnitude PGA (g)
1 Imperial Valley-02 1940 Elcentro Array #09 6.95 0.28
2 Imperial Valley-06 1979 Elcentro Array #06 6.53 0.45
3 Landers 1992 Yermo Fire Station 7.28 0.24
4 Loma Prieta 1989 Gilroy - Gavilan Coll 6.93 0.36
5 Northridge-01 1994 Newhall - Fire Sta 6.69 0.58
6 Northridge-01 1994 Sylmar - Converter Sta 6.69 0.62

accelerations of these ground motions were applied
in trolley direction at the base level. The seismic
load assigned in this direction has more effective
on the dynamic response of crane, thus may cause
the most damage to the structure. In this study, the
uplift event of the crane was evaluated, therefore,
the ground motion needs to be strong enough to
make the legs of the crane lifted. K. A. Porter [10]
introduced a method to increase the intensity of
earthquakes. The method depends on the spectral
acceleration (S,) at the fundamental period of the
structure. The modal shape was analyzed by Ritz
vectors method, in which portal sway mode was the
most important modes of the container crane. The
fundamental period of the crane was around 1.35 s.
The ground motions were scaled by increasing its
spectral accelerations at the period of 1.35 s to two
levels, i.e. 0.2 g and 0.8 g, as shown in Figure 3.
Spectral acceleration of 0.2 g used for the case that
there is no uplift phenomenon, while S, of 0.8 g
will produce uplifting for all ground motions. This
method was also used in Tran et al.’s research [8&],
the authors scaled ground motions to the design

Imperial Valley-02,1940 (GM1)
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earthquake with a return period of 2400 years for
soil type Sp according to design response spectrum
in KBC 2016 (S,=0.21 g). The detailed steps of this
process are presented as following:

1. Compute the spectral acceleration S, from
original response spectral acceleration at the
fundamental period of crane T = 1.35 s.

2. Determine the scale factor (o;) by ;= target
S./Sq (in this study, target S, = 0.2 g and
0.8¢g)

3. The horizontal accelerations that were used
in the analysis were determined by times
original horizontal acceleration with .

The ground motions after scaling are shown in
Figure 4.

2.4. Method of Analysis

Time history analysis was used to evaluate the
dynamic response of container crane to seismic
load. The dynamic equilibrium equation can be
expressed as follows [11]:

Ku(t) + Cu(t) + Mii(t) = r(t) )

Loma Prieta, 1989 (GM4)
1.00

-0.60

Time, s

Figure 4. Ground motions
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Where K is the stiffness matrix; C is the
damping matrix; M is the diagonal mass matrix;
while u, U, and i are the displacements, velocities,
and accelerations of the structure; r is the applied
load. Equation (2) was solved by direct-integration,
nonlinear analysis may be also considered.

In B. D. Kosbab’s work [12], the author
described the response of container crane when
the uplift occurs that the container crane undergoes
four stages: firstly, the structure moves seaward due
to seismic load; secondly, landside legs translate
laterally and uplift due to total gravity load transferred
to waterside legs; thirdly, the load increases on
waterside legs; finally, landside legs land inside the
crane rail, resulting in residual inward displacement
of each leg. These Kosbab’s analyses are suitable
for the real damages of container crane after the
Hanshin Awaji Great earthquake in Japan (1995).
In the report of The Japan Society of Mechanical
Engineers [13], major damage of container crane
was bucked at the top of column legs.

In this study, the uplift analysis was considered
with the target spectral acceleration S,= 0.8 g, then
plastic hinges might happen because the structure
behaves in the inelastic state. Thus, the plastic
hinges were assigned for the portal beam and legs
of the crane to consider these behaviors. Properties
of the plastic hinges were assigned with default
properties described in ASCE/SEI 41-13 [14].

3. RESULTS AND DISCUSSIONS
3.1. Uplift Response

The uplift behavior was only captured by
the Gap element. As mentioned above, the uplift
phenomenon happens when the vertical movement
of the leg is positive and the vertical force must
be equaled to zero. For an example, the result of

% 6,000 - f ——Imperial Valley-02, 1940
2
240004 |l ‘ r |
= J ||
§ 2,000 ﬁ r\ \
5 ‘ ‘
S ‘ ‘;\ L
0 t 10 20 30 40
Time, s
- 750 I — Imperial Valley-02. 1940
5 550 | U |
£ 350 W | |
1.50 | [ ‘
.. A
0.50 o

0 20 30 40

Time, s

Figure 5. Uplift and reaction of landside
leg — Joint 10
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Imperial Valley-02 (1940) earthquake is shown in
Figure 5. As can be seen that the vertical reaction
of the landside leg (joint 10) equal to zero at the
moment that the vertical movement shows positive
value (at the time of about 4.0 s).

The maximum value of the vertical movement
is shown in Figure 6. Overall, the uplift response
of landside legs (joint 10 and 20) is more than that
of the seaside legs (joint 30 and 40), the difference
between joint 10 and 20 of landside legs or joint
30 and 40 of seaside legs was not significant. This
can be explained by the total gravity load of the
container crane located at waterside legs as a result
of the effect of boom structure. There were four
earthquakes that generated uplifting on both seaside
and landside legs. While there were two earthquakes
that produced the uplift event only the landside legs
(joint 10 and 20). In terms of the spectral acceleration
of 0.8 g at fundamental period of container crane,
the uplift of landside legs was from 2.7 cm to
13.2. cm in which the minimum value was for the
Northridge-01 Sylmar (GM6) earthquake while the
maximum value was for Imperial Valley-06 (GM2)
earthquake. However, the uplift of the seaside legs
was from 2.4. cm to 5.5 cm in which the minimum
value was for Imperial Valley-02 earthquake (GM1)
while the maximum value was for Landers Yermo
(GM3) earthquake).

3.2. Total Base Shear

Figure 7 compared the total base shear of the
Pin and Gap boundary conditions when container
crane was expected to be uplifted. It means that it
is considered for the case S,= 0.8 g. Overall, the
total base shear of Pin model was higher than that
of the Gap model. The most significant difference
was 310 kN for the GM4 (Loma Prieta), in which
Pin support was 5534 kN while Gap support was

=Joint 10
M Joint 20
S Joint 30

B Joint 40

Uplift, cm

Caereesy]

Ground motions

Figure 6. Maximum uplift of Gap model
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Figure 9. Portal drift (S.= 0.2 g)

5224 kN. However, For Landers Yermo (GM3)
earthquake, the difference was 75 kN, Pin support
was 5262 kN and Gap element was 5186 kN.

On the other hand, the total base shear was
nearly the same for Gap and Pin supports when
the uplift event did not happen. There were no
difference between the results of using Pin and Gap
element. This means that the boundary conditions
of the numerical model do not affect the dynamical
response of container crane under low seismic
intensity (for example 0.2 g in this study). The
average total base shear of six earthquakes for Gap
element was 1592 kN, while for Pin support was
1589 kN. The maximum value was about 1787 kN
for the Landers (Yermo), while the minimum
value was approximately 1380 kN for the Imperial
Valley-06, as shown in Figure 8.

3.3. Drift of the Portal Frame

When the spectral acceleration of 0.2 g, there
was not a significant difference of portal drift for
Pin and Gap support. The average portal drift of six
earthquakes for Pin and Gap support was 0.56%.
The maximum value was 0.62% for the Landers
(Yermo), while the minimum value was 0.48% for
the Imperial Valley-06, as shown in Figure 9.

However, the differences need to be noticed
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Figure 10. Portal drift (S,= 0.8 g)

when analyzing with the spectral acceleration of
0.8 g. The Figure 10 showed the result of analysis
with Sa= 0.8 g. Overall, the portal drift of Pin was
larger than that of the Gap. The most differences
were 0.26 percent for the Imperial Valley-02, while
two earthquakes (Loma Prieta and Northridge-01
Sylmar) had the least deflection about 0.03 percent.
The maximum drift of Pin model was 2.05% for
Imperial Valley (GM1) earthquake while that of Gap
model was 2.01% for Northridge-01 Sylmar (GM6)
carthquake. The minimum value of Gap model
was 1.79% for two earthquakes (GM1 and GM2).
Therefore, the boundary condition of the numerical
model of container crane will affect the horizontal
movement of portal frame if its dynamical response
has uplift event. In this study, the result has showed
that the portal drift could be reduced because of
uplift.

3.4. Vertical Reaction

Vertical reaction of the leg will change if the
uplift event of container crane occurs. Figure 11
shows the effect of uplift on the reaction of legs for
Imperial Valley-06. Overall, the magnitude of the
vertical reaction of the Gap element was larger than
that of the Pin for both landside and seaside legs. At
the time of the uplift event, while the vertical reaction
of landside leg equaled to zero for the Gap model,
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Figure 11. Vertical reaction of Imperial
Valley-06, 1979 earthquake (S, = 0.8 g)

the Pin model still had a negative value. It means
that the landside legs of Pin model were subjected
a tensile load when uplift happened. Therefore,
the Pin model was not suitable for reflecting uplift
event because the lifted leg was free in this case. On
the other hand, the opposite legs (seaside legs), the
vertical reaction of Pin model was higher than that
of Gap model. As can be seen from the Figure 11,
there was a redistribution of load on the seaside leg
of Gap model when uplift happened. It reduced the
load by 6.7% as compared to Pin model in this case.

When considering the seaside and landside leg
at uplifted time (e.g. Imperial Valley-06), the uplift
event happens from 6.1 s to 6.8 s for joint 10 and
20 of the landside leg. It means that the seaside legs
(joint 30 and 40) were subjected the total gravity
load of the container crane. The legs of the crane
will work in the most dangerous condition. It is
suitable the fact when the seaside legs often have
the hinge before landside legs.

On the other hand, in terms of S,= 0.2 g (as
shown in Figure 12), the figure of Pin and Gap
supports were nearly the same for vertical reaction.
Therefore, if the dynamical response of container
crane does not have any uplifting, there will not be
different of the vertical reaction for Pin and Gap
model. Figure 12 showed the vertical reaction of
Imperial Valley-06 earthquake when S,= 0.2 g.

4. CONCLUSION

In this study, two boundary condition models
of crane were investigated by using SAP2000, and
the time histories of six real earthquakes were used
for analytical purpose. The input ground motions
was divided into two cases. Firstly, the original
earthquakes were scaled to the S, = 0.2 g which
expected no uplift event. Secondly, the original
earthquakes were scaled up to S, = 0.8 g which
expected that container crane has been uplifted. The
results are as follows:
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Figure 12. Vertical reaction of Imperial
Valley-06, 1979 earthquake (S, = 0.2 g)

When analyzing the dynamic response of crane
under high seismic load, it is necessary to notice
the boundary condition of the crane. It means that
the link between legs and crane rail need to be
simulated accurately. The effect of uplift makes the
total base shear reducing. Total base shear of Gap
element is less than that of the Pin support when
the seismic load is large enough to make the legs
lifted. However, the effect of boundary condition
can be ignored if the crane does not have uplift
phenomenon.

As analyzed above, two seaside legs will be
subjected to all weight of container cranes if the
uplift happens for two landside legs. The Gap
element reflected more accurately than Pin supports.
The results also showed that the concentration of
load on two seaside legs will be clearer when the
Gap model is applied in numerical method.

Portal drift is a crucial value to identify limit
state for container crane. In this study, the effect
of boundary condition on the portal drift would be
significant if the crane occurred uplift. Using Pin
support make the portal beam more deformed. It
means that the result of Pin support is not accurate
in case the crane has been uplifted under seismic
load. The Gap element should be considered in the
minor uplift that the derailment of the crane legs is
ignored or is very slightly.
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