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Ship-to-shore (STS) container gantry cranes, used at terminals for loading and unloading containers from a ship, are an important
part of harbor structures. *e size and weight of modern STS container cranes are increasing to satisfy the demand for bigger
ships. *is is expected to result in more lateral load when excited by seismic motions. *e existing Korean STS container cranes
did not behave properly during several recent moderate earthquakes in South Korea. Typical Korean STS container cranes must be
checked for the earthquake-resistant capacity. In this research, two nonlinear static analyses procedures, also known as pushover
analyses, commonly used for seismic design of buildings, namely, capacity spectrummethod and equivalent linearizationmethod,
are comprehensively studied to check their suitability for studying seismic behavior of STS cranes. Results obtained by these two
nonlinear static analysis methods are then compared with the results obtained by nonlinear time-history analyses of the STS
cranes by exciting them with nine recorded earthquake time histories around worldwide.*e behaviors of the cranes are analyzed
in terms of the total base shear, drift, and base uplift. *e comparisons indicate that the nonlinear static methods can be
appropriate for estimating the total base shear and drift of the portal frame of a container crane. *e pushover analyses also
provide information on performance levels as defined in ASCE/SEI 41-13, of a typical Korean STS container crane. Furthermore, it
is observed that the uplift response of the crane is strongly influenced by the duration of an earthquake.

1. Introduction

Nonlinear static analysis (NSA), also known as pushover
analysis (PA), is an effective tool for performance assessment
of a structure under a seismic event. It requires less cal-
culation than nonlinear dynamic analysis and avoids using
a set of ground motion time histories [1]. As expected, NSA
takes a shorter time but is less accurate than the time-history
analysis (THA)method since it uses static analysis to capture
dynamic effects. *e overall steps of the NSA method in-
clude the selection of load patterns, nonlinear analysis of the
structure to obtain the capacity curve, calculation of dis-
placement demand using a response spectrum, and the
assessment of the performance of the structure [1].*ere are
several NSA methods with the same basic overall schemes,

but the detailed steps required to implement them are
different. Some of the concepts officially incorporated in
design guidelines include capacity spectrum method (CSM)
and displacement coefficient method (DCM) as adopted in
ATC-40 [2] and ASCE-41 [3], N2 method as proposed in
Eurocode 8 [4], and equivalent linearization method (ELM)
and displacement modification method (DMM) as pre-
sented in FEMA 440 [5]. In addition, several researchers
proposed other procedures. *ey include the adaptive ca-
pacity spectrum method (ACSM) by Casarotti and Pinho
[6]; the improved capacity spectrum method (ICSM) by
Fajfar [7], Lin and Chang [8], and Mingkui et al. [9]; modal
pushover analysis (MPA) by Chopra and Goel [10], Freeman
[11], Sucuoglu, and Gunay [12]; adaptive modal combinations
(AMC) by Kalkan and Kunnath [13]; and the iterative

Hindawi
Advances in Civil Engineering
Volume 2018, Article ID 2176894, 13 pages
https://doi.org/10.1155/2018/2176894

mailto:jwonhuh@chonnam.ac.kr
http://orcid.org/0000-0001-6494-2193
http://orcid.org/0000-0002-0002-645X
https://doi.org/10.1155/2018/2176894


displacement coefficient method (IDCM) by Ćosić and Brčić
[14]. *ese methods generally give different results. *e def-
inition of the performance point/displacement target and the
selection of lateral load patterns used in these methods are the
two major reasons for the different results [15]. It is important
to note that most of these studies were developed for buildings.

For a special steel structure such as a ship-to-shore (STS)
container crane, very different from buildings, as shown in
Figure 1, the use of NSA for seismic analyses are expected to
be different, with their unique support conditions. In this
study, two NSAmethods, conventional CSM of ATC-40 and
the ELM of FEMA 440, are selected for further consider-
ation. *ey are selected because they provide a graphical
relationship between the capacity of a structure and the
seismic demand, and it is relatively easy for engineers to
estimate the maximum displacement by using them. In
addition, these methods are recommended in many design
guidelines and standards worldwide.

*e seismic behavior assessment of a typical STS con-
tainer crane used in South Korea is specifically addressed in
this paper. A three-dimensional (3D) finite element (FE)
model generated by SAP2000 is analyzed first by CSM and
ELM. *e results of these NSA methods are then verified by
exciting the crane by nine scaled recorded ground motion
time histories. *e results obtained by CSM and ELM were
then compared with the more comprehensive and accurate
nonlinear THA. *e primary objective of this study is to
investigate whether commonly used NSA methods de-
veloped for the seismic design of buildings can also be used
for a STS container crane. For a comprehensive comparison,
the uplift response, base shear, and drift are specifically
addressed and compared in this study.

2. Nonlinear Static and Dynamic Analyses

2.1. Capacity Spectrum Method (CSM) Procedure. CSM was
first proposed by Freeman et al. in 1975 [16] and later in-
troduced in ATC-40 in 1996 [2] and FEMA 274 in 1997 [17]. It
is a graphical procedure. *is method provides a special
treatment for reduction of the seismic demand to intersect the
capacity curve in spectral coordinates to find a performance
point [2]. An interesting study related to CSM was the
AutoCSM method proposed by Guyader and Iwan [18].
AutoCSM is an automated Excel sheet, in which the improved
effective linear periods are used to replace the secant period
used in the conventional CSM. Essentially, the seismic demand
is reshaped by a modification factor. In addition, to improve
the accuracy of CSM,Chopra andGoel [19] proposed the use of
the constant-ductility inelastic design spectra instead of the
elastic damped spectra of the conventional CSM, commonly
denoted as ICSM. *e procedure is controlled by the ductility
factor. Lin and Chang [8] improved ICSM by using the real
absolute acceleration response spectrum instead of the pseu-
doacceleration response spectrum, especially for them system
with equivalent viscous damping ratio βeq > 10% and period
T> 0.15 s. Later, Mingkui et al. in 2006 [9] proposed two
improvements for the conventional CSM. *ey considered
inelastic demand spectra by using yield strength factor as an

elastoplastic index. *ey also defined and formulated the de-
sign acceleration response spectra from the China design
building code. Based on the energy equivalent criterion, the
equivalent single degree of freedom (SDOF) system was esti-
mated instead of bilinear modeling of pushover curves under
the assumption of area equivalence. In 2007, Casarotti and
Pinho [6] proposed another procedure, especially for bridge
applications, known as ACSM.*ey constructed an equivalent
single-mode capacity curve by combining multimodal push-
over response curves. It can be used to study multiple degree of
freedom (MDOF) continuous span bridges, considering both
flexible and rigid superstructures. Gencturk and Elnashai in
2008 [20] proposed a method for seismic evaluation of wood-
frame structures.*e results showed a significant improvement
in the accuracy of CSM as updating the bilinear idealization of
the structural system based on the selected trial performance
point on the capacity diagram. Recent studies also compared
and verified methods proposed by Causevic and Mitrovic [21]
and Ferraioli et al. [22]. As discussed previously, the use of NSA
for the design of STS crane is very limited. *e question re-
mains whether the conventional CSM as suggested in ATC-40
for the design of buildings can also be used for the design of
STS containers.

*e conventional CSM procedure consists of the fol-
lowing steps as illustrated in Figure 2 [10]:

(1) Construct the pushover curve, which represents the
relationship between the base shear Vb and the roof
displacement Δroof .

(2) Convert the pushover curve to a capacity diagram by
transforming Vb to the spectral acceleration Sa and
Δroof to the spectral displacement Sd by using the
following equations:

Sai �
1

α1W
 Vbi,

Sdi �
1
Γ1ϕroof1

 Δroof ,

(1)

where W is the total dead load of the structure and
applicable portions of other loads (i.e., service live
loads), ϕroof1 is the amplitude of mode 1 at the roof
level, and Γ1 and α1 are the modal participation
factor and the modal mass coefficient for the first
natural mode, respectively. *ey can be calculated as
follows:
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.

(2)

(3) Convert the elastic response spectrum (Sa versus T

diagram) to the acceleration—deformation response
spectrum format (Sa versus Sd format or “ADRS”)
using the following equation:
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Sdi �
T2

4π2
Saig, (3)

where T is the natural period of the system vibrating
within linearly elastic range (u≤ uy).

(4) Plot the demand and capacity diagrams on the top of
each other. Instead of dynamic analyses, a sequence
of equivalent linear systems with successively
updated values of the natural period of the structure,
Teq, and total equivalent viscous damping, βeq,
provide a basis for estimating the deformation of the
inelastic system [10]. *e total viscous damping βeq
of the equivalent linear system is defined as follows:

βeq � β0 + κβeq, (4)

where β0 is the viscous damping ratio of a bilinear
system for vibrations in linear range (u≤ uy), κ is the
adjustment factor depending on structural behavior,
and βeq is the equivalent viscous damping ratio as
defined in (5). It can also be expressed in detail in (6)
for bilinear systems based on Figure 3.

βeq �
1
4π

ED

ES
, (5)

βeq �
2
π

(μ− 1)(1− α)

μ(1 + αμ− α)
, (6)
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Figure 1: 3D numerical FE model of Korea STS container crane.
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Figure 2: Conventional CSM procedure.
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where ED and ES are the energy dissipated in the
nonlinear system (area of enclosed by hysteresis
loop) and linear system (area of triangle), re-
spectively, μ � um/uy is the ductility factor, α is the
post-yield stiffness ratio, and ksec is the secant
stiffness. *e natural vibration period of the
equivalent linear system can be calculated as follows:

Teq � T

���������μ
1 + αμ− α



. (7)

(5) Convert Sd from step 4 to Δroof or an individual
component deformation and then compare them
with the limiting values for the specified perfor-
mance goals [10, 19].

Δroof � Sdiϕroof1Γ1, (8)

Vb � α1SaW, (9)

where all the parameters in (8) and (9) are already
explained in (1) and (2).

2.2. Equivalent Linearization Method (ELM) Procedure.
Similar to CSM, ELM requires a response spectrum family
and uses estimates of ductility to obtain effective period and
effective damping. In both procedures, the global de-
formation demand (including elastic and inelastic) on the
structure is computed from the response of an equivalent
SDOF system. *e difference is in the technique used to
obtain the maximum displacement demand [5]. In con-
ventional CSM, the equivalent stiffness of inelastic system is
assumed to be the secant stiffness and the equivalent
damping is related to the area under the capacity curve as
illustrated in Figure 3. In ELM, however, the equivalent
stiffness is estimated from effective period Teff and effective
damping βeff derived from statistical analyses, expressed as
functions of ductility μ [5]. Teff and βeff optimized for ap-
plication to any capacity curve can be estimated as follows:

For 1.0< μ< 4.0,

βeff � 4.9(μ− 1)
2 − 1.1(μ− 1)

3
+ β0,

Teff � 0.2(μ− 1)
2 − 0.038(μ− 1)

3
+ 1 T.

(10)

For 4.0≤ μ≤ 6.5,

βeff � 14 + 0.32(μ− 1) + β0,

Teff � [0.28 + 0.13(μ− 1) + 1]T.
(11)

For μ> 6.5,

βeff � 19
0.64(μ− 1)− 1
[0.64(μ− 1)]2

 
Teff

T
 

2
+ β0,

Teff � 0.89

������������
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− 1⎛⎝ ⎞⎠ + 1⎡⎢⎢⎣ ⎤⎥⎥⎦T.

(12)

*e above expressions are limited for the initial period of
vibration T from 0.2 to 2.0 s [5]. *e effective acceleration
aeff must lie on the capacity curve and coincide with the
maximum displacement dmax. *us, the modification factor
M, defined by (13), is used to adjust the demand spectrum.
*e modified ADRS (MADRS) procedure is described and
depicted in Figure 4 [5].

M �
amax

aeff
. (13)

2.3. Nonlinear Modal Time-History Analysis. To verify the
NSA methods, nonlinear modal THA is used in this study. It
is also known as fast nonlinear analysis (FNA) in SAP2000.
*e fundamental equilibrium equation of FNA can be
expressed as [23, 24]

M€u(t) + C _u(t) + Ku(t) + RNL(t) � R(t), (14)

where M, C, and K are the mass, proportional viscous
damping, and stiffness matrices, respectively, the RNL(t) is
the nonlinear object force vector from the sum of the forces
in the nonlinear elements, and R(t) is the applied load. At
each point of time, the uncoupled modal equations are
solved exactly within the elastic structural system, whereas
forces within the predefined nonlinear DOF (indexed within
RNL(t)) are solved through an iterative process which
converges to satisfy equilibrium. In (14), the nonlinear forces
are treated as external loads and a set of load-dependent ritz
(LDR) vectors, Φ, is generated to accurately capture the
effects of those forces.

*e input earthquake time histories used in this study
consist of nine horizontal ground motions with magnitude
ranging from 6.53 to 7.6. All the data were obtained from
Pacific Earthquake Engineering Research Center (PEER)
[25]. Table 1 shows seven near-fault ground motions (simply
assumed with a rupture distance <15 km) and 2 far-fault
ground motions.

3. A Case Study of Numerical Modeling for
a Typical Korean STS Container Crane

3.1. Numerical Simulations. *e STS container crane con-
sidered in this study is located at a seaport in South Korea.
Most of the structural components were made of stiffened
hollow box sections, except for diagonal braces, which were
tubes, and forestays and backstays, which were wide-flange
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Figure 3: SDOF nonlinear system and equivalent viscous damping
due to hysteretic energy dissipation.
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shapes.*e properties of materials comply with the Japanese
industrial standards (JIS) JIS-SM490Y and JIS-STK490. *e
general dimensions of the crane, that is, outreach, crane
gage/span, backreach, and height, are illustrated in Figure 1.
A 3D FE model of the container was developed by the
SAP2000 software package, as discussed earlier. In the FE
representation, the total number of elements is 9916: 9912
frame elements and 4 gap elements.*e forestays, backstays,
and diagonal braces were assigned end releases; hence, these
elements worked as truss elements. All nonstructural loads,
that is, stairs, drive trucks, stowed pins, machinery house,
1/2 festoon, snag device, and boom hoist rope, were applied
as concentrated or distributed loads. *e modal shapes,
natural periods, and frequencies of the first and third mode
analyzed by the Ritz vectors method are shown in Figure 5.

3.2. Selection of Seismic Demand. Several boreholes were
driven in the area of the seaport to consider the site soil
conditions. *e soil investigation report showed that the
shear wave velocity for the top 30m of ground for the five
boreholes of the S-PS logging test were from 247m/s to
447m/s, as shown in Table 2. As a result, the soil profile types
ranged from SC to SD according to Korean Building Code
[26], as shown in Table 3. In this study, the soil type SD was
selected. For the crane’s site, seismic zone I was considered
to be appropriate, and a seismic zone factor S� 0.22 g was
assigned for the maximum considered earthquake (MCE),
with a return period of 2400 years. *e design acceleration
response spectrum of soil type SD was then developed

corresponding to site coefficients Fa (for short period) and Fv
(for 1 s period), of 1.36 and 1.96, respectively. From the 5%
damping elastic response spectrum of soil type SD, as shown
in Figure 6 (the red curve), the Sa at the fundamental period
(mode 3 with T�1.35 s) is 0.21 g. To verify the results of
nonlinear static analyses, the response spectra of nine
recorded ground motions, as shown in Table 1, were then
scaled to a spectral acceleration Sa of 0.21 g at the funda-
mental period. *e scaled response spectra of the recorded
ground motions and design response spectrum according to
KBC 2016 are shown in Figure 6.

3.3. Nonlinear Static Analysis and Damage Criteria. *e
plastic hinges were assigned to the portal frame as illustrated
in Figure 7 assuming that they develop at the end of the
frames using concentrated plasticity model [23, 27]. *e
properties of plastic hinges are suggested in ASCE/SEI 41-13
[3]. For portal beams, the moment-curvature (M-ϕ) re-
lationship is sufficient to model the hinges assuming no axial
force is acting in them. Although interaction relationship of
the axial force (P) and the moments (M) in both axes is
required for portal columns of a 3Dmodel, a pinned support
is used for the pushover analysis to generate large portal
deformations during autoincrement static pushing.*e limit
state obtained by pushover analyses can be applied to THA
for a FE model using gap elements because the structural
capacity is independent of the loading [28]. According to the
structural performance levels and damage defined in
ASCE/SEI 41-13 for buildings, the expected performance
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Figure 4: Modified acceleration-displacement response spectrum (MADRS).

Table 1: Unscaled ground motions recorded during several earthquakes.

Number (GM) Earthquake name Year Station Mag. Mechanism RRUP (km) PGA (g)
1 Imperial Valley-02 1940 El Centro array #09 6.95 Strike slip 6.1 0.28
2 Imperial Valley-06 1979 El Centro array #06 6.53 Strike slip 1.4 0.45
3 Landers 1992 Barstow 7.28 Strike slip 35 0.13
4 Landers 1992 Yermo Fire station 7.28 Strike slip 24 0.24
5 Loma Prieta 1989 Gilroy-Gavilan Coll. 6.93 Rev. oblique 10 0.36
6 Northridge-01 1994 Newhall-Fire Sta. 6.69 Reverse 5.9 0.58
7 Northridge-01 1994 Sylmar-Converter Sta. 6.69 Reverse 5.4 0.62
8 Kobe, Japan 1995 KJMA 6.90 Strike slip 1.0 0.83
9 Chi-Chi, Taiwan 1999 TCU065 7.62 Rev. oblique 0.6 0.79
Note. RRUP is the closest distance to the rupture plane (rupture distance).

Advances in Civil Engineering 5



levels for steel container cranes (considering as steel moment
frame, SMF) are shown in Table 4. In previous studies,
derailment, defined as the reduction of the axial reaction of
at least one leg base to be zero due to sufficient lateral loads,
was considered as a damage state [28]. However, it is re-
ported that a crane was repaired by repositioning it on the
rails by jacking systems and mobile crane when it was
derailed without any damage to the upper structure, that is,
the repair of a Krupp crane at the Port of Oakland in the past
in this way [29]. Hence, derailment is assumed to be the only
form of the crane’s movement without damage of the
structure, and the portal frame is still considered to be
elastic. Consideration of slight derailment is not considered
as a damage state in this study. *e damage state considered
in this study focuses only on the structural behavior of the
portal frame. Several other damage criteria for STS container
cranes were suggested in previous studies [28, 30], as briefly
summarized in Tables 5 and 6, based on observations of
damages of container cranes subjected to past earthquakes,
testing of scaled models on shaking table, and analyses of FE
models.

For the NSA procedures, a concentrated force was ap-
plied at the boom level, as illustrated in Figure 7, under
displacement-controlled analyses. *e results of pushover
analyses indicate that both columns reach the limit states at
the same portal drift level even when the concentrated force
is applied in the seaward or landward direction. In addition,
since the cross sections of the waterside and landside legs are
slightly different, they are expected to have similar stiffness
and strength. As a result, Figure 7 indicates that both col-
umns reach the immediate occupancy (IO), life safety (LS),
and collapse prevention (CP) levels at a portal drift of ap-
proximately 1.6%, 1.8%, and 2.2%, respectively. In this study,

the complex stiffened box sections of the portal columns have
been converted into unstiffened box section for simplicity.
*e section of the top of the portal columns is illustrated in
Figure 8. *e x-axis and y-axis are the trolley-travel direction
and gantry-travel direction (along the rails), respectively. It is
noted that the hollow box sections at the top of the portal
columns of the Korean crane are smaller than those of crane
J100, as mentioned in Table 6. Even the overall height of the
Korean crane is greater than that of the J100. Past records
indicate that there were few moderate to large earthquakes in
Korea. *us, an optimization of the general stiffness of the
whole structure of a crane with less emphasis on the seismic
effect can reduce the initial cost for the owner.

*e ADRS diagrams consisting of both capacity and
seismic demand are shown in Figure 9. *e CSM and ELM
were performed under the seismic demand of KBC 2016
with a selected damping ratio of 1.5% as suggested by
Kosbab for a jumbo container crane [28, 31]. *e results
from both pushover methods are similar. *e performance
point of CSM indicates that the total base shear and max-
imum horizontal displacement at the top of the portal frame
are 1691.82 kN and 10.6 cm, respectively. *e total base
shear and maximum displacement obtained from ELM are
1691.86 kN and 10.6 cm, respectively, with a ductility ratio
μ � 1.0 and the modification factor M � 1.

3.4. Dynamic Analyses. For the input ground motions, the
effect of vertical excitation is high when the spectral accel-
eration Sa of the crane (with a natural period of 0.3 s) is greater
than 0.5 g, as observed in the experimental study by Kosbab
For lower Sa, the effect of vertical excitation on the portal drift
is around 0.1% [28]. In this study, the vertical groundmotions
are neglected with the assumption that their amplitudes are
attenuated by the effect of quay wall and local site.

*e nonlinear modal THAwas considered incorporating
the P-Δ effect. *e Rayleigh damping, β, which relates to the
mass and stiffness matrix, was calculated by (15) and (16),
considering mode 1 (boom torsion) and mode 3 (portal
sway) as shown in Figure 5.

β � a0
1

2ωn

+ a1
ωn

2
. (15)

Mode 1, T = 3.82 s, f = 0.26 Hz

(a)

Mode 3, T = 1.35 s, f = 0.74 Hz 

(b)

Figure 5: Numerical fundamental periods and modal shapes: (a) boom torsion and (b) portal sway.

Table 2: Soil investigation at a seaport in South Korea.

Boreholes Shear wave velocity GL. −30m, vs (m/s) Soil types
BH-1 406 SC
BH-2 252 SD
BH-3 447 SC
BH-4 247 SD
BH-5 337 SD
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Assuming that the frequencies of the two modes are ωi

and ωj, having an equal damping ratio of 1.5%, the co-
efficients a0 and a1 can be obtained as follows:

a0 � β
2ωiωj

ωi + ωj

,

a1 � β
2

ωi + ωj

.

(16)

During the operation, the crane is not fixed to rails or
quay wall. For nonlinear THA, therefore, a gap link element
is used to simulate the contact between trucks and rails. *e
gap element is activated when structures come closer and
deactivated when they go far away [23]. *e axial force will
be set to zero when the portal leg is uplifted.*e gap element
does not disengage in the horizontal direction during
uplifting. It is also the limit of this support boundary as
discussed in detail by Kosbab [28]. However, a gap element
(or a similar type called no tension element) was proven to
be suitable to assess the uplift response as proposed by
Chaudhuri et al. [32]. *e results of the THA together with
the NSA methods are discussed in detail in Section 4.

4. Results and Discussions

4.1. Drift Response. In contrast to the global drift analysis of
a building at the roof level, most of the plastic hinges were

observed to be developed in the portal frame of the crane
during past earthquakes. Furthermore, the portal frame is
the main structure to support the whole upper structures.
*us, the horizontal displacement or drift at the top of the
portal frame is commonly considered [33, 34], as shown in
Figure 10.*e drift at the top of the portal frame (denoted as
portal drift) of a container crane provides information on
how much of the horizontal deformation occurs at the
fundamental mode in the trolley travel direction. Besides
measuring the portal drift, the drift at the top of upper legs
and apex is monitored along with the corresponding height,
as shown in Figure 10. *e average drift of the portal frame,
top of upper leg, and apex are estimated to be 0.61%, 0.26%,
and 0.18%, corresponding to heights of 16.6m, 47.1m, and
76.6m, respectively, in the trolley travel direction from THA
under nine ground motions with scaled PGA ranging from
0.10 g to 0.32 g. *e results of both pushover analyses using
CSM and ELM, shown in Figure 9, are in good agreement
with that of THA. In particular, the average portal drift of
0.64% is 0.03% larger than that of THA. On the other hand,
by using the deformation of the fundamental mode, the
displacements of the apex obtained from pushover analyses
are significantly larger compared to the time-history ana-
lyses, with an error of over 16%. *e portal drifts obtained
from time-history and pushover analyses indicate that the
crane behaviors are in the elastic state under seismic exci-
tations, based on the performance levels in Figure 7.
According to other performance levels and damage criteria

Table 3: Site classification of KBC 2016.

Soil types Soil profile name
Average properties on the upper 30m of the site profile

Shear wave
velocity, vs (m/s)

Standard penetration
resistance, N (blows/30 cm)

Soil undrained shear
strength, su (×10−3MPa)

SA Hard rock >1500 — —
SB Rock 760 to 1500 — —
SC Very dense soil and soft rock 360 to 760 >50 >100
SD Stiff soil 180 to 360 15 to 50 50 to 100
SE Soft soil <180 <15 <50
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as summarized in Tables 5 and 6, the cranemight work in the
damage degree I as defined by PIANC and between DR and
IU levels according to Kosbab’s proposal.

4.2. Total Base Shear. *e total base shears obtained from
CSM and ELM analyses are plotted in Figure 11. *e total
base shear is observed to be almost unrelated to the scaled

Table 4: Structural performance levels and damage based on ASCE/SEI 41-13 [3].

Elements Immediate occupancy (IO) Life safety (LS) Collapse prevention (CP)

For vertical elements of SMFs (i.
e., portal columns of the crane)

Minor local yielding at a few
places. No fractures. Minor
buckling or observable
permanent distortion of

members.

Hinges form. Local buckling of
some beam elements. Severe
joint distortion but shear

connections remain intact. A few
elements may experience partial

fracture.

Extensive distortion of beams
and column panels. Many

fractures at moment
connections, but shear

connections remain intact.

Overall damage Light Moderate Severe

Table 5: Damage criteria for cranes according to PIANC [30].

Level of damage Degree I Degree II Degree III Degree IV

Displacement Without
derailment With derailment Without overturning Overturning

Peak response stresses/strains
(i) Upper
structures Elastic Elastic Plastic (<μ/εmax for upper

structure)
Plastic (≥μ/εmax for upper

structure)

(ii) Portal frame Elastic Plastic (<μ/εmax for portal
frame) Without collapse Collapse

(iii) Toe Elastic Damage to toe (including pull-out of vehicle, fracture of anchor/brakes)
Note. μ and εmax are the ductility factor and strain limit for the structure, respectively.

Table 6: Performance levels and limit states proposed by Kosbab [28].

Level of
damage/elements Derailment (DR) Immediate use (IU) Structural damage (SD) Complete collapse (CC)

Whole structures Derailed without any
damage to the structure

Minor structural damage
(not significantly impacts its

operational capacity).
Derailment may or may not

have occurred

Extensive damage and will not
be suitable for use without

major repairs, but not collapse

Local buckling near the
portal joints can quickly

lead to global instability and
eventual collapse

Portal frame Elastic

Lower limit: elastic. High
limit: some minor buckling
of hollow sections (within
the portal frame or not)

A portal
deformation< deformation at
max. load capacity up to the
point of ultimate ductility

Portal deformation
surpasses the estimated
point of max. ductility

Overall damage Derailed Minor damage Major damage Collapse
Limit state in terms of portal drift (for reference)
(i) Crane J100 1.3% 2.0% 3.0% 4.5%
(ii) Crane LD100 — 1.5% 2.0% 3.0%
(iii) Crane LD50 1.5% 1.9% 2.5% 3.5%
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x

y

Figure 8: Hollow box elements: (a) original stiffened section and (b) simplified unstiffened section.
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PGA, magnitude, and rupture distance. For an example, the
maximum total base shear is obtained from a minimum
PGA ground motion, which is the Landers earthquake at
Yermo Fire station in 1992 (GM-4) with a PGA of 0.1 g, or
the earthquake with a relatively high PGA value of around
0.24 g (GM-2) at a short rupture distance (1.4 km), generates
a lower structural response of 1415.73 kN, compared with
the average value of 1674.93 kN for the nine ground motion
excitations. *e total base shears obtained from pushover
methods show higher values than the average obtained from
THA. In particular, the results for CSM and ELM are
1691.82 kN and 1691.86 kN, respectively, as mentioned in
the previous section. From this observation, it can be
concluded that the pushover methods are suitable for
seismic analysis of a STS container crane.

4.3.Uplift Behavior. *e uplifting of a crane will result in the
redistribution of the load and will change the horizontal

displacement of the whole structure. *e uplift is defined by
two conditions: (1) the vertical displacement of the uplifted
leg should be a positive value or zero (a negative value means
the gap element is still “close”), and (2) the vertical reaction
of the uplifted leg is zero. In this study, four portal legs, two
landside legs (node 10 and 20) and two waterside legs (node
30 and 40) as shown in Figure 1, are considered to study
uplift responses. Figure 12 shows the potential uplift (in
terms of vertical response/displacement) and the time of
occurrence of the landside leg (node 20) and waterside leg
(node 30). It is noted that the term “potential uplift” is used
because the full uplift was not occurred under the earth-
quake demand as discussed in Section 3.2, just a slight uplift
might happen in this study. *e full uplift of a crane leg is
considered when a leg totally wins against the initial gravity
load, which meets both conditions as mentioned above. It
can be observed that the potential uplift of landside leg will
occur sooner than that of the waterside leg, except for GM-3,
GM-8, and GM-9.*e reason could be that the center of total
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mass is not at the center of the two portal legs. *e total mass
concentrates closer to the waterside legs than the landside
legs.*us, the first uplift will occur at the landside legs. When
a leg is uplifted, the axial force of the opposite leg will increase
significantly. In particular, in this study, it is observed that the
maximum axial compressive force increases up to 1204.96 kN
on the landside leg (node 10) due to the upward vertical
response/displacement of the waterside leg when excited by
the Landers earthquake (GM-4) at Yermo Fire station. It is
interesting to note that the increase of the axial force of node
10 is approximately 49.5% compared with the initial gravity
force of that node of around 2434.86 kN.

On the other hand, the vertical response of crane leg is
observed to be strongly influenced by the ground motions’
characteristics. Figure 13 indicates that the amplitude of

vertical response/displacement decays significantly with
time after reaching the peak value when subjected to short-
duration earthquakes such as GM-2, GM-5, GM-6, and GM-
8. However, the vertical response maintains large amplitude
for a long time when excited by long-duration earthquakes
even when the acceleration amplitude is not as high as in
GM-4, GM-7, and GM-9. It can be stated that a long-
duration earthquake may generate uplift and for a long
period of time even when the input ground motion is of low
amplitude. Assessment of the uplift behavior is an important
issue that should be considered in the seismic design of
a container crane to predict the overloading on the portal
legs. It is noted that a positive value of the vertical response
shown in Figure 13 means that the crane’s leg moves upward,
whereas a negative value indicates a compression (downward
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Figure 13: Time-history vertical response of the landside leg (node 20). (a) Imperial Valley-02 (GM-1). (b) Imperial Valley-06 (GM-2). (c)
Landers, Barstow (GM-3). (d) Landers, Yermo Fire Station (GM-4). (e) Loma Prieta (GM-5). (f ) Northridge-01, Newhall (GM-6). (g)
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movement), comparing with the state after analyzing gravity
load. When taking into account both static analysis (gravity
load analysis) and dynamic analysis, the value of vertical
displacement is still negative in all cases, indicating no full
uplift occurrence. For example, under subjected by the
earthquake GM-4 (Landers at Yermo fire station), the
landside leg (node 20) results in a positive value of 0.034 cm
for dynamic analysis and a negative value of −0.058 cm for
gravity load analysis; thus, the value considering both cases of
analysis is approximately −0.024 cm by summation. *is
means that the crane might be slightly uplifted and will be
fully uplifted if the value of displacement reaches zero, and the
vertical reaction of the crane leg is zero as well.

5. Conclusions

*is study represents a preliminary investigation for the
seismic behavior of a typical Korean STS container crane.
*e complex seismic response of the crane is estimated by
representing it by a 3D FE model. Nonlinear time-history
analysis and both CSM and ELM pushover analyses methods
are used to analyze the crane and compare the results.
Several key observations can be made based on the results
obtained from this study. *ey are as follows.

*e conventional CSM and ELM are found to be suf-
ficient to analyze a STS container crane. In particular, the
relative errors of the portal drift and total base shear
obtained from pushover methods are 4.6% and 1.0%, re-
spectively, comparing with those using the nonlinear time-
history analyses. However, the horizontal displacements of
the apex of the crane obtained from CSM and ELM appear to
be overestimated because these methods consider only the
fundamental mode, whereas the nonlinear time-history
analysis uses the superposition principle of multiple modes.

Assessment of uplift response is an important issue that
should be considered in the seismic analysis of a container
crane. It is clearly seen in this study that the axial force of the
landside legs increases nearly 50% of the initial gravity force,
as the waterside legs are slightly uplifted. *us, a gap ele-
ment, which is integrated into most of the commercial
software, is appropriate for modeling base support to study
the uplift behavior. On the other hand, the uplift response is
strongly influenced by the characteristics of the ground
motions. *e potential uplift can have large amplitude for
a long time when excited by long-duration earthquakes even
when the acceleration amplitude may not be high.

*e portal drifts of the typical Korean STS container
crane corresponding to performance levels of IO, LS, and
CP, as defined in ASCE/SEI 41-13, are 1.6%, 1.8%, and 2.2%,
respectively. *ese values can be used as damage limits for
the fragility analysis.
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