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Abstract

Rail clamps are mechanical components installed to fix the container crane to its lower members against wind blast
or slip. Rail clamps should be designed to survive harsh wind loading conditions. In this study, a jaw structure, which is
a part of a wedge-typed rail clamp, is optimized with respect to its strength under a severe wind loading condition.
According to the classification of structural optimization, the structural optimization of a jaw is included in the category
of shape optimization. Conventional structural optimization methods have difficulties in defining complex shape design
variables and preventing mesh distortions. To overcome the difficulties, a metamodel using the Kriging interpolation
method is introduced to replace the true response by an approximate one. This research presents the shape optimization
of a jaw using iterative Kriging interpolation models and a simulated annealing algorithm. The new Kriging models are
iteratively constructed by refining the former Kriging models. This process is continued until the convergence criteria
are satisfied. The optimum results obtained by the suggested method are compared with those obtained by the DOE

(design of experiments) and VT (variation technology) methods built in ANSYS WORKBENCH.

Keywords: Container crane; Rail clamp; Jaw; Shape optimization; Kriging; DOE; VT

1. Introduction

The Korean peninsula has often come under the in-
fluence of strong typhoons. Since 2000, the powerful
typhoons to hit Korea were Prapiroon in 2000, Rusa
2002, Maemi in 2003 and Nabi in 2005. Particularly,
Maemi, meaning cicada in Korean and bringing re-
cord-breaking 60 m/s winds, was the second most
powerful typhoon to hit Korea since 1904 when Ko-
rea began collecting weather data [1]. When Maemi
howled into the major port of Busan, 11 heavy duty
shipping cranes, weighing up to 985 tons, were top-
pled and twisted beyond recognition. It was reported
that the damage was so severe that it could take up to
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one year and KRW 40 billion (almost USD 42 mil-
lion) to repair the cranes [1, 2].

In response to this climate influence, the Ministry
of Maritime Affairs & Fisheries in Korea strength-
ened the related regulations for facilities and equip-
ment of ports in 2004. According to the amended
regulations, a container crane in operating mode
should be able to resist wind load at 40 m/s and in
stowing mode wind load at 70 m/s [3]. Compared to
the former regulations, each limit speed rose 20 m/s.
Thus, the structures for facilities and equipment in
ports are to be designed in consideration of harsh
wind loads.

The trend now is to build large-scale container
ships such as ULCS (Ultra Large Container Ship) in
response to rise in trade. For example, the ULCS can
manage 12,000 TEU. With this trend, the container
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cranes have become larger than former container
cranes. The large-scale container crane justifies the
high design cost. Thus, it is important to design its
components to meet the previously mentioned regula-
tions.

When a container ship approaches the quay, the
container crane is moved and stopped on the rails to
load and unload the containers. This is called the op-
erating mode. Then, the mechanical component called
the rail clamp is used to fix the crane on the rails. If
the rail clamp cannot play its role, the crane will run
on a rail, inevitably leading to an accident. When a
container crane is set to a stowing mode, the crane is
fixed by stowage pin and tie-down load. Since this
study focuses on the design of a jaw in the rail clamp,
the loading condition is derived from the wind load at
operating mode [4, 5].

The wedge-typed rail clamp has different mecha-
nisms appropriate for three operating stages [3]. In
this research, the load at wedge-working stage is only
considered as the loading condition since the wedge-
working stage is the largest of the three operating
stages. Jaws, which are designed considering the
strength, play an important role in wedging the struc-
tural components. The FE (finite element) method is
used to predict the strength performance of a jaw.
Furthermore, a structural optimization scheme is
adopted to determine the optimum shape of a jaw.
According to the classification of structural optimiza-
tion, the structural optimization of a jaw is included in
the category of shape optimization since the FE
model of the jaw is composed of solid elements.
However, classical structural optimization methods [6,
7] have difficulties in defining complex shape design
variables and preventing mesh distortions in the shape
optimization process [8].

To overcome these difficulties, this research pre-
sents the shape optimization of a jaw using iterative
Kriging interpolation method and simulated annealing
algorithm. The Kriging models are utilized to replace
the true structural responses. In this research, the re-
sponses are the weight of a jaw and the maximum
stress acted on a jaw. The new Kriging models are
iteratively constructed by refining the former Kriging
models. This process is continued until the conver-
gence criteria are satisfied. The optimization problem
expressed by Kriging models is solved by adopting a
simulated annealing algorithm.

In this study, the commercial software, ANSYS/
WORKBENCH [9], is utilized to calculate the
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strength performance and to compare the optimum
design of a jaw obtained by the suggested method
with the DOE and VT methods.

2. FE analysis of jaw
2.1 Operation of wedge-typed rail clamp

Rail clamps are mechanical components installed
to fix the container crane to its bottom against wind
blast or slip. As shown in Fig. 1, two rail clamps are
installed in a container crane. The wedge-typed rail
clamp such as that shown in Fig. 2 is composed of a
jaw, wedge, locker, hanger, jaw pad, roller and wedge
frame. Its operating mechanism is divided into three
stages: opening stage, initial clamping stage, and
wedge-working stage [3, 4].

The opening stage is represented in Fig. 3(a). When
the locker is lifted up in the opening stage, the angle
between two jaws becomes larger, and then the rail
clamp separates from the rail. Thus, in this stage, the
container crane is moved. Initial clamping stage in

rail clamp
Fig. 1. A container crane.

Hanger

Roller

Wedge frame

Fig. 2. Wedge-typed rail clamp.
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Fig. 3(b) allows both jaw pads to put on the rail sides
with small clamping force. That is, a container crane
has a set position for working. This stage starts fixing
the container crane and is operated by applying the
force P. On the contrary, the wedge-working stage
does not allow a container crane to move, because the
clamping forces of both jaw pads increase as the wind
speed increases.

The operating mechanism in the wedge-working
stage is as follows [3, 4]: From the state of the initial
clamping stage, the wedge frame attached to the con-
tainer crane starts slipping when the z-directional
wind load F, is increased. Then, a V-shaped wedge
built in the wedge frame makes the roller rotate along
its slope, generating wedge action. As shown in Fig.
3(c), this wedge action results from the increase of the
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Fig. 3. Operating mechanism of wedge-typed rail clamp.

clamping force Fp applied on each jaw pad. The
clamping forces prevent the container crane from
slipping along the rail. In this research, the wedge-
working stage is considered in the design of the jaw
structure, because among the three stages, it generates
the largest load.

2.2 Finite element model and loading and boundary
conditions

The regulations for the structural design of a con-
tainer crane are specified in Specification for the De-
sign of Crane Structures in KS, Load Criteria of
Building Structure in Ministry of Construction &
Transportation [3], Design Criteria of Cranes in
BS2573 [10], etc. Since the British regulation evalu-
ates the severest loading, this research adopted it in
the load calculations.

According to the BS 2573, the z-directional wind
load applied to the container crane of Fig. 1 is calcu-
lated as

F.=C,xq, x4, XL (1)
where C,, and q, are the wind load coefficients for
wind load and wind pressure, and A, is the horizon-
tal wind area per unit length, and L is the member
length, respectively. By applying Eq. (1) to the con-
tainer crane of Fig. 1, Eq. (1) is simplified as

F. =1.107xv] )

where v, is the wind velocity. As mentioned in the
Introduction, v, is set to 40 m/s.

Furthermore, there are two rail clamps in a con-
tainer crane, and each one has two friction surfaces or
two clamping surfaces. Thus, Fp is represented as

F =t 3
4up

where Wp is the friction coefficient for the contact
surface between jaw pad and rail. Thus, F,/4 is equal
to F,, of Fig. 4.

From the above force analysis, we can derive the
forces acting on a jaw. The free body diagram of a
jaw can be represented as Fig. 4(a). In the wedge-
working stage, Fp is generated on the jaw pads when
the x-directional force of a roller Fy, is applied to the
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middle of the jaw and the locker supports the top of
the jaw.

Considering the force equilibrium in Fig. 4(a), Fp
and Fy, are derived as

F=tup @
LJU

FRX=FP+FL={1+%J-FP- @)

JU

Substituting the values of Fp, Ly and Ly to Eq. (5),
Frx is calculated as 1,110 kN. Furthermore, from the
force equilibrium in Fig. 4(b), we can derive the value
of Frz, that is, 197 kN. For the FE analysis of the jaw,
we can assume that Fy is the external bearing load,
the hole surface has fixed displacement in x direction,
the surface A between the jaw pad and rail has fixed
displacements in the x- and z- direction, and the sur-

Ly
Yy
X Roller
Fpe | Roller | ¢
Lo i Wedge [
- TR w pad | =Frx
\M%—l l{tnﬂﬁ Fp=Fxrx

(a) Jaw (b) Roller & wedge

Fig. 4. Free body diagram of a jaw.

(a) FE model

(b) Stress contour

Fig. 5. FE analysis of a jaw.

face B between the jaw pad and rail has a fixed dis-
placement in the y-direction. The FE model meshed
with tetrahedral elements is shown as Fig. 5 (a), while
the stress contour at initial design is shown as Fig.

5(b).

3. Optimization using the Kriging metamodel

3.1 Design variables and optimization formulation

The initial design satisfies the strength requirement;
thus, the weight of a jaw can be reduced by structural
optimization. As shown in Fig. 6, the design variables
are set as the thicknesses of the structure (¢, ¢, and #;)
and the length between the centers of the hole and
curvature (/;). In the initial design, #=30.0 mm,
£=30.0 mm, #=85.0 mm and /;=54.1 mm, and the
weight of jaw is 43.5 kg. As shown in Fig. 5(b), the
maximum stress of 533 MPa, which is calculated as
the von Mises equivalent stress, is generated at the
contact area between roller and jaw. The material for
the jaw is SCM445, whose ultimate strength is 823
MPa. The maximum stress in the initial design was
lower than the allowable stress for the safety factor of
1.5. Under the regulations of the Inspection Criteria
for Facilities and Equipments in Port, the safety factor
of the structure should be set to more than 1.5 [11].

Theoretically, the structural optimization for the
jaw can be formulated as follows:

minimize 'W(t,,t,,t;, 1)) 6)
subjectto 0, — 0, <0, (=1,...,ne) @)
25mm<t¢,<35mm (®)
25mm <7 <35mm O]
75 mm < #; < 90 mm (10)
50 mm </, < 60 mm (1)

Fig. 6. Design variables of a jaw.
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where w is the weight of the jaw, g; is the stress of the
i-th element, o, is the allowable stress, and ne is the
number of finite elements. The lower and upper
bounds of each design variable are determined as its
minimum and maximum values so as not to distort
the meshed finite elements.

By observing Egs. (6)-(11), it appears highly prob-
able that the formulations can be easily solved. The
best way to obtain its optimum shape is to adopt the
classical structural optimization, in which a gradient-
based optimization is utilized. This approach suggests
that it is efficient to make the mapped meshes, but the
mesh qualities in the initial design were bad around
the round parts and the place where there is a maxi-
mum stress. Furthermore, its mesh qualities would
become worsened when the design variables moved.
To overcome the disadvantage of classical methods [6,
7], this research utilizes the metamodel called the
Kriging model instead of the true model. In the DOE
(design of experiments) stage, the FE mesh on each
sample design point would be modified if the index
such as aspect ratio, skewness, warpage or Jacobian
value is not allowed. In this research, the FE model
on each design point is re-meshed by using the
ANSYS / WORKBENCH [9].

For this approach, Eqgs. (6)-(7) are replaced by

minimize v"v(l“ ttnl) (12)

subject 10 g~ g, <0 (13)

where " means the estimator of a response, and 6, is
the maximum stress generated at the jaw. Thus, two
responses are approximated, using Kriging interpola-
tion method.

3.2 Kriging interpolation method

Kriging is an interpolation method named after a
South African mining engineer, D. G. Krige. Since
the late 1990s, there have been attempts to apply the
Kriging interpolation to optimization problems. This
method for an approximation model is well explained
in references [12-17]. Generally, the Kriging interpo-
lation method provides a more reliable metamodel
than response surface method when the response
function is highly nonlinear.

In the Kriging model, the estimator for a true re-
sponse )(X) is represented as

Y(x) = B+’ (DR (y - B q) - (14)

where x is the design variable vector, & is the esti-
mated value of constant §, R™ is the inverse of corre-
lation matrix R, r is the correlation vector, y is the
observed data with ng sample data, and q is the vector
with n; components of 1. In this research, x = [#, t,, t,
1" and y is the weight or maximum stress of a jaw.
The correlation matrix and the correlation vector are
defined as

R(x',x") = Exp{—i@i x/ —xi"ﬂ ,
i1

G=1,...,n, k=1,..., ny). (15)
r(x)=[R (xx"),R(xx?),...,Rxx"™)]" (16)

where 7 is the number of design variables. Thus, 7 is
4 in this study.

By differentiating the log-likelihood function with
respect to /3 and o, respectively, and setting them
equal to 0, the maximum likelihood estimators of 8
and ¢ are determined as Eqs. (17) and (18).

B=@Rq'q"RYy, an
o W-BO'R(y-BqQ) (18)
n

'S

In Egs. (14)-(18), R, r, 25’ and o’ are functions
of parameters 6; (i=1,2,...,n). Thus when the parame-
ters are determined, the approximated model can be
constructed. Similarly to previous estimators, the
unknown parameters of 6, 6,,..., 8, are calculated
from the formulation as follows:

[nl‘,ln(ofz) +n|R|]
2 b

(19)

maximize —

where 6; (i=1,2,...,n) > 0. In this study, the method of
modified feasible direction is utilized to determine the
optimum parameters. Finally, Eq. (14) is determined
as the explicit form of design variables.

3.3 Design procedures

Step 1: DOE strategy
First, the sample points should be set up to obtain
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the Kriging metamodel of weight and maximum
stress. DOE strategies can be used to sample the de-
sign space. Depending on analysis time, the full com-
bination, orthogonal array or Latin hypercube design
can be selected as the sampling method. In this study,
the orthogonal array is introduced to sample the de-
sign space.

Step 2: Matrix experiment

The responses of weight and maximum stress are
calculated for each row of the orthogonal array. The
number of experiments is identical to the number of
rows in the orthogonal array. That is, an experiment
means one finite element analysis. To avoid the mesh
distortion, the FE model on each experiment is re-
meshed.

Step 3: Building and validation of Kriging models

With the responses on the sample points, the
Kriging model of each response is constructed. There-
fore, two Kriging models are built since the number
of responses is two. To assess the Kriging model, the
error in the surrogate model is characterized by using
a few metrics. In this research, the metric defined as
Eq. (20) is utilized [14, 17].

LS o-y 0y (20)

n

s i=l

where J , is the i-th estimator of the Kriging model
constructed without the i-th observation.

The metric CV should construct Kriging models as
many as #, , but this is a time-consuming process. In
the reference [14], this process is reduced by using the
calculated A and O, and by calculating R, r and f
with respect to n-1 sample points. However, this
reduction is valid under the assumption that the
elimination of one sample data has a negligible effect
on the maximum likelihood estimates [14].

Step 4: Optimization using simulated annealing
algorithm
Once an approximated formulation for optimization
is obtained based on Kriging metamodels, a global
optimization method such as tabu search method,
simulated annealing algorithm or genetic algorithm
can be employed to solve the design formulation. In
this research, the simulated algorithm is adopted. In
the calculation of the optimum, the computational

cost is very low since all the true functions composing
the optimization formulation are replaced by simple
mathematical expressions.

To apply the simulated annealing algorithm, the ob-
jective and constraint functions as defined in Egs.
(12)-(13) are combined into a pseudo-objective func-
tion. Thus, the formulation for optimization can be
reduced to

minimize l//(tl,tz,t3,ll)=v”v+0{~Max[O,(0'max—0'a)} 21

where a is a positive and large number reflecting the
constraint feasibility of Eq. (13).

Step 5: Convergence criteria

The iterative process is stopped when the two con-
vergence criteria are satisfied. The two convergence
parameters are defined as

max O.max
CP = . %100 (22)
O-max
CP,=CV,,, 23)
where O'fmx and o, are the estimated maximum

stress and the true stress at the optimum determined
from Eq. (21), and CVs is the CV of maximum
stress, respectively. In this research, CP; and CP,
should be less than 3% and 30MPa, respectively, and
the corresponding values were derived experientially
[16, 18-20].

If all the convergence criteria are satisfied, the de-
sign process is stopped. Otherwise, return to Step 1.
Then, for a design variable, the design range between

Define the sample points .
Full combinations, LHD or orthogonal arrayd

| Perform FE analyses. ]

v

Construct the knﬂing models of responses and Retﬁgce
validate the kriging models using CV. design
ranges.

| Determine the optimum using SA ]

No

= Sabfythe corvergence cdeia? e

e
| Stop. ]

Fig. 7. Suggested design procedures.
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lower and upper bounds is reduced. In this research,
this range for the second iteration is fixed as 3mm, in
reference to the optimum determined from Step 4.
The value is determined experientially, considering
the ratio of CP to its allowable value. If any finite
element is distorted in the design range of a design
variable, the finite element model should be re-
meshed. The overall design process is represented in
Fig. 7.

4. Results
4.1 Suggested method

The orthogonal array OA (2,7,49,8) [21] for Step 1
is adopted. OA means the orthogonal array, and the
numbers in parentheses represent the strength, num-
ber of levels, number of rows, and number of col-
umns, from left to right, respectively. Since there are
four design variables in the jaw design, the last four
columns in the arrays are empty. The levels of each
design variable are generated by discretizing the de-
sign space equally. At the first iteration, the lower
bound is set up as the first level, and the upper bound
as the last level. The OA (2, 7, 49, 8), in which the
level values are assigned, is represented in Table 1.
For Step 2, the calculated responses are summarized
in the last two columns of Table 1. The number of
FE analyses is 49 since OA (2, 7, 49, 8) is utilized in
Step 1.

Based on the responses of weight and maximum
stress, a primitive Kriging model of each response is
constructed by Step 3. The validations of the first
Kriging models are summarized in Table 2. By apply-
ing Step 4, the optimum of Egs. (12)-(13) is calcu-
lated. The predicted and true responses of weight and
maximum stress at the optimum are summarized in
Table 3, and the convergence criteria at the optimum
are listed in Table 4. Since the first Kriging models
cannot satisfy the criteria of Egs. (22)-(23), the design
procedure is iterated. That is, the levels of design
variables are reduced to

23.5mm<¢<26.5 mm (24)
27.5 mm <, <30.5 mm (25)
81.0 mm < #; < 84.0 mm (26)
54.0 mm </; <57.0 mm 27)

The orthogonal array OA (2,7,49,8) for Step 1 and
the responses in the second iteration are shown as

Table 5. From Table 4, it is seen that the optimum
determined from the second iteration satisfies the
convergence criteria. Thus, the number of iterations to
determine the optimum design in Fig. 7 is two.

In the first iteration of Table 3, the predicted maxi-
mum stress of the optimum design is the same as its
allowable value, since the constraint related to the
maximum stress is found as the active constraint.
However, the true maximum stress of the optimum
design has 2.1% error, which violates the allowable
value. On the contrary, the predicted maximum stress
of the second optimum design is not identical to the
allowable value. However, there is very little differ-
ence between predicted and true maximum stresses.
This difference may result from the local errors of the
Kriging models. Compared to the true maximum
stress at the second iteration, the predicted one has
0.6% error, and the true maximum stress is slightly
less than the imposed allowable value. Compared
with the initial design, the second optimum design
reduces the weight by 17.3%.

Table 1. OA (2,7,49,8) experiments for the 1% iteration.

Gmax
Exp. No.| #; (mm) | (mm) | £;(mm) | /; (mm) | w (kg) (MPa)
1 25.0 25.0 75.0 50.0 369 | 7479

2 25.0 26.7 77.5 53.3 375 | 6553

48 35.0 333 82.5 53.3 48.1 | 484.0
49 35.0 35.0 80.0 56.7 479 | 509.9

Table 2. Validations of Kriging models for each iteration.

Itera- | Re- Optimum parameters cv
tion | sponse ) 6 6 o
1 w 0.596 1.295 1.278 | 0.545
[o 0.594 1.478 1.465 | 0.602 | 46.5
) w 0.598 1.300 1.281 | 0.548
Onax 9.762 1.448 1.437 | 9.770 | 23.8
Table 3. Optimum results for each iteration.
Optimum design Response
It?ra— variables (mm (0:MPa, w : kg)
tion ,
14 153 4] b w w o, Ommax

xxxxx

25.0]29.0 | 82.5 | 55.0 | 38.3 | 39.6 | 548.0|560.0
2 | 235|284 | 825555382 |37.1 |542.0|545.2
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Table 4. Convergence parameters for each iteration.

. Convergence parameter
Iteration
CP, CP,
1 6.9 46.5
2 2.5 23.8

Table 5. OA (2,7,49,8) experiments for the 2™ iteration.

Omax
(MPa)
1 235 | 275 | 81.0 | 540 | 368 | 6027
2 | 235 | 280 | 815 | 550 | 369 | 5414

Exp. No.| #; (mm) | &, (mm) | £ (mm) | /; (mm) | w (kg)

48 26.5 30.0 82.5 55.0 | 39.98 | 556.9
49 26.5 30.5 82.0 56.0 40.0 | 576.0

Table 6. Comparisons of results.

Optimum design variables Response
Method (mm) (0: MPa, w : kg)
4 b B A w w o":m Ormax

DOE |27.0| 27.6 | 81.5]59.0 [ 39.8 | 39.8 [537.6[525.0

VT 28.5| 285 [ 80.8 | 51.4 [ 41.5 | 41.5 [535.5[526.9

Suggested|

235|284 (825555382 |37.1(542.0[545.2
method

4.2 ANSYS workbebch

Two methods for shape optimization are built in the
software [9]: the DOE method, and the VT method.
The DOE method in the software adopts the central
composite approach as the sampling method and the
response surface approach as the approximation
method. The VT method utilizes the first-order Taylor
series as the approximation method.

Both of them have shortcomings in treating the
highly nonlinear functions, even though they have the
merit of reduction of computer run time, since the
DOE and VT methods approximate a true function to
linear and quadratic functions, respectively. To sup-
plement these shortcomings, the DOE and VT meth-
ods supply three candidate designs. Then, the de-
signer selects the optimum from thee candidate de-
signs. Thus, the optimum design is a very intuitive
one. The detailed processes are summarized in the
reference [22].

From Table 6, it is seen that the DOE and VT

methods reduced the weight only slightly but the sug-
gested method reduced the weight greatly.

5. Conclusions

The following conclusions can be made from this
study.

The present study proposes a structural optimiza-
tion procedure applicable to the jaw design for a con-
tainer crane based on Kriging approximate models
and a simulated annealing algorithm. This procedure
includes shape optimization, which has been the most
difficult to apply in the structural design of a jaw.

Generally, the maximum stress becomes highly
nonlinear since its position can be changed with re-
spect to the design point. Adopting the Kriging model
to surrogate the maximum stress is efficient. Finally,
the approximate maximum stress represented by a
Kriging model enables one to solve for shape optimi-
zation formulation by the simulated annealing algo-
rithm.

The shape optimum design of a jaw is achieved by
the Kriging approach and global optimization algo-
rithm, which can consider severe wind loading condi-
tion. The weight at the optimum is decreased by
around 17.3%, which is more than the optimal solu-
tions of previous study. The results of the optimiza-
tion presented in this paper can be applied to the de-
sign of another component in a container crane.
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