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Abstract

It is now well recognized that limit states are a much better basis than allowable working
stresses for economical, yet safe design of structures. The objective of the present paper is to
apply the ultimate limit states as the structural design criteria of a box girder crane. For this
purpose, a reference box girder crane structure which was originally designed and constructed
based on the allowable working stress criteria and still in operation is selected. The structure
is then redesigned applying the ultimate limit state criteria, where other types of limit states

such as serviceability limit states and fatigue limit states are also considered. Nonlinear finite



element method is applied to analyze the progressive collapse behaviour of the structure until
and after the ultimate limit state is reached. While the ultimate strength or maximum
load-carrying capacity of the structure has never been realized as far as the allowable working
stress based design method is applied, this study starts with identifying it by the nonlinear
finite element method. The structural weight was then attempted to minimize by changing
structural member dimensions while the ultimate strength remains the same. It is concluded
that the ultimate limit state based design method provides more economical, yet safe
structures, compared with the allowable working stress based design method. Considerations
for the serviceability limit states are addressed in the paper, while those for the fatigue limit

states are presented in a separate article.

Keyword: Box girder crane structures; Ultimate limit states; Serviceability limit states;

Nonlinear finite element method; Allowable working stress.

1. Introduction

Examples of steel plated structure include ships, offshore installations, bunkers, box
girder bridges and box girder cranes [1, 2]. In the past, steel plated structures have
typically been designed using the allowable working stress based design method
(AWSDM). In the AWSDM, the structural design criterion is that the working stress
under the applied design loads must be smaller than an allowable stress. On the other
hand, the ultimate limit state based design method (ULSDM) is based on the criterion
of the ultimate limit state or ultimate strength or maximum load-carrying capacity
which is represented by point B in Fig.1, where the ultimate strength should not be
smaller than the applied design loads with an adequate margin of safety [2]. In the
AWSDM, point B remains unknown although a simplified buckling strength check
represented by point A may be applied. This means that the AWSDM is unable to
define the true margin of structural safety that can be determined only by a comparison

between the ultimate strength and the applied design loads.
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Fig. 1. Ultimate limit state of structures [2].

For ships and offshore structures, a number of contributions toward the application
of the ULSDM has been undertaken [3-8]. Also, in the civil engineering field for
land-based structures, the ULSDM has been applied [9-13]. The determination of the
ultimate strength for structural components such as plates and stiffened panels under
various conditions has been undertaken by the experimental test and the nonlinear finite
element method [14-26]. Similar contributions have also been performed in box-shaped
structures [27-43]. Kotetko et al. [44] carried out a sensitivity analysis of thin-walled
box girders subjected to pure bending. They concluded that a redundancy of the
load-carrying capacity of box-section girder is sensitive to the yield stress deviation,
implying that the AWSDM based on the yield stress of material has the uncertainty to
structural safety.

The main objective of the present study is to apply the ULSDM for box girder crane
structures which have originally been designed using the AWSDM. Additionally, the

serviceability limit state is considered to secure the operability and functionality of the



crane structures. The reference structure is part of a real crane system and it has been
successfully operated without structural safety issues. The structure is made of SM490
steel but the manufacturer of the crane wants to use a high tensile steel of HSB500
which is a very modern material. This is a motive of the study. The manufacturer wants
to keep the same amount of maximum load-carrying capacity as the reference structure
which was originally designed using the ASWDM, while the structural weight or
building cost must be minimized or at least be similar to the original structure because
of using a high tensile steel.

For this purpose, the progressive collapse behaviour of the structure until and after it
reaches the ultimate strength was first determined by using the nonlinear finite element
method. Case studies were then undertaken with varying the structural member
dimensions as well as material while keeping the same (similar) maximum
load-carrying capacity and minimizing the structural weight. It is obvious that the
ULSDM is useful to achieve the goals and it is concluded that the ULSDM is much

better than the ASWDM in terms of designing more economical, yet safe structures.
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Fig. 2. Flowchart of the limit state based structural design optimization applied in the

present study.

2. The Procedure for the Limit State based Structural Design Optimization

In the traditional ASWDM, the focus is on keeping the working stresses resulting
from the design loads under a certain working stress level that is usually based on

successful past experience:

o<o (D)

where o is the working stress and o, is the allowable stress which is usually

specified by regulatory bodies or classification societies as some fraction of the
mechanical properties of materials, e.g., uniaxial yield or ultimate tensile strength.

On the other hand, the limit state approach is based on limit states as described in
Fig. 2 [2]. It starts with the definition of target structures to be designed where the

conditions of functionality and operability as well as geometric and material properties



are identified. In the next step, the objective function of the structural design is defined.
Typically, the structural optimization is aiming at minimizing structural weight or
building costs while keeping the structural safety.

In the next step, the design demand or applied design loads are defined as follows:

D, =y,D, (2)
where D, is the design demand, D, is the characteristic value of the demand

which is the mean value of applied loads, and y, is the partial safety factor

associated with the uncertainties of applied loads.
Also, the design capacity or the maximum load-carrying capacity is defined as

follows:

G, =r.C, )
where C, is the design capacity, C, is the characteristic value of the design

capacity which is the mean value of the limit states, and y, is the partial safety

factor associated with the uncertainties of the limit states.

In Equation (3), four types of limit states are relevant, namely the ultimate limit
states (ULS), the serviceability limit states (SLS), the fatigue limit states (FLS) and the
accidental limit states (ALS). In the present study, both the ULS and the SLS are
considered. The characteristic value of the ULS or the ultimate strength or the
maximum load-carrying capacity can be determined by experiments or nonlinear finite
element methods. This study applies the nonlinear finite element method to determine
the ultimate strength of the box girder crane structures.

Once both the design demand and the design capacity are determined, the structural
constraints are applied to be safe as follows:

a=S051 @)
Dd

where « is the safety factor of a structure.



With varying the structural design parameters, the above-mentioned process is
repeated until the requirement of the object function is met. In the present study, the

ULSDM is applied for the structural design of a box girder crane.

3. Applied Example

The target box girder crane structure made of SM490 was originally designed
applying the ASWDM. The manufacturer of the crane structures now wants to use a
high tensile steel of HSB500. To redesign the structure using the HSB 500 steel, the
USLDM is now applied.

3.1. Characteristics of Target Structures

Fig. 3 shows the target box girder crane structures in real appearance of operation
and three-dimensional CAD modelling where the box girder structures of the electric
overhead traveling (EOT) system is the target structures to be designed in the present
study. The crane system is composed of main and auxiliary girders together with
hooks, trolleys and saddle girders. Fig. 4 shows the plan view of the target structure
which is driven by the travelling truck at the ends of main and saddle girders. In the
present study, the ultimate strength is analysed separately for the main girder and the

combined auxiliary and saddle girders.

I\

(a) Box girder crane in operation (b) 3-dimentional CAD model



Fig. 3. The target box girder crane structures.
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Fig. 5. Cross section of the main girders and auxiliary girders.



3.2. Objective Function and Limit State Criteria

Table 1. Limit state criteria applied for the structural scantlings in the present study.

: Type of -
Constraint parameter Description
limit states
Ultimate strength Ultimate strength of the structure with new
(maximum ULS design at least should be maintained at the
load-carrying equivalent ultimate strength level with the
capacity) existing design.
) ) Maximum defection at design load level
Maximum deflection SLS
should not exceed L/1000 [46].
The minimum requirement of natural
Natural frequency SLS .
frequency for crane structure is 1.7 Hz [46].
. SLS Minimum plate thickness is limited by 9 mm,
Plate thickness

(Fabrication) considering welding.

The objective of the structural optimization is to minimize the structural weight of
the main and auxiliary girders, keeping the safety at a required level. Table 1 indicates
the limit state criteria applied for the present design in association with the ULS and the

SLS. The FLS was also considered but it will be reported in a separate paper.

3.3. Nonlinear Finite Element Modelling

In order to determine the ultimate strength of the target structures, the elastic plastic
large deflection finite element method is applied using ANSYS computer program

[47].

3.3.1. Nonlinear Finite Element Models

Fig. 6 shows the FE models of the target structures, where a half part of the
combined auxiliary and saddle girders is taken as the extent of the analysis because of
the symmetric condition with regard to the center line, although a full structure of the

main girder is included in the FE model.



In industry practice, stiffeners are often modelled by beam elements. However,
beam element models for stiffeners may not give accurate computations in terms of
local buckling, e.g., local web buckling and tripping, and plasticity. In this regard, only
4-noded plate-shell elements are used to model not only plating and stiffener webs but
also stiffener flanges In order to ensure the mesh size, convergence studies for the main
girder and auxiliary girder are performed by varying the element size. Figure 7 shows
the results of the convergence studies in terms of ultimate strength and maximum
deflection. It is obvious that a convergence is achieved at the element size of 50 mm

where all element sizes are identical.

"~ Fixed for Uy
and U,

Fixed for Uy, Uy and U,

(a) The FE model of the main girder structures for a full part

z , /
Z Fixed for U, and U, ettt | Symmetric
1

[ty |

(b) The FE model of the combined auxiliary and saddle girder structures for a half
part

Fig. 6. The nonlinear FE model with applied boundary conditions.
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Fig. 7. The convergence study to determine the best element size using identical

meshes.

3.3.2. Boundary Conditions

Fig. 6 presents the boundary conditions for the nonlinear finite element analysis.
The crane structural system is considered to be simply supported at the ends because
the main girder is supported on the travelling truck which is positioned on rigid rails. In
this regard, the shaded areas with a rectangular shape shown in Fig. 5 are assigned by
the corresponding boundary conditions. In the ANSY'S code application, the boundary

conditions with the “Coupling” option was adopted.

3.3.3. Material Properties

Table 2 indicates the material properties of existing SM490 steel and new HSB500
steel. In the present study, an elastic perfectly-plastic material model is applied without

considering the strain-hardening effect.

Table 2. Material properties of SM490 steel and HSB500 steel.

Used material New material
Material property
SM490 steel HSBS500 steel
Density, p (ton/m?) 7.85 7.85

11



Young’s modulus, E (GPa) 205.8 205.8

Poisson’s ratio, v 03 0.3
Yield strength, o, (MPa) 318 380
Ultimate tensile strength, o, (MPa) 490 500

3.3.4. Loading Conditions

The live loads from the trolley are transferred through the wheels to the box girder.
In this study, two loading positions are considered according to the position of trolley.
Figs. 8 and 9 present the loading positions which are considered to be the most severe
loading scenarios in operation. Table 3 summarizes the structural weight of the main

and auxiliary girders in the original design.

Table 3. Structural weight of the main and auxiliary girders in the original design.

Magnitude (tonf)
Category
Main girder Auxiliary girder
Girder weight 54.66 14.35
Attachment weight 36.24 7.45
Total self-weight (WM) 90.90 21.80

#I_T » 6160 : (_l

-

(a) Loading position 1: The trolley locates at mid span of the main girder
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(b) Loading position 2: The trolley locates at end of the main girder
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Fig. 8. Loading positions of the main girder considered in the FE analysis.
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(b) Loading position 2: The trolley locates at end of the auxiliary girder

Fig. 9. Loading positions of the auxiliary girder considered for the present FE

analysis.

The loads applied to the crane structure are classified into two categories. The first

category embodies dead loads of built-in machinery and equipment, and the

machinery-induced moment. In the second category, all loads transferred from the

wheels of the trolley are included. The auxiliary girder does not facilitate machinery

and equipment. Fig. 10 and Table 4 summarize the load cases for the main girder, while

Fig. 11 and Table 5 present the load cases for the auxiliary girder. It is noted that the

13



load cases have been decided by the design specification of the electronic overhead

travelling crane as presented by AIST [48].

(a) Load case 1 (b) Load case 2

Fig. 10. Presentation of the load cases for the main girder with the nomenclature
indicated in Table 4.

Fig. 11. Presentation of the load cases for the auxiliary girder with the nomenclature
indicated in Table 5.

Table 4. The load cases for the main girder.

Case
Label Magnitude Description
No.

14



- Ref. Table 2 Self-weight
- - 0.2 x Wm Girder inertia force
A 0.495 tonf/m Upper walkway load
A’ 0.669 tonf/m Lower walkway load
B, B’ 0.227 tonf Eccentric load
: CC 3.5 tonf Cabin load
D 3.2 tonf Driving motor weight
1.82 tonf-m Motor-induced moment
F 220 tonf Dead load of trolley (DLr)
G 450 tonf Lifted load (LL)
H 0.2 x LL Vertical impact load
? I 0.2 x(DLt+LL)  Bridging inertia force
J 0.2 x (DLt+LL)  Skewing force
K 0.15 x (DLt+LL) Inertia force from drive (IFD)

Table 5. The load cases for the auxiliary girder

Case
Label Magnitude Description
No.
- Ref. Table 2 Self-weight
- - 0.2 x Wa Girder inertia force
A 49.0 tonf Dead load of trolley (DLr)
B 50 tonf Lifted load (LL)
C 0.2xLL Vertical impact load
1 D 0.2 x (DLt+LL)  Bridging inertia force from
E 0.2 x (DLT+LL)  Skewing force
F 0.15 x (DLt+LL) Inertia force from drive (IFD)

The design demand D, of the target structure can be defined considering the

partial safety factors for loads as follows [49]:

15



D,=v,.(vs.PL+y,,LL) (5)
where y, . is the partial safety factor associated with the uncertainties of load
combination, y,, is the partial safety factor associated with the uncertainties of dead

loads, and y,, is the partial safety factor associated with the uncertainties of live loads.

The partial safety factors are indicated in Table 6.

Table 6. The partial safety factors associated with the uncertainties of loads.

Category Symbol Value
Load combination factor Vi 1.2
Dead load factor (for trolley, DLT) Vaa 1.5
Live load factor (LL) Vay 1.5

3.4. Results of the Nonlinear Finite Element Analysis

Fig. 12 shows the results of the ultimate strength behaviour for the main girder with
different loading positions, and Table 7 summarizes the safety margin of the main
girder which is determined as the ratio of the ultimate strength to the design loads. Fig.
13 shows the results of the ultimate strength for the auxiliary girder structures with
different loading positions where the structural scantlings are the same as the original
design and Table 8 indicates the safety margin of the auxiliary girder.

It is obvious that the ultimate strengths of the main and axillary girders can be
increased by using high tensile steel with the same structural scantlings as those of the
original structure. This means that the structural scantlings can be reduced in the use of
high tensile steel if the ultimate strength of the girder structures is kept at the similar

level to the original design using the SM490 steel.

16
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Fig. 12. Ultimate strength behaviour of the main girder with the structural scantlings

in the original design.
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Fig. 13. Ultimate strength behaviour of the auxiliary girder with the structural

scantlings in the original design.

Table 7. Safety margin of the main girder with the structural scantlings in the original

design.
Safety margin C /D,
Loading position =y & i 01 (SM490)  New (HSB500) B/A
design (A) design (B)
1 3.38 3.88 14.8 %
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2 431 5.07 17.6 %

Table 8. Safety margin of the auxiliary girder with the structural scantlings in the
original design.

Safety margin Ca /D,

Loading position -~y 4 ¢ 1 (SM490)  New (HSB500) B/A
design (A) design (B)
1 3.97 4.52 13.9 %
2 4.46 5.16 15.7 %

3.5. Structural Optimization

It is now attempted to reduce the structural scantlings (plate thickness) using high
tensile steel when the ultimate strength under the corresponding design loading
conditions is kept at the similar level to the original design. As structural design
variables, only the thickness of structural members is considered where the stiffener
spacing is kept the same as the original design. The target plates were selected
considering the efficiency of structural optimization. Figs. 14 and 15 show the target
plates to be reduced for this purpose, while support members are unchanged in their
scantlings.

The optimal thickness of target plates are modified following the case studies
using trial and error method. The ultimate strength, maximum displacement, stress
distributions, and local buckling strength are evaluated for each analysis case. Each
analysis case is defined with reference to the structural effect of reduction of each

plate thickness in previous analysis case.
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Fig. 15. Target plates to be reduced for the structural optimization (profile view).

3.5.1. Main Girder Structures

A total of 7 case studies were undertaken as indicated in Table 9. The ultimate
strength and the Z-displacement (deflection) were calculated for the cases as shown in
Figs. 16 and 17. It is found that the main girder reaches the ULS after local bucking
takes place in the inner web which is positioned below the trolley wheels followed by
the extension of plasticity. It is considered that the collapse of the box girder crane
system is triggered by the local buckling in the inner web, and thus a more detailed
investigation is made in association with the local bucking strength of the inner web.

According to Table 9, the most successful achievement of the structural weight
reduction is case 7. However, it is recognized that the safety margin of the main girder
structures for case 7 is only 1.89 in association with the local buckling in the inner web
as shown in Fig. 18 and Table 10, implying that the inner web buckling occurs earlier.
To take a greater safety margin value, therefore, the structural scantlings of case 6 are
selected in the present study as the final design of the main girder structures using high
tensile steel. Fig. 19 shows the von-Mises stress distribution of the final design at

ultimate limit state.
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Table 9. Case studies for reducing the plate thickness of the main girder structures.

Weight (ton) Plate thickness (mm)
case Weight Reduction Top  Bottom Inner Outer  Diaph-r
web web agm
Original  54.66 0 14 16 16 12 14
Casel 50.84 3.82 14(-0) 12(-4) 14(2) 10(-2) 12(-2)
(-7.0%)
Case2 49.75 491 14(-0) 12(-4) 13(3) 10(-2) 10(4)
(-9.0%)
Case3  49.38 >.28 14(-0) 11(5) 13(3) 10(-2) 10(4)
(-9.7%)
Case4  49.34 >-32 14(-0) 12(-4) 13(3) 9(3) 10(4)
(-9.7%)
Case5 50.16 448 14(-00 12(-4) 14(2) 10(-2) 10(4)
(-8.2%)
Case 6  49.06 >-00 14(-0) 11(5) 14(2) 9(3) 9(-5)
(-10.2%)
7.24
Case7 4742 (13.3%) 11(-3) 11(5 14(2) 9(-3) 9 (-5)

Note: The values in the parenthesis indicate the reduced thickness.
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Fig. 16. The results of the ultimate strength computations for the main girder

structures at loading position 1.
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Fig. 18. Local buckling strength of the inner web of the main girder structures.

Table 10. Local buckling strength checks of the inner web of the main girder

structures.
Local buckling Rate, divided by Safety margin
Case . : .
strength (kN) original design for local bucking
Original 16693.14 1.00 2.88
Case 6 14839.61 0.87 2.56
Case 7 10941.57 0.64 1.89
ELEMENT SOLUTION a"?xss' ELEMENT SOLUTION n"?xsl
e h i b
094921 70.0738 ﬁ 210.032 280.011 144222 84.5566 168.969 253.381 337.794

(a) Original design at loading position 1

(b) Case 6 at loading position 1
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Fig. 19. von-Mises stress distribution of the main girder at ultimate limit state.

3.5.2. Auxiliary Girder Structures

A total of 6 case studies were undertaken to reduce the structural scantlings as
indicted in Table 11. Figs. 20 and 10 show the results of the ultimate strength
computations. It is found that the auxiliary girder structures also reach the ULS after
local bucking takes place in the inner web which is positioned below the trolley wheels.

The local bucking strength of the inner web is also checked for each of the analysis

cascs.
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Table 11. Case studies for reducing the plate thickness of the auxiliary girder
structures.

Weight (ton) Plate thickness (mm)
Case Outer
Weight Reduction Top Bottom  Inner web
web
Original  14.35 0 18 18 10 10
Casel 13.20 L15 18 (-0) 11 (-7) 10 (-0) 10 (-0)
(-8.0%)
Case2 12.56 179 18 (-0) 10 (-8) 9(-1) 9(-1)
(-12.4%)
Case3  13.39 0.9 18 (-0) 14 (-4) 9(-1) 9 (-1)
(-6.7%)
Case4 13.06 .29 18 (-0) 13 (-5) 9(-1) 9(-1)
(-9.0%)
Case5 12.90 145 18 (-0) 12 (-6) 9(-1) 9(-1)
(-10.2%)
Case 6*  12.79 156 11(-7) 11(-7) 9(-1) 9(-1)
(-10.8%)

*Case 6, Girder height 1950 mm (+250mm)
Note: The values in the parenthesis indicate the reduced thickness.

In case of the auxiliary girder, the degradation of the bending rigidity caused by a
reduction of the plate thickness makes it difficult to satisfy the design constraint
associated with the defection. In order to secure the bending rigidity, the most
economical way is to increase the web height of the girder. Therefore, the web height of
the auxiliary girder is changed based on following conditions:

* To keep the bending rigidity at the same level of the existing design
* To meet the limiting condition on the maximum web height of 2050 mm
associated with structural clearance in operation

In order to obtain the best web height, the moment of inertia of the box girder is

investigated with varying the plate thickness and the web height as shown in Fig. 22.
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With consideration of the bending rigidity and the clearance, case 6 is selected as the
best design as indicted in Table 11. The web height of case 6 increased by 250 mm, i.e.,

from 1700 mm in the original design to 1950 mm in the new design.
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Fig. 20. The results of the ultimate strength computations for the auxiliary girder

structures at loading position 1.
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Fig. 21. The results of the ultimate strength computations for the auxiliary girder
structures at loading position 2.
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Fig. 22. Variation of the moment of inertia with varying the plate thickness and the
web height.

The safety margin of the new design of case 6 is 2.58 as shown in Fig. 23 and Table
12. Fig. 24 shows the von-Mises stress distribution of the final design of the auxiliary

box girder crane structures at ultimate limit state.
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Fig. 23. Local buckling strength of the inner web in the auxiliary girder structures.
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Table 12. Local buckling strength checks of the inner web in the auxiliary girder
structures.

Local buckling Rate, divided by Safety margin

Case strength (kN) original design for local bucking

Original 3202.91 1.00 3.31
Case 5 2921.20 0.91 3.02

Case 6 2494.52 0.78 2.58
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(a) Original design at loading position 1 (b) Case 6 at loading position 1

ANSYS ANSYS
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(c) Original design at loading position 2 (d) Case 6 at loading position 2

Fig. 24. von-Mises stress distribution of the auxiliary box girder crane structures at

ultimate limit state.
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3.7. Eigenvalue Analysis

In order to calculate the natural frequencies in terms of the SLS criteria, the
eigenvalue analysis is carried out. The minimum requirement of natural frequencies is
1.7 Hz in association with the comfort of an operator and the proper functioning of
crane structures [46]. The final designs of the main and auxiliary girders satisfy the

minimum requirements as indicted in Table 13. Fig. 25 show the natural mode I of the

main and auxiliary box girders.

Table 13. The results of the natural frequencies computations for the main and

auxiliary box girders.

Natural frequency (Hz)
Natural mode
Main girder Auxiliary girder
I 14.9001 11.0365
I 15.2601 13.5584
111 16.1740 16.5402
v 21.7111 18.2878
A% 23.1754 30.5637

(a) Main girder (amplified by 35)

Fig. 25. The natural mode I of the main and auxiliary box girders.

3.8. Recommended Practices

The ULS based safety factor of the reference box girder crane structures using

SM490 which were originally designed using the AWSDM was found in the present

(b) Auxiliary girder (amplified by 2)
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study. Also, the safety factor & in Equation (4) for the new designs of the main and

auxiliary box girder crane structures using HSB500 are givenby ¢ =34l and a =

4.09, respectively, where y,= 1.0 was taken in Equation (3).

As per the requirement of the manufacturer, the safety margins of the main and
auxiliary box girder structures have been kept at the similar level to the original design.
However, it is considered that the structural weight of the new design can be further
reduced, considering that the safety margin is quite large. In the industry practice, the

structural safety factor is often takenas & = 1.15 for stiffened panels and girders [50].

4. Concluding Remarks

The objective of the present study has been to redesign an existing box girder crane
structures using the limit state approach with the focus on the ultimate limit states and
the serviceability limit states. The original structures were made of SM490 steel and
designed using the allowable working stress based method. The manufacturer of the
crane wanted to make the structures using HSB500 steel and to redesign them applying
an advanced design technology.

For this purpose, the ultimate strength behaviour and the safety factor of the original
structures was identified by the nonlinear finite element method. By keeping the safety
factor of the crane structures at the same (or similar) level as the original design, new
structural designs using HSB500 steel were developed by minimizing the structural
weight.

It is found that the reduction of the structural weight in the new design of the main
box girder crane structures is 5.60 tonf or 10.2% of the original structures, where the
safety factor based on the ultimate strength is 3.41, while the safety factor of the
original design is 3.38. Similarly, the reduction of the structural weight in the new
design of the auxiliary box girder crane structures 1.56 tonf or 10.8% of the original
structures, where the safety factor based on the ultimate strength is 4.09, while the

safety factor of the original design is 3.97.
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Based on the studies, it is concluded that the ultimate limit state design method is
much better than the allowable working stress design method in terms of designing
more economical, yet safe structures. This benefit is obviously due to the fact the
former method is unable to determine a realistic factor of the structural safety which is
determined as a ratio of the ultimate strength or maximum load-carrying capacity to the
design loads, although it remains unknown in the latter method.

It is hoped and believed that the insights and practices developed in the present
study will be useful for the optimum design of box girder crane structures using the
limit state approach. While the present study presents the design results associated with
the ultimate limit states and the serviceability limit states, those for the fatigue limit

states will be presented in a separate paper.
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