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Abstract

With the ever-increasing size of container ships, the lifting height of most in-service quayside container cranes
(hereinafter referred to as quay cranes) can no longer adapt to the new demands. In order to enable quay cranes to lift
containers from 18,000 twenty-foot equivalent unit (TEU) ships, the world’s ports are now developing crane heightening
technology. However, the structure of heightened quay cranes undergoes changes that affect their reliability. In this study,
finite element analysis (FEA) was employed to analyze the structural reliability of heightened quay cranes. In the case of
the 61t-55m Quay Crane Heightening Project at Lianyungang Port, eight operating conditions were identified using the
FEA software ANSYS. The static and dynamic characteristics of the metal structure for the heightened quay crane were
simulated and experimentally analyzed. The stresses and deformations at various observation points were compared when
the trolley was in different critical positions. The stress and displacement nephograms of the quay crane metal structure
under different operating conditions were derived, and the structural reliability of the hydraulically heightened quay
cranes was verified. Results showed that the maximum stress of the sea side column is 224.76MPa, and the maximum
stress of the road side column is 195.19MPa, both of which are less than the allowable stress, when the modal frequency
is from 0.261Hz to 3.555Hz, the structural vibration is stable, the overall stiffness and stress of the quay crane metal
structure meet the safety requirements. This study provides an important reference for the heightening modification and

metal structure reliability assessment of quay cranes.
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1. Introduction

Quayside container cranes (hereinafter referred to as quay
cranes) are the primary equipment for loading and unloading
containers between container ships and quaysides because of
their large load capacity and high operating efficiency. With
the emergence of “Hyundai Merchant Marine(HMM)
Algeciras”, a 24,000 twenty-foot equivalent unit (TEU)
super-large container ship, the container stacking height on
ships has been increasing continuously [1]. According to the
current manufacturer status, the current crane
loading/unloading height in the Quay Crane Heightening
Project at Lianyungang Port is 40 m above the rail, which
cannot meet the ship type demands. Container
loading/unloading bridges with heights higher than seven
floors on the deck have been unable to complete unloading.
Existing quay cranes cannot adapt to new demands
regarding lifting height and outreach [2]. Accordingly, the
world’s ports are now developing quay crane heightening
technology to address the current problems [3].

After heightening modification, the outreach and lifting
height of quay cranes will increase evidently, and the crane
structure will undergo a series of changes that will affect the
structural reliability of the quay cranes. How to determine
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the reliability and operational safety of quay crane structures
after heightening modification appears to be particularly
important. Thus, identifying the structurally critical points
and performing strength, stiffness, and modal analyses with
a reliable finite element analysis (FEA) model are of
profound significance to the structural stability and safety of
quay cranes [4,5].

Given the above findings, extensive studies have been
carried out concerning the heightening modification and
reliability evaluation of quay cranes. However, all of these
studies remain one-sided, which cannot resolve the deviation
of FEA results from the actual performance of heightened
quay cranes. Hence, it is imperative to develop a method to
accurately determine the safety and reliability of quay crane
structures after heightening modification.

To this end, this study attempted to increase the overall
height of the 61t-55m quay cranes at Lianyungang Port by 6
m via the fully automatic hydraulic jacking technique. The
FEA model of the quay crane metal structure was created on
the ANSYS platform, and static calculation and modal
analysis were performed on the metal structure under typical
operating conditions. The objectives of this study are to
determine more accurately the safety performance and
stability of heightened quay cranes, thereby providing an
important reference for the heightening modification of quay
cranes and the reliability assessment of crane metal
structures.
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2. State of the art

To date, extensive studies have been carried out concerning
the heightening modification and FEA of quay cranes. Sun
Y.T. et al. [6] analyzed the failure modes and influences of
quay crane heightening construction based on fuzzy set
theory, which improved the accuracy of failure mode and
effects analysis (FMEA) but failed to analyze the overall
metal structural stress in detail. Adopting the steel-strand
lifting method, Lin C. [7] controlled the synchronization
accuracy of four corners’ operation within 10 mm and
analyzed the wheel pressure and dynamic stiffness of the
heightened quay crane, which, however, failed to perform a
modal analysis of the metal structure via FEA. Using the
hoisting method, Huang B. et al. [8] carried out a
preliminary theoretical analysis on the dynamic stiffness of a
heightened quay crane in the trolley travel direction and
made a FEA comparison of dynamic stiffness among
different structure-heightening schemes. An effective
measure for improving the dynamic stiffness of a heightened
quay crane in the trolley direction was derived but was
inapplicable to the hydraulic jacking method. Hou R. et al.
[9] proposed a plan to transform a double-lift quay crane
into a single-lift one and demonstrated the stability of an
entire quay crane after the transformation. However, their
plan was aimed at transforming trolleys, which could not
fulfill the loading and unloading requirements of larger
container ships. Zhang W.F. [10] corrected the FEA model
of a quay crane based on model substitution, which
improved the efficiency and accuracy of model correction.
However, the advantages and disadvantages of the two
substitution models were indistinct with regard to the
accuracy correction of the quay crane structure. Zhang B.
[11] heightened the support columns by adopting a lifting
strategy that added bilateral connecting beams to the support
columns and using eight hydraulic lifting cylinders.
Although the heightening modification process was
expounded, no further simulation analysis was made on the
safety performance of the heightened quay crane structure.
Xu X.Z. et al. [12] built the crane FEA model using ANSYS
software, which analyzed the first seven-order frequencies
and mode shapes of the crane and conducted modal tests on
the overall quay crane structure under environmental
excitation. On the downside, the number of orders in the
modal analysis was relatively small, and the stability
analysis of the quay crane structure was insufficiently
specific. Andrea Arena et al. [13] reported the research,
optimization, and validation of semi-active control
architecture for the load vibration control of container cranes
and designed a fully 3D modeling method for the cranes,
which included shock absorbers. Through a shaking table
test on the 1/20 scale container crane, Nguyen Van Bac et al.
[14] investigated the effects of different boundary condition
models on the seismic response of container cranes, which
offered a reference for container crane seismic research.
However, the study was inapplicable to the metal structure
of quay cranes after being heightened. Golovin Ievgen et al.
[15] proposed a differential-based control strategy for large
underactuated gantry cranes. Although the nonlinear stability
control of the gantry cranes was deduced by distributed
parameter modeling based on Hamilton’s principle, the
authors failed to analyze or verify the robustness of their
proposed method. Abdullahi A.M. et al. [16] developed a
novel control scheme for 3D bridge cranes with payload
hoisting and persistent wind disturbance, which provided a
guarantee for the precise positioning of the cranes. However,
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stability analysis on the crane metal structure was lacking.
Gasi¢ V et al. [17] developed a mathematical model of
cranes by FEA combined with analytical method to obtain
the crane structural response and relevant dynamic
characteristics. The shortcoming of the study was that it
focused on investigating the moving load problem in the
moving trolley model but did not explore the stability of the
whole crane. Schlott et al. [18] modeled a tower crane as a
multi-body system and described the basic dynamic
properties of the tower crane structure with fewer degrees of
freedom. However, they failed to conduct a dynamic
simulation or experimental analysis. Leszek et al. [19]
conducted a numerical analysis on portable gantry cranes
and evaluated the effects of changes in crane girder shape
and loading force position on the equivalent stress
generation of the crane girder. Although their findings
provided a reference for enhancing the strength of gantry
crane structures, these were inapplicable to quayside
container cranes. Rauscher et al. [20] proposed a modal
method for slewing control based on a distributed mass
model, which enabled the payload stabilization and
positioning of cranes with large jibs or powerful slewing
drives. However, validation of their model is still required
by experimental results.

The above studies focus on the heightening approach and
3D modeling of quay cranes, yet systematic simulation and
analysis are lacking on the metal structure reliability of quay
cranes after heightening modification. In particular, research
concerning the static and dynamic characteristics of metal
structures is even rarer. In this study, a method combining
automatic hydraulic jacking and FEA is adopted. The overall
height of the quay crane was increased by 6m without
changing its mechanical structure and electrical circuit. After
heightening modification, two more layers of containers
could be loaded and unloaded. Next, a FEA model of the
quay crane metal structure was created via ANSYS software,
with which the static calculation and modal analysis were
performed on the metal structure under typical operating
conditions. The stress and displacement nephograms of the
metal structure were compared, and the stress and
deformation observations at various points were analyzed
when the trolley was in different critical positions. The
findings of this study provide an important basis for the
heightening modification and safety performance assessment
of quay cranes.

The remainder of this study is organized as follows. In
Section 3, the process of quay crane heightening is described,
the FEA model of the quay crane is built, and the FEA
simulation and experimental analysis are conducted. In
Section 4, stress and modal computations are analyzed by
FEA, and the stress and displacement nephograms of the
quay crane metal structure are obtained under different
operating conditions. The last section draws relevant
conclusions.

3. Methodology

3.1 Analysis of the quay crane heightening process

1) Relocation plan

Existing technical solutions for quay crane heightening
inevitably encounter the problem of crane displacement.
Owing to the complicated process and long construction
period of quay crane heightening projects, any prolonged
berth occupation is disallowed in the quay production
operation. Thus, quay cranes are generally required to be
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relocated to the marginal berth areas for heightening
modification. The following relocation plan was formulated
after a pre-analysis and on-site survey.

As shown in Fig. 1, initially, all quay cranes on the right
side of the to-be-heightened quay crane were moved to the
right of the rearward position and the to-be-heightened quay

crane was moved rearward. Next, all quay cranes were
moved to the left of the rearward position and the to-be-
heightened quay crane was moved back inside the runway.
Afterwards, the to-be-heightened quay crane was relocated
to the heightening position to prepare for heightening while
the rest of the cranes resumed normal operation.
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Fig. 1. Relocation scheme drawings
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2) Quay crane modification principle
The Lianyungang Port Container Terminal organized
technical personnel to increase the overall height of its 61t-

VIEWB

y

4

il

149500

T
) 7000(
305840 | H

55m quay crane by 6m. As shown in Fig. 2, the lower
column part was heightened by 6m.
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Fig. 2. Schematic of lower structure heightening

According to the actual situation of Lianyungang Port,
hydraulic jacking method was adopted for heightening
modification in this study, since the use of a floating crane
would greatly affect the smooth entry and exit of ships and
the loading/unloading operations at the port, whose rental
price was relatively high as well. Specifically, a set of quay
crane jacks were used and installed on the lower crossbeams
of the door frame. The supporting beam and lower
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crossbeam were weld-connected, and local structural
reinforcement was implemented. Four pairs of lifting
brackets were arranged at the four corners, and hoisting was
implemented via lifting crossbeams and column corbels. The
lifting girder was arranged on the lifting brackets, and the
lifting hydraulic cylinders were placed on the lifting girder.
Figure 3 illustrates the specific arrangement.
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3.2 FEA modeling of quay crane

As shown in Fig. 3, the metal structure of quay cranes often
comprises a door frame, a ladder frame, a main girder, a tie
rod system, and a door frame connection system [21]. In the
case of the 61t-55m quay crane at Lianyungang Port, after
heightening by 6m, its basic parameters were 55m outreach,
18m backreach, 30m main span, 28m width, 72m total
height, 1250 t total weight, and Q345B steel material.

9 10
~ Y
o \\
[:%é S H[j
Fig. 3. Composition of the quay crane metal structure
1-Front girder 2-Seaside column 3-Door frame connecting crossbeam

4-Landside column and ladder 5-Rear girder 6-Rear tie rod 7-Portal
gantry 8-Front tie rod 9-Spreader 10-Trolley
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3.3 Analysis of transient stress response
1) Load transient analysis
Calculations revealed that the vertical full load of the quay
crane was 1,367,970N and its horizontal load was 124,662N.
Under normal circumstances, large structures like quay
cranes are easily affected by wind load excitation and
slamming during operation. Since the duration of such loads
is not only shorter but also faster than the structural response,
the structures continue free vibration after impact, which can
even reach peak response. Calculations of the response by
quasi-static analysis may result in large errors. The transient
response analysis, on the other hand, can better reflect the
actual results [24].
The dynamic response of a structure usually satisfies
Formula (1), where P denotes the load vector and u denotes
the dynamic response of the structure.

[ i (1) + [BY () + [K ()} = {0} 0
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According to the actual size of the quay crane after
heightening modification, parametric modeling was
performed with Beam188 elements in ANSYS. The FEA
model encompassed a total of 9,580 beam elements. The
articulation between the front girder and the front tie rod was
simulated with linkage elements [22]. Pre-processing and
post-processing were both carried out in ANSYS, and the
solving was accomplished by ANSYS/Block Lanczos.
During the model simplification, unnecessary structures and
holes could either be simplified into mass points or
eliminated. After the crane structure model was imported
into ANSYS, mid-surface extraction, geometry cleanup,
material property creation, and meshing were performed
without considering other objects. Finally, the nodes and
elements were analyzed.

The steps were as follows: element selection — material
property input — creation of beams, tubes, sectional areas and
mass elements — creation of nodes and elements — element
coupling — density adjustment — load calculation —
application of constraints and loads [23]. The material of the
quay crane structural members was Q345B plates, which had

a density of 7.85 x 103 kg / m® , elastic modulus of 2.1x1011

Pa, and a Poisson’s ratio of 0.3. Figure 4 illustrates the FEA
model of the whole crane structure.

s ANSYS

R15.0

(b)
Fig. 4. Quay crane FEA model. (a) Metal structure geometry of the quay crane. (b) FEA model of the quay crane

In this study, analysis was made by exploiting the central
differencing scheme, which performed Taylor expansion on
the dynamic response while disregarding the higher-order
terms (exceeding second order). The compilation yields the
following:

(4w} =[ 4]+ [ 4 N, + [ A0, )

Solving Formula (2) simply requires setting the initial
u, andu,. As the initial value, u, was set by the system,

@

where u, is expressed as

2
u,=u, +Atu, +—2 i,

3)
[M ]i,=F,—[B]u, +[K]u,

2) Operating condition selection
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Based on a combination of characteristics and operating
experience of the quay crane, eight critical load positions
requiring focused calculation are listed in Table 1. These
positions were divided into eight operating conditions.

Table 1. Load position settings for the quay crane under

various operating conditions

Condition | Load position Condition | Load position
1 Maximum 5 Bottom position of
outreach position seaside crossbeam
Midpoint betw S
apomt between Midpoint between
inner front tie rod .
. landside crossbeam
2 hinge and 6 .
. and seaside
maximum
. crossbeam
outreach position
3 Hinge position of 7 Bottom position of
inner front tie rod landside crossbeam
Midpoint between
4 inner front tie rod 3 Maximum
hinge and seaside backreach position
crossbeam
Condition 6 Condition 4
Condition 8 Condition 1

Condition 7 ..
Condition 2

Condition 3

Fig. 5. Load application positions

3.4 Modal analysis of metal structure

1) Basic modal principles

Modes are the natural vibration characteristics of a structural
system, each of which has specific natural frequency,
damping ratio, and shape. When the structure vibrates freely
while disregarding damping, its equation is as follows [25]:

[M]{t}+[K]{u}, ={0} )

Where [M ] is the mass matrix, [K ] is the stiffness matrix,
{ii} is the acceleration vector, and {u} is the displacement
vector.

When harmonic vibration occurs, there is
u=Usinwt

®)

Where o is the natural frequency of the structural vibration.
Substituting (5) into (4) yields

([K]e? [M]){#} =10} (6)
For modal analysis of a structure, its natural
circumferential frequency and modal shape can both be

obtained from the foregoing rectangular equation.

2) First N-order natural frequencies and modal shapes

During the modal analysis calculation, the parameters (i.e.,
density, plate thickness, gravitational acceleration, etc.) were
set and automatically applied by ANSYS/Block Lanczos.
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The ANSYS/Block Lanczos solver is used to solve the first
N-order constraint modes of the quay crane metal structure.
Table 2 presents a list of the typical modes.

Table 2. Modal calculation results of the quay crane metal
structure

Order | Frequency/HZ | Description

1 0.261 Overall forward tilt

5 0417 Horizontal outward tilt of front and rear
beam ends

4 1.085 Outward  extension  and - overall
downward movement of front tie rod

6 1221 Upward movement and inward

’ retraction of front tie rod

Upward movement and outward

7 1.263 extension of front tie rod
Downward movement of front girder
Positive Y axial movement and

8 1.336 forward/backward horizontal movement
of front tie rod
Extension of front and rear girders on
both sides of horizontal plane, and

10 1.713 . o
movement of rear girder within
horizontal plane

12 2935 Beqding of front and rear girders within
horizontal plane

30 3555 Dpwnward bending and twisting of front
girder around X axis

4 Result Analysis and Discussion

4.1 Analysis of stress calculation results

Structural stress calculations were performed with ANSYS
solver according to the load values as well as the load
positions listed in Table 1. Table 3 details the stress
calculation results of the main components under various
operating conditions.

Different positions of the quay crane structure were
analyzed under eight operating conditions, and the stress and
displacement nephograms are displayed in Figure 6. Under
condition 1, the maximum displacement of the quay crane
structure was 362.74mm, which appeared at the front girder
end. Meanwhile, the maximum stress was 166.15MPa,
which was located at the hinge of the outer front tie rod.
Under condition 2, the maximum displacement of the quay
crane structure was 362.74mm, where the outer front tie rod
was bent downward. Meanwhile, the maximum stress was
166.16MPa, which was located in the front half of the front
girder. Under condition 3, the maximum displacement was
397.64mm, where the outer front tie rod was bent downward.
Meanwhile, the maximum stress was 253.76MPa, which was
located at the bottom crossbeam. Under condition 4, the
maximum displacement was 57.63 mm, where the front
girder was bent inward. The maximum stress was 118.42
MPa, which was located in the rear half of the front girder.
Under condition 5, the maximum displacement was 47.87
mm, where the seaside column extended outward. The
maximum stress was 244.49MPa, which was located in the
middle of the seaside crossbeam. Under condition 6, the
maximum displacement was 337 mm, where the outer front
tie rod was concave. Meanwhile, the maximum stress was
183.84MPa, which was concentrated in the seaside column.
Under condition 7, the maximum displacement was 330.23
mm, where the outer front tie rod was concave. The
maximum stress was 306.19MPa, which was located at the
bottom of landside crossbeam. Under condition 8, the
maximum displacement was 318.95mm, and the maximum
stress was 309.95MPa, which was located at the rear girder.
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Table 3. Stress calculation results

. Maximum Material yield Allowable
No. Nam Maximum stress/MPa . afety factor
° ¢ ximum stress/ displacement/mm strength/MPa Safety facto stress/MPa
1 Front girder 269.98 352.63
2 Outer front tie rod 161.19 265.44
3 Inner front tie rod 46.25 208.18
4 Portal gantry 244.49 63.62
5 Seaside column 224.76 1.12
. 345 1.5 230
6 Landside column 195.19 0.58
7 Inner rear tie rod 72.64 0.20
8 Outer rear tie rod 108.81 0.41
9 Rear girder 166.15 105.41
10 Bottom crossbeam 108.92 20.55
F— ANSYS[ ANSYS
STER=1 Y 28 2021 ¥ 28 202
o T eh N isaits
SEQV (AVG)
DMX =362.736
SMX =166.154
1] 36.9232 73.8464 110.77 147.693 0 80.608 161.216 241.824 322.432
18.4¢616 55.3848 92.308 129.231 166.154 40.304 120.912 201.52 282.128 362.73¢6
(a) Stress nephogram under condition 1 (b) Displacement nephogram under condition 1
NODAL SOLUTION AN§1Y550 NODAL SOLUTION AN%IYS%
STEP=1 i 203
sue =1 T siseres
SEQV (AVG)
DMX =362.736
SMX =16€6.155
NG Y
—
(S
’ 1l
‘ YA
N
N
N
0 36.9234 73.8468 110.77 147.694 0 80.608 161.216 241.824 322.432
18.4617 55.3851 92.3084 129.232 166.155 40.304 120.912 201.52 282.128 362.736
(c) Stress nephogram under condition 2 (d) Displacement nephogram under condition 2
NODAL SOLUTION AN§1YSSU NODAL SOLUTION AN§1Y5%
MAY 28 ZUZL‘ o = ’
13:03:49 ﬁ;:;d (ave)
(AvVG) RSYS=0
DMX =397.637 DMX =397.637
SMX =253.764 SMX =397.637
0 56.3919 112.784 169.176 225.568 0 88.3638 176.728 265.091 353.455
28.196 84.5879 140.98 197.372 253.764 44.1819 132.54¢6 220.909 309.273 397.637
(e) Stress nephogram under condition 3 (f) Displacement nephogram under condition 3
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0 26.315 78.9451
13.1575

DMX =57.6306
SMX =57.6306

NODAL SOLUTION AN§1YS% NODAL SOLUTION AN§1YSSO
sTEP=1 | sree=1 z
suB =1 suB =1

TIME=1 TIME=1

sEQv (avG) usum (ave)

DMX =57.6306 RSYS=0

SMX =118.418

12.8068

52.6301 105.26 25.6136 38.4204 51.2272
39.472¢ €5.7876 92.1027 118.418 6.4034 19.2102 32.017 44.8238 57.6306
(g) Stress nephogram under condition 4 (h) Displacement nephogram under condition 4
ANSYS ANSYS|
NODAL SOLUTION R15.0 NODAL SOLUTION R15.0
STEP=1 STEP=1 =
MAY 28 2021
SUB =1 SUB =1 g .
TIME=1 TIME=1 13:17:55
SEQV (AVG) USUM (AVG)
DMX =47.8691 RSYS=0
SMX =244.406 DMX =47.8691
SMX =47.8691
1] 54.3303 108.661 16 217.321 10.6376 21.2751 31.9127 42.5503
27.1652 81.4955 135.826 190.156 244 .486 5.31878 15.9564 26.5939 37.2315 47.8691
(i) Stress nephogram under condition 5 (j) Displacement nephogram under condition 5
. ANSYS ANSYS|
NODAL SOLUTION R15.0 NODAL SOLUTION R15.0|
STEP=1 1 STEP=1
MAY 28 2021
SUB =1 o sUB =1
TIME=1 $3220:38 TIME=1
SEQV (AVG) UsSUM (AVG)
DMX =337.005 RSYS=0
SMX =183.836 DMX =337.005
SMX =337.005
40.8523 81.7047 122.557 163.409 74.89 149.78 224.67 99.56
20.4262 61.2785 102.131 142.983 183.83% 37.445 112.335 187.225 262.115 337.005
(k) Stress nephogram under condition 6 (1) Displacement nephogram under condition 6
ANSYS| ANSYS
NODAL SOLUTION R15.0 NODAL SOLUTION R15.0
STEP=1 R STEP=1 5053
e e 2o | S S
TIME=1 TG TIME=1 Sl
SEQV (AVG) UsuM (AVG)
DMX =330.226 RSYS=0
SMX =306.19 DMX =330.226
SMX =330.226
(V) 68.0423 136.085 204.127 272 o 73.3837 146.767 220.151 293.535
34.0212 102.063 170.106 238.148 306.19 36.6918 110.075 183.459 256.843 330.2286

(m) Stress nephogram under condition 7
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(n) Displacement nephogram under condition 7



Dazhi Huang, Xiaoqiang Guo, Haichao Wang, Hao Wang and Yang Peng/
Journal of Engineering Science and Technology Review 14 (6) (2021) 72 - 82

MAY

8775 137.75

5 55 206.633 275.51
103.316 172.194

241.071

68.8
34.4388

ANSYS|[ ..
R15.0

——
0 70.8781
35.439

141.756 212.634 283.51
106.317 177.195 248.073 318.951

(o) Stress nephogram under condition 8

(p) Displacement nephogram under condition 8

Fig. 6. Stress and displacement nephograms under various operating conditions

In summary, under different operating conditions, the
maximum stresses of the structure were all within the
allowable stress range of the material. Except for the larger
structural stress values of the front, rear girders, and outer
front tie rod, the remaining components generally had
smaller structural stresses. These results suggest that the
structure of the quay crane is safe and reliable, and the
proposed heightening method is reasonable and feasible.
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rear girder end
350 4 door frame tpp
beam midpoint|
300 A
_
£
E 250
-
g
g 200
:
= 1504
&
a
100
50 4
0 T T T T T T T T 1
Pl P2 P3 P4 P5 P6 P7 P8

Fig. 7. Deformations upon load application at various positions

To better reflect the overall deformation of the quay
crane metal structure, simulation analysis and calculation
were performed to obtain the trolley deformation during
travel from the maximum outreach to the maximum back
reach (Fig. 7). The figure clearly shows that the deformation
of the front girder front end underwent a process from
upward warping to downward deformation while the rear
girder underwent a process from downward deformation to
upward warping. The deformation of the door frame
structure was relatively gentle, and the stability of the whole
crane was good.

4.2 Analysis of modal calculation results

It is clear from Table 2 that when the frequency was 0.26—
0.42Hz, the overall metal structure of the quay crane was
twisted. When the frequency rose to 1.085-1.336Hz,
bending and twisting occurred primarily at the front tie rod.
At frequencies of 1.713-2.235Hz, bending and twisting
occurred mainly at the front and rear girders. When the
frequency further increased, the deformation evolved into
bending or twisting of the front and rear girders as well as
the overall metal structure. The vibration results of the metal
structure in different frequency ranges can provide guidance
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for the operational safety and stability of the quay crane.
Figure 8 displays its modal shapes.

As is clear from the lst- and 2nd-order modal shape
diagrams, the front girder underwent deformation within the
horizontal plane. Nevertheless, the structure basically
maintained its original shape, indicating that the seaside and
landside columns can effectively resist vibration
deformation. The 8th-order modal shape diagram showed
that the front tie rod produced vertical bending deformation.
The modal frequency was positively correlated with the
stiffness of the vibration structure but inversely correlated
with the mass, indicating preferable vertical stiffness of the
front tie rod. The 10th- and 12th-order modal shape
diagrams showed that the front girder and overall metal
structure of the quay crane were bent along the girder axial
direction. At this point, reasonable measures can be taken
according to the theoretical calculations to avoid the
resonance of the crane metal structure.

4.3 Experimental verification of quay crane heightening
modification

The above analyses indicated that Lianyungang Port
successfully applied the hydraulic jacking method to the
actual heightening of quay cranes, implementing heightening
modification for four 61t-55m quay cranes. For each crane,
one set of hydraulic jacks were installed on the lower
crossbeam of the door frame. The supporting beam and
lower crossbeam were weld-connected, and local structural
reinforcement was implemented. Four pairs of lifting
brackets were arranged at the four corners, whose effective
lifting height was 6 m. Hoisting was implemented via lifting
crossbeams and column corbels. The jacks were mainly in a
box structure while the supporting structure was steel tubes.
The lifting bracket bottoms and supporting beam were
connected by bolts. The lifting girder was arranged on the
lifting brackets, and the lifting hydraulic cylinders were
placed on the lifting girder. Figure 9 illustrates the specific
arrangement.

Experimental results showed that the structure of the
heightened quay cranes is safe and reliable, which can meet
the quayside loading and unloading requirements. The
implementation of  this  project improves  the
loading/unloading capacities of the terminal, fulfills the
operational demands of super-large ships, shortens the port
berthing time of large ships, eliminates the risk of route loss,
and meets the all-weather operational requirements of 3E-
class container ships. Figure 10 presents the on-site
construction photos.
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Fig. 9. Schematic of the hydraulic jacking device
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Fig. 10. On-site photos of hydraulic jack arrangemen

5. Conclusions

Increasing the height of quay cranes is necessary to enable
them to lift containers from 18,000 TEU ships. Such
modification inevitably changes the metal structure of quay
cranes and affects their reliability. The objectives of this
study are to investigate the metal structure reliability after
heightening modification of quay cranes and explore the
rationality of the hydraulic jacking method. Beginning with
FEA modeling of the quay crane, the stress, displacement,
and mode of the crane metal structure were simulated and
experimentally analyzed by adopting a method combining
fully automatic hydraulic jacking and FEA. Finally, the
following conclusions could be drawn:

(1) A FEA-based method is proposed to verify the
rationality of the hydraulic jacking technique and allow the
effective prediction of structural reliability after heightening
modification of quay cranes.

(2) The maximum stress and displacement of quay
cranes appear at the front and rear girders as well as the
outer front tie rod. The modal frequency is directly

proportional to the stiffness of the vibration structure and
inversely proportional to the mass. The deformation of the
door frame structure is gentle, and the stability of the whole
crane is good.

(3) Two more layers of containers can be loaded and
unloaded by the heightened quay cranes. The heightening
modification cost for a single quay crane is only about 15%
the cost of purchasing a new quay crane, which saves
approximately 1 million USD. The heightening project
improves the operational efficiency of the quay cranes and
achieves good economic benefits.

In this study, a hydraulic jacking technique for quay
crane heightening is proposed by combining engineering
practices with simulation tests. The use of FEA allows for
the correct determination of the crane’s static and dynamic
characteristics as well as the simulation of the crane
operational process, which accords with on-site conditions
and provides a certain reference for the heightening
modification of quay cranes and the reliability assessment of
metal structures. Given the lack of quay crane simulation
analysis under the interferences of wheel pressure and wind
load, these factors will be incorporated into the FEA model
for correction in future study, with a view to improving the
accuracy of structural stability determination for heightened
quay cranes.
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