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Abstract In this paper, structural design optimization of
box-type double-girder overhead crane was performed
using weighted decision matrix and finite element analysis
(FEA). Primarily, structural design calculations were
achieved for 280 proposed crane case studies, then crane
design parameters values were optimized using the
weighted decision matrix technique based on three con-
cepts, and these are minimum weight, minimum deflection,
and minimum stress. This was followed by building and
modeling the optimum crane design related to each concept
using solid works software, and FEA was performed. The
results showed that minimum weight concept led to the
optimum crane design with minimum weight and minimum
cost but with mean deflection and mean stress values.
However, minimum deflection concept led to the optimum
crane design with minimum deflection and minimum stress
but with much higher weight, while minimum stress con-
cept led to small deflection and small stress values but with
high weight as well. Crane design was also verified by
manufacturing and testing a real crane case study.
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Introduction

Overhead cranes are applicable in different industries, as in
automobile plants and shipyards. Design specifications of
overhead cranes differ widely according to their main
functioning features, such as type of motion of crane
structure, weight and load type, crane location, geometric
features and environmental circumstances. There are
numerous categories of overhead cranes, but the main
categories are: (a) Top running; it can be single-girder
bridge crane or double-girder bridge crane. (b) Under-
running that is single-girder bridge crane [1]. When
capacities exceed 30 tons, electric overhead cranes (EOC)
are commonly the type chosen. In this paper, optimum
design of a double-girder bridge belonging to ‘top running*
category is studied, which is shown in Fig. 1.

By tradition, methods of structural analysis were based
on difficult scientific techniques such as mathematical
methods, theoretical mechanics, and methods of numerical
simulation. Though, three decades before novel groups of
computational techniques indicated as soft computing
techniques have been suggested. They are based on
empirical methodologies rather than on rough mathematics.
The use of these methods in numerous fields of engineering
science is unceasingly increasing in spite of being received
with suspicion at the beginning; they have seemed to be
unexpectedly powerful in many cases. Meta-heuristics,
artificial neural networks (ANN), and fuzzy logic are the
most widespread soft computing techniques. Other algo-
rithms related to soft computing techniques and optimiza-
tion are evolutionary programming [2], evolution strategies
[3], genetic algorithms [4], the particle swarm optimization
[5] algorithm, the differential evolution [6], harmony
search [7], and others. The weighted decision matrix
method was invented by Stuart Pugh [8]; it is a qualitative
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Fig. 1 Double-girder electric overhead crane, reproduced from [1]

technique used to weight the multi-dimensional choices of
an option set. It is commonly used in engineering appli-
cation for making design decisions, but it can also be used
to rank asset, vendor, or product options or any further set
of multidimensional objects [9].

Because of the growing tendency on the materials’
prices and the increasing request on heavy duty with dif-
ferent dimensions crane box girders, the use of up-to-date
design optimization methods turns out to be a necessity.
However, slight attention has been paid on the optimum
design of cranes, since the majority of the crane developers
and manufacturers have standardized the box section single
dimension for many spans and duties crane bridges to
attain manufacturing easiness. Seeflelberg [10] performed
the optimization of assembled cross sections through the
use of reinforced rolled sections and a single symmetrical
welded I section, where the purpose was to minimize the
area of cross section, while keeping design limitations
satisfaction of the serviceability, ultimate and fatigue.
Another design optimization technique for a double-girder
overhead crane (DGOC) was proposed in [11]. Structural
design calculations were proposed by F. E. M Rules and
DIN standards to confirm the stress and deflection values.
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Then the crane design was modeled using both solid works
and finite element analysis (FEA). By comparing FEA and
conventional calculations, the analysis related to quadratic
shell elements gave the most accurate results. The design
optimization methodology proposed by Zuberi et al. [12]
was to start the process by feeding crane specifications and
previously defined box girder design variables into the
early designed computational spreadsheet in MS Excel.
Then taking the best design variables set from the spread
sheet and using the design optimization simulations to
compute optimal volume of the girder. But the actual
vertical deflection exceeded the allowable deflection in all
results. Kastratovic and Mijailovic [13] dealt with the
problem of optimization of cross section in lattice boom of
tower crane; the total mass of the structure was taken as the
objective function. Pinca et al. [14] analyzed the tension
and deformation form of an overhead crane bridge struc-
ture using the COSMOS software which enables the
making of evolved finite items—shell-type with three or
four nodes per element. It provided enough data and
valuable solutions for the analysis required in case of finite
items. Sun et al. [15] reached an optimal design of a LD-A-
type crane beam structure applying 3D simplified
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crossbeam models. Gasi¢ et al. [16] investigated the
determination of relationships among geometric parame-
ters to get the optimal shape of the cross section of the
girder of the crane. Lerga [1] firstly built a crane model
using conventional calculations technique and then he
proposed another two models. In these models the possible
variants for reducing the mass of the first initiated model
have been studied. The key concept of the new designs
originates from the well-known idea that positioning the
primary girder rails above one of the primary girder side
plates will lead to a reduction in the bridge structure mass.
Two types of holes were cut at side plate. A significant
mass reduction was achieved, but the holes became stress
concentration areas. Suratkar et al. [17] assumed a section
for certain girder capacity, then manual calculations were
done for checking with finite element results and compar-
ison, but there was a suitable low weight design without
exceeding design constraints such as the allowable vertical
deflection. An energy-saving optimization design by means
of FEA was performed by Yifei et al. in [18] using
ADMAS and MATLAB software. Shape, size and topol-
ogy optimization were studied proposing shape, size, and
topology optimal mathematical models. The results showed
a great reduction of total crane mass by using the FEA and
optimization technology premised on the design necessities
of cranes as stiffness and strength. Deli¢ et al. [19] made
conventional calculations and then designed the basic
model structure of bridge crane taking into consideration
the working area allowed for the motion of the crane, the
length of the bridge crane, and the range of motion of the
bridge as important limitations. Numerical analysis of the
3D finite element in the software CATIA V5 was made.
Error ratio between analytical and FEM analysis was large
for stress and deflection values. Wang et al. [20] attained
the crane girders optimal design using an improved genetic
algorithm floating-point encoding technique. Lagaros and
Papadrakakis [21] presented a critical valuation of three
meta-heuristic optimization algorithms, namely differential
evolution, harmony search, and particle swarm optimiza-
tion. These were used to get real-world structures optimum
design. The suggested method was applied to an overhead
crane structure using FEA simulations.

To the best of our knowledge, the weighted decision
matrix optimization technique was not considered before in
DGOC structural design optimization. Further, the crane
weight, deflection, and stress concepts which are the most
significant performance indicators are taken into account in
this study to reduce crane cost and enhance its perfor-
mance. In this work the structural calculations of crane
girder design were made using excel program for 280 crane
case studies, then the weighted decision matrix technique
was used for optimization without exceeding design limi-
tations to infer the girder section dimensions with three

concepts, and these concepts are minimum weight, mini-
mum deflection (high stiffness), and minimum stress. After
that, FEA was used to verify the best model design in each
concept.

This paper is divided into six sections. The first section
is the introduction. In section two the weighted decision
matrix is introduced, in section three FEA method is pre-
sented, then experimental work and results is summarized
in section four, DGOC manufacturing and testing is shown
in section five, and finally conclusions and future work are
drawn in section six; this is followed by the references used
in this work.

Weighted Decision Matrix

Weighted decision matrix theory is based on the utility
theory which develops values for usefulness and proba-
bility theory which assesses our state of knowledge. It is an
optimization technique related to the study of identifying
and choosing alternatives based on the values and prefer-
ences of the decision maker. Decision theory has been
applied more to business management situations. When
being faced with situations, in which a choice has to be
made between different alternatives, the use of weighted
decision matrix is recommended; the potential for future
applications of decision matrix in the engineering design is
very strong [22, 23]. Weighted decision matrix has been
used in engineering field as design of engineering parts
[24]. For example, Zeiller and Edlinger [25] used the
decision matrix to provide management with a simple easy
tool without having to perform complex and time intense
analysis concerning a design of a re-configurable assembly
fixture.

Making a decision implies that there are alternative
choices to be considered, and in such a case where it is
required not only to identify as many of these alternatives
as possible but to choose the one that best fits with the
goals. Weighted decision matrix is used to evaluate the
competing design concepts by ranking them with weight-
ing factors and scoring the degree to which each design
concept meets the criteria. Thus, it works as a qualitative
tool to evaluate the alternatives [26].

Weighted decision matrix contains many steps; the first
step is to identify the criteria; the more specific the criteria
are, the better will be the results of the evaluation, and it is
also desirable to have the criteria that are independent of
one another. The second step is to rank and weigh the
criteria; some criteria are probably more important than the
others. The relative ranking of the criteria will cer-
tainly affect the evaluation. It is therefore preferable to find
out a way of assigning weights to the criteria based on their
relative preferences and values; the sum of weights of all
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criteria must be 100%. The third step is calculating the rate
of each criterion by normalizing the criterion value by its
maximum allowable value. The fourth step is to calculate
criterion score; this is achieved by multiplying the weight
of each criterion by its rate. Then the overall score is cal-
culated; the overall score is the sum of the overall score for
a particular design concept. The overall score with the
lowest value represents the optimum design case. Finally,
going back and reviewing how the values were assigned or
weighted to certain criteria may take place until reaching
more meaningful results [22, 23, 26]. Those steps are
illustrated in Fig. 2, and the mathematical representation is
illustrated in Egs. (1), (2), and (3).
Let:

n;: the selected criterion, i = 1, ..., m. Where m is the
number of selected criteria.

n; - maximum allowable value for criterion n;.

w;: rank or weight factor assigned to criterion number i.

Ri = ni/nia (1)
Sl’ = R,' * Wi (2)

where S;: score of criterion number i; R;: rate of criterion
number 1.

S, = Em:S,- 3)
i=1

where §;: overall score.

Finite Element Analysis Method

FEA has many applications in the engineering field [27].
FEA starts with the preprocessing stage where the geo-
metric domain of the problem, the element type, the
material and geometrical properties of the elements,
boundary conditions, and the loadings are defined. In the
solution stage, FEA software assembles the governing
algebraic equations in matrix form and computes the
unknown values of the primary field variable (s). The

Fig. 2 Weighted decision
matrix steps

~N
Step (1)

Identify the criteria |

J

Step (6)
Select the optimum
case with the minimum
overall score
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computed values are then used by back substitution to
compute additional derived variables, such as reaction
forces, element stresses, and heat flow. The third stage is
post-processing, where equilibrium checking, factors of
safety calculations, plot of deformed structural shape,
dynamic model behavior animation, and color production
take place. Figure 3 presents a simplified view of the
physical simulation process. Body model is divide into an
equivalent system of many smaller bodies or units (finite
elements) interconnected at points common to two or more
elements (nodes) and/or boundary lines and/or surfaces
[28-30]. Finite elements can be a primitive structural,
continuum, special, macro-elements, and substructures, as
illustrated in Fig. 4.

Experimental Work

Experimental work contains three main steps which start
with structural design calculations for the 280 crane case
studies, followed by applying the weighted decision matrix
technique for sake of optimization, and a verification of the
work was presented using FEA technique. A summary of
experimental work is illustrated in Fig. 5.

Structural Design of Double-Girder Overhead
Crane

The principal loads in the design process are dead load,
trolley load, and lifted load. The dead load was represented
by the weight of all effective parts of the bridge con-
struction, the machinery parts and the fixed equipment are
sustained by the structure. While the trolley load represents
the weight of the trolley with its attached equipment, the
lifted load consists of the working load and the lifting
device weight which used for handling and holding the
working load such as the load block [31].

~

Step (2)
Set the weight factor
for each criterion
based on the required

concept )

Step 3)
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criterion rate

|

N

Step (5) Step (4)
Calculate the overall Calculate each
score criterion score
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Fig. 4 Examples of: a primitive structural elements, b continuum element. ¢ Special element, and d macroelement, reproduced from [28]

Crane Specifications and Parameters

The overhead electric crane contains three primary
motions. These motions are hoisting, long travel and cross
travel. A double-girder EOC is built of welded box-type
structure with a steel plate. A double box girder is fitted to
the end carriage assembly. A trolley assembly is placed on
the rails which are welded to double box girder [17]. The
major calculations pertain to DGOC, by Indian Standard
Rules (ISR) 807: 2006, and Egyptian Code Practice (ECP).
ISR were used in this work because of its availability,
clearness, and being widely used in previous literature. The

crane has normal duty cycle main load capacity 10 ton. The
major crane parameters are listed in Table 1. The main
dimensions are shown in Figs. 6 and 7.

In DGOC, there are two identical main girders, each one
is 23,412 mm long and consists of the top flange, the
bottom flange (thickness 10 mm, width 550 mm), side
plates (thickness 6 mm), and main and aux diaphragms
(thickness 6 mm). The mass of a single main girder is
5706 kg; the major components (elements in assembly) of
the girder are shown in Fig. 8 based on the part number
mentioned in Table 2, and the cross section is shown in
Fig. 8 also.
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Fig. 5 Experimental work main steps

The different elements and dimensions of the main beam
in Figs. 6 and 7 were named as follows:

H: girder height; H;: height of supporting cross section;
B: flange width; h: inner crane height; tw: web thickness; tf:
flange thickness; b: inner width; M: crab base; c: chamber
length; a: main diaphragms distance; a;: aux diaphragms
distance.

Design Constraints

For rigidity necessities the following maximum values for
the deflection of the crane girder must normally not be
exceeded in order to avoid undesirable dynamic effects,
and to secure the function of the crane [32]. For a bridge
crane the vertical deflection which is defined as the maxi-
mum permissible deflection ratio allowed for a lifting
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device is usually equal to L/700 (few specs require L/900),
where L is the span of the bridge crane. The horizontal
deflection which is the maximum deflection ratio allowed
for a bridge crane or runway should be L/600 [31]. Certain
design constrains were used in this work for a welded box
girder [12]; these constrains are as in the following:

Ratio L/b should not exceed 65.

Ratio A/tw should not exceed 240.

Ratio b/tf should not exceed 60.

‘a’ should not exceed depth 4 of the section.
‘Hy’ should be 0.35 h to 0.4 h.

‘¢’ should be 1/8 th to 1/6 th of L.

tdia is kept between 2 and 6 mm [12].
where

tdia: diaphragm thickness,
defined earlier in this work.

other parameters were

Crane Case Studies Preparation

Starting with crane height H equals to 950 mm to the first
10 crane cases, then increasing H with 10 mm step to the
next ten crane cases, and so on, till H equals to 1250 mm to
the last ten crane cases. Flange thickness #f was taken as 10,
12, and 14 mm. Web thickness rw was taken as 6, 8, and
10 mm. Geometric constraints were applied as in Eqgs. (4),
(5) and (6) [12], and summarized in Table 3. Hence, 280
crane case studies were prepared.

% <25 (@)
% <60 (5)
B

i <60 (6)

Other Notations used in calculations:

Tc: trolley wheel center to center, Wd: design Load, Wg:
self-mass of girder, Wr: self-mass of trolley, Wcr: self-mass
of crane, Wwm: maximum wheel load, Wec: self-mass of
end carriage, M1: bending moment due to live load, M2:
bending moment due to self-mass of girder, Mmax: maxi-
mum bending moment, Z: section modulus, a,;: allowable
stresses, 0p: maximum bending stresses, Ixx: moment of
inertia at X-axis, R: rated capacity, S.F: service factor, y:
dynamic coefficient factor ( = 1.32), D.F: duty factor
(D.F. = 1.06) [32], RA: tangential force used to calculate
shear stress, Mt. torsional moment, p;: inertia force, g;:
inertia force in the opposite direction, e: center distance
between diaphragm 1 and diaphragm 2, 7.4 equivalent
Stress, torion: torsional stress, Tq,: shear stress, f; maximum
static deflection, f,: allowable static deflection, Ay : live
load deflection, Apy: dead load deflection.
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Table 1 Parameters of 10 ton capacity crane type

Description Values
Rated capacity 10 ton
Crane span 23,412 mm
Lifting height 7900 mm
Crane working class C

Trolley working class M5

The number of constant stress cycles (N) 2,000,000
Main girder cross section area 23,960 mm?>
Main girder mass 11,412 kg
Trolley weight 2500 kg
Trolley wheel distance from center to center (M) 1300 mm

Moment of Inertia at X-axis. I x—x (mm4)
Moment of Inertia at Y-axis. I y—y (mm®*)

Crane structure material

4,289,452,000 mm*
1,044,135,720 mm*
St 37

't R P
i
L
: L
Sec A-A
1
% 498 &4
S =
o Ll e =
t tw &1
¥ + ot
— | —
+
t
Fig. 6 Metal structure with major dimensions [1] é
- 550
1 fad
—-QlTQ 1—-’
i ‘ ’ ‘ ‘ Fig. 8 Main girder cross section
[ ¢ X —— Table 2 Main Girder major component
\
Part No. Component Quantity
a & 1 Side plate 2
- 2 Top flange
Fig. 7 Main girder partial view, reproduced from [1] 3 Bottom flange 1
Structural Design Calculations Steps 4 Diaphragm 1 19
5 Diaphragm 2 28
(1) Design load calculations
First design load was calculated using Eq. (7). Then the
maximum wheel load was calculated as in Eq. (8). Wd = (Wt +Rc) x ¥ (7)
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Table 3 Geometric constraints

Geometric constraint Value

950 < H < 1250
10<i <14
6<mw<10

Crane height (mm)
Flange thickness (mm)
Web thickness (mm)

(8)

Wd + Wt
Wwm = ¥ % (;>

4

(2) Bending moment and bending stress calculations

The bending moment due to live load was calculated using
Eq. (9). Calculations of bending moment due to self-mass
of girder were done using Eq. (10). Then the maximum
bending moment was calculated using Eq. (11); the
maximum bending stress was obtained using g,y
Egs. (12), and (13). The maximum bending stress should
not exceed the allowable bending stress that was proposed
as o, = 154 N/mm? [33].

o ((Wd) «(L- (%))2> ©)

8xS
M2 = (Wg * L) (10)
8
Mmax = M1 + M2 (11)

oy — (W?""’“) (13)

0y < Oan (14)

(3) Shear stress calculations

Calculations of shear stress were done using Eq. (15). The
tangential force RA used in shear stress calculations was
defined for two cases: (a) when one of the crab wheels was
right on the corresponding support as in Fig. 9a, (b) Crab
was in the mid-span as shown in Fig. 9b. RA can be
calculated from Egs. (16) and (17) according to the case (a)
or case (b) respectively. Equation (18) shows that the
allowable shear stress should not be exceeded. Allowable
shear stress was proposed 1, = 84 N/mm? [33].

- (th,w) (15)

RA:P*<2—<%>)+O.5*GM (16)
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Fig. 9 Evaluation of tangential forces RA: a one of the crab wheels is
right on the corresponding support, b crab is in the midst

RA = (ZPJ;GM> (17)

where P = Wwm = 56 KN; GM = 0.5 Wg = 44 KN; and
Tc = 1300 mm.

T < Tan (18)

(4) Torsion stress calculations

In calculations of torsion stress, the maximum torsion
stress in random torsion of a closed box is defined, and it
could be calculated for supporting cross sections as in
equations from Eqgs. (19) to (24). fiomion 1S in the wall midst
as shown in Fig. 10. Equivalent tangential stress in support
cross section is defined as a sum of shear and torsion
stresses and calculated from Eq. (25).

Mt
Tortion = <m> (19)

where
Wt = 2b x h x tw - resistive characteristics (20)
Pi
: ol !
aiL Pi | 2 |
-l i
| o |
i i qiL
(@) — T T T—

Fig. 10 Inertia loading in the main girder: a supported cross section,
b main cross section
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Mt = (qi*xLxe)— (P;xh/2) (21)
where

qi =0.1x% (Gé%) (22)
Pi=0.1%2%P (23)
e=05%(H—h) (24)
Teq = tortion + Tsh (25)

(5) Stiffness checking calculations

In stiffness checking step, two stiffness checks were made,
static and dynamic. Static check verifies maximum static
deflection f of the construction under static loading of the
actual load and crab allowable vertical deflection f,; = %
[32] using Egs. (26) and (27). The maximum static
deflection f should not exceed allowable deflection as in
Eq. (28).

0.5« Wwm x4 % [?
p— <
f ( 2 %48 % E * Ixx ) <fan (26)
fur = L/750 (27)
f<fa (28)

where E is the elastic modulus of steel, it equals
210,072 MPa. Ixx, Wwm, and L were defined earlier in this
work.

(6) Camber calculations

The girder was cambered to an amount approximately
equal to the dead load deflection Ap; plus one-half the live
load deflection Aj; as shown in Fig. 11. And it was
calculated as in equations from Egs. (29) to (31).

Wg * L3
App = | —2>—— 2
PL <2*48*E*Ixx> (29)
Wwm * 4 % L3
Au = (2 * 48 % E * Ixx) (30)
Camber value = App +0.5A1L (31)

Hence, stress, deflection, safety and camber were
calculated without exceeding their allowable values.
Figure 12 shows a part of the Excel program designed to
make calculations for the crane 280 case studies.

The optimization of girder depth along the span has also
been considered by including web thickness and crane

Casn;‘:epreed \ ‘ Camber = A+ %Al

\—Original Shape

Fig. 11 Camber scheme

height variables. These two parameters reduce sufficient
amount of weight under limitations imposed by design
constraints.

The results of crane structural design were mentioned in
the following:

Table 4 shows the parameters and calculation results of
the optimum design of the crane girder dimensions with
minimum weight concept, which was Case 1A; another two
cases are shown for comparison (Case 2A, and Case 3A).
The results of the all 280 case studies didn’t exceed the
allowable stresses. While the girder weight had the mini-
mum value in Case 1A, it had the midst values of maxi-
mum bending stress and maximum deflection.

Table 5 shows the parameters and calculation results of
the optimum design of the crane girder dimensions with
minimum deflection concept, which was Case 1B; another
two cases were shown for comparison (Case 2B, and Case
3B). The results of the all 280 case studies didn’t exceed
the allowable stresses. Case 1B had the smallest deflection,
the smallest stress, and the smallest weight values. How-
ever, Case 1B was much higher in weight than Case 1A but
with much less deflection value.

Table 6 shows the parameters and calculation results of
the optimum design of the crane girder dimensions with
minimum stress concept, which was Case 1C; another two
cases were shown for comparison (Case 2C, and Case 3C).
The results of the all 280 case studies didn’t exceed the
allowable stresses. Case 1C had the smallest deflection and
the smallest stress values, but the weight value was the
highest among the cases Case 1C, Case 2C, and Case 3C.
However, Case 1C is much higher in weight than Case 1A;
also Case 1C had a stress value greater than Case 1B.

Hence, for minimum weight and minimum cost Case 1A
was the optimum. However, for minimum deflection and
minimum stress Case 1B was the optimum but with much
higher weight than Case 1A.

Design Optimization Using Decision Matrix
Technique

After calculations were done to the 280 crane case studies,
three concepts were applied for optimization: minimum
weight, minimum deflection, and minimum stress. The
selected criteria to be used by decision matrix to obtain the
optimum crane design in all concepts were bending stress,
shear stress, girders weight, and deflection. The four cri-
teria were given a weight factor based on the desired values
and preferences according to the optimization concept, as
shown in Table 7.

The weight factor values used in Table 7 related to
minimum weight concept were assumed giving a large
percentage to the girder weight of 74% to reduce the girder
weight as possible with acceptable stress and deflection
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ol DOUBLE GIRDER OVERHEAD CRANE DESIGN

1.0 INPUT DATA FOR DOUBLE GIRDER OVERHEAD CRANE

SPAN 20m to 32m & CAPACITY 10TON TO 50TON

APPLIED FORCES GEOMETRIC CONSTRAINTS
Crane span 23412 mm Crane height (mm) 950 < H < 250
_ iy R r Flange thickness (mm) < tf < 4
ted Capact 10000 {
by () J Web thickness (mm) 6 < tw <
(] 1.25
End trucks weight 19 KN
Trolley hoist weight 25.00 KN
W hasls spacing (Te 1300 mm = pi
MECHANICAL PROPERTIES i
Steel grade Sta7 TC J
|
Fy 24 t/em2 =
Fu 36 t/em2
E 210071.7 N/mm?2
2.0 CALCULATION RESULTS:
Name Values
H 1100 Outer crane height
h 1080 Inner crane height
B 550 Outer width 550
b 498 Inner width
tf 10 Flange thickness T
tw 6 Web thickness
2.2 calculate stresses
Applied Allowable o
2.2.1 Maximum bending stress  N/mm2 88 154 e =~ 8
2.2.2 Maximum shear stress  N/mm2 10.09 84 .
2.2.3 Teg=Ttorsion+Tsh 10.10 84
2.2.5 Max deflection (b) mm 17 3
2.2.6 Safety Factor (S.F) 2.7 1.5
2.2.7 Camber mm 30 *
[ ]
I 10
Crane weight (Kg) | 15925

Fig. 12 Structural design calculations in excel program

values, while the values related to minimum deflection
concept were assumed giving a large percentage to the
deflection criterion to get the minimum possible deflection
with acceptable weight and stress values. However, the
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weight factor values related to minimum stress concept
were assumed giving a large percentage to the stress cri-
teria (shear stress and bending stress) to get the minimum
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Table 4 Parameters and calculation results with minimum weight concept

No Parameter Case 1A Case 2A Case 3A
1 Span (mm) 23,412 23,412 23,412
2 Crane height (mm) 1100 1020 1180

3 Outer width (mm) 550 554 550

4 Flange thickness (mm) 10 10 12

5 Web thickness (mm) 6 8 6

6 Maximum bending stress (N/mmz) 88 91 73

7 Maximum shear stress (N/mm?) 10.1 8 9.5

8 Max deflection (mm) 17 18 12

9 Girders weight (kg) 11,412 12,600 12,700
Table 5 Parameters and calculation results with minimum deflection concept

No Parameter Case 1B Case 2B Case 3B
1 Span (mm) 23,412 23,412 23,412
2 Crane height (mm) 1250 1200 1220

3 Outer width (mm) 558 554 554

4 Flange thickness (mm) 14 12 14

5 Web thickness (mm) 10 8 8

6 Maximum bending stress (N/mm?) 62 71 65

7 Maximum shear stress (N/mmz) 5.95 7.3 7.3

8 Max deflection (mm) 8 10.9 9.5

9 Girders weight (kg) 17,429 18,900 19,800
Table 6 Parameters and calculation results with minimum stress concept

No Parameter Case 1C Case 2C Case 3C
1 Span (mm) 23,412 23,412 23,412
2 Crane height (mm) 1100 1090 1070

3 Outer width (mm) 558 558 550

4 Flange thickness (mm) 14 14 12

5 Web thickness (mm) 10 10 6

6 Maximum bending stress (N/mm?) 72 72 82

7 Maximum shear stress (N/mm?) 6.66 6.7 10.5

8 Max deflection (mm) 11 11.5 15.6

9 Girders weight (kg) 16,223 16,200 12,100

possible stress with acceptable weight and deflection
values.

The sum of weight factors should be 100. The weight
factor was multiplied by the criterion rate to get the score
of each criterion. Then the total score was computed for the
same crane case study by summing the score of all criteria.
At last the total score of the 280 crane case studies was in
hand. The case study with the minimum total score rep-
resented the optimum design case in each concept.

The results of design optimization using decision matrix
were mentioned in the following:

The optimum crane design with minimum weight con-
cept after applying the weighted decision matrix is shown
in Table 8, which was Case 1A that had the minimum total
score. Another two cases were shown for comparison (Case
2A, and Case 3A).
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Table 7 Weight factor with different optimization concepts

Criterion

Weight factor (%)

Minimum weight concept

Minimum deflection concept

Minimum stress concept

Shear stress 10 10 30
Bending stress 7 10 30
Weight 74 20 20
Deflection 9 60 20
Table 8 Results for three cases of crane girder (minimum weight concept)
Decision model Alternatives

Case 1A Case 2A Case 3A
Criterion Weight (%)  Criterion value  Criterion Score  Criterion value  Criterion Score  Criterion value  Criterion Score
Bending stress 7 88 0.0400 71 0.0414 73 0.0332
Shear stress 10 10.1 0.0120 7.3 0.0095 9.5 0.0113
Girders weight 74 11,412 0.5484 18,900 0.6055 12,700 0.6103
Deflection 9 17 0.0494 10.9 0.0523 12.4 0.0360
Total 100 0.6497 0.7086 0.6908

The optimum crane design with minimum deflection
concept after applying the weighted decision matrix is
shown in Table 9, which was Case 1B that had the mini-
mum total score. Another two cases were shown for
comparison (Case 2B, and Case 3B).

The optimum crane design with minimum stress concept
after applying the weighted decision matrix is shown in
Table 10, which was Case 1C that had the minimum total
score. Another two cases were shown for comparison (Case
2C, and Case 30).

Design Verification Using Finite Element Analysis

The optimum crane design related to each concept was
modeled as a solid. Solid modeling of DGOC had been
done as per above technical specifications. The solid model
is shown in Fig. 13. For getting the results from stress

analysis, the following tasks were performed, first the
material for each part of the box girders was assigned, St37
material had been selected, the safety factor as the yield
strength was set, and the maximum permissible yield
strength value had been set to 154 N/mm?. The maximum
allowable deflection was found 31 mm (Span/750) as per
Indian standard IS-807:2006 [32]. After that, the boundary
conditions had been set as fixed constraint. Contact con-
ditions of the box girder were set to bonded (welded). Two
remote loads of 56 KN had been applied on the top flange
of the girder, and the gravity force had been applied as
well. Later, a mesh was created. A four-node tetrahedral
element was used for FEA, the number of nodes created
were 97 and the elements were 95. In this study, 3D beam
type element was used.

Results of design verification using FEA were men-
tioned in the following:

Table 9 Results for three cases of crane girder (minimum deflection concept)

Decision model Alternatives
Case 1B Case 2B Case 3B

Criterion Weight (%)  Criterion value  Criterion Score  Criterion value  Criterion Score  Criterion value  Criterion Score
Bending stress 10 62 0.0403 71 0.0461 65 0.0422

Shear stress 10 5.95 0.0060 7.3 0.0087 7.3 0.0087

Girders weight 20 17,429 0.2264 18,900 0.2455 19,800 0.2571
Deflection 60 8 0.1548 10.9 0.2110 9.5 0.1839

Total 100 0.4274 0.5112 0.4919
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Table 10 Results for three cases of crane girder (minimum stress concept)

Decision model

Alternatives

Case 1C Case 2C Case 3C
Criterion Weight (%)  Criterion value  Criterion Score  Criterion value  Criterion Score  Criterion value  Criterion Score
Bending stress 30 72 0.1403 72 0.1403 82 0.1597
Shear stress 30 6.66 0.0228 6.7 0.0239 10.5 0.0375
Girders weight 20 16,223 0.2107 16,200 0.2104 12,100 0.1571
Deflection 20 8 0.0416 10.9 0.0703 9.5 0.0613
Total 100 0.4154 0.4449 0.4157
of the girder was about 39.6 mm. The maximum shear
stress of the girder was 6.2 N/mm? as shown in Fig. 16.
Safety factor values are shown in Fig. 17. Moment plot in
y and z directions is shown in Figs. 18 and 19, and shear
1l force in y directions is shown in Fig. 20. Table 11 presents
a comparison between allowable values of the selected
criteria as per ECP for steel and ISR: 807, FEA results,
calculations results, and the error ratio. Maximum error
ratio was 12%.
s Applying the minimum deflection concept, the maxi-

Fig. 13 Loads and boundary conditions on crane girder

Applying the minimum weight concept, results from a
3D girder model with 3D beam element using the girder
solid model generated by means of solid works software
package were: the maximum bending moment was occur-
ring at the mid-span of the girder. The maximum bending
stress of the complete box girder was 90.3 N/mm? as
shown in Fig. 14. The displacement (deflection) of the
modeled overhead crane girder was obtained from FEA,
and it was occurring at the mid-span of the girder, as

illustrated in Fig. 15. The value of maximum displacement

Fig. 14 Values of bending
stress (Case 1A)

Model name:crane23412
Study name Static 2¢-Default<As Machined>-)
Aot type Adal and bending Stress1

Deformation scale: 591455

mum bending moment occurred at the mid-span of the
girder. The maximum stress of the complete box girder was
65.8 N/mm?, it was depicted in Fig. 21. The displacement
of the modeled overhead crane girder was obtained from
FEA, and it was occurring at the mid-span of the girder, as
illustrated in Fig. 22. The value of maximum displacement
of the girder was about 25.1 mm. The maximum shear
stress of the girder was 4.5 N/mm? as in Fig. 23. Moment
plot in y and z directions is shown in Figs. 24 and 25, and
shear force in y directions is shown in Fig. 26. Table 12
presents a comparison between allowable values of the
selected criteria as per ECP for steel and IS: 807, FEA

Axial and bending (N/mmA2 (MPa)
903
l 753
. 60.2
. 452
. 301

L 151

Max: 90.3 | 452

-60.2
153
-90.3

P Yield strength: 235
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Fig. 15 Displacement values
(Case 1A) Model name:crane2 3412

Study name Static 2(-Default<As Machined>)
Flottype: Static displacement Disph cementl
Deformation scale: 55.1455

URES (mm)

396

l i

Fig. 16 Shear stress values

(Case lA) Model nameicrane2 3412
Study name Static 2(-Default<As Machined>-)

Flot type: Shear in DIR 1 Stress2

Defomation scale: 59.1455

Shear in DIR 1 (N/mmA2 (MPa))
62

l "

. 413

- 3.08

L 209
313
-4.16
5.2
623
Y
z‘i‘x
Fig. 17 Maximum and
ini Model name:crane23412
minimum values of Safety factor Study name:Static 2(-Default<As Machined>-)
Plot type: Factor of Safety Factor of Safetyl
(Case IA) Criterion : Automatic
Factor of safety distribution: Min FOS = 2.6
FOS
102
935
853

- 357

. 181

I 109
26
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Fig. 18 Moment plot in
y direction (Case 1A)

Fig. 19 Moment plot in
z direction (Case 1A)

Fig. 20 Shear force in
y direction (Case 1A)

Moment sbout Dir2 Pm)

ke

results, calculations results, and the error ratio. Maximum
error ratio was 36%.

Applying the minimum stress concept, the maximum
bending moment occurred at the mid-span of the girder.
The maximum stress of the complete box girder was
78.9 N/mm?; it is depicted in Fig. 27. The displacement of
the modeled overhead crane girder was obtained from

FEA, and it is occurring at the mid-span of the girder, as
illustrated in Fig. 28. The value of maximum displacement
of the girder was about 35 mm. The maximum shear stress
of the girder was 5 N/mm? as in Fig. 29. Moment plot in
y and z directions is shown in Figs. 30 and 31, and shear
force in y directions is shown in Fig. 32. Table 13 presents
a comparison between allowable values of the selected
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Table 11 Comparison between allowable values, FEA, and calculations results (Case 1A with minimum weight concept)

No Description Allowable Calculation results FEA Error ratio
values results (%)
Maximum bending stress (N/mm?) 154 88 90.3 2.5
Maximum shear stress in midst (N/mm?) 84 6 6.2 3
3 Maximum displacement in Y-direction 31 17 mm (with camber) 34 mm (without 39.6 12
(mm) camber)
4 Minimum safety factor 1.5 2.7 2.6 3.7

Fig. 21 Maximum and
minimum values of bending
stress (Case 1B)

Fig. 22 Maximum
displacement value (Case 1B)

A
criteria as per ECP for steel and ISR: 807, FEA results, The safety factor was higher than its value in ECP for
calculations results, and the error ratio. Maximum error  steel for all concepts of optimization, maximum bending
ratio was 37%. stress and maximum shear stress were much smaller than

the allowable parameters values. Though, the deflection
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Fig. 23 Maximum values of
shear stress (Case 1B)

ShMINDIR 1 DUBRAL M

Fig. 24 Moment plot in
y directions (Case 1B)
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Fig. 25 Moment plot in
z directions (Case 1B)
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Fig. 26 Shear force plot in
y direction (Case 1B)

e

Table 12 Comparison between allowable values, FEA, and calculations results (Case 1B with minimum deflection concept)

No Description Allowable Calculation results FEA Error ratio
values results (%)
Maximum bending stress (N/mm?) 154 62 65.8 5.7
Maximum shear stress in midst (N/mmz) 84 5 4.5 10
Maximum displacement in Y-direction 31 8 mm with camber 16 mm without 25.1 36
(mm) camber
4 Minimum safety factor 1.5 39 3.8 2.5

Fig. 27 Maximum and
minimum values of bending
stress (Case 1C)

A

value was smaller than the allowable value in case of the
minimum deflection concept only, but by making a camber
a substantial decrease in deflection values was realized.
Even though there was large difference between ana-
lytical calculation of maximum displacement and FEA,
stress results are matching 10% or less in Tables 12 and 13.
By referring to the values of the applied bending and shear
stress in the cases Case 1A, Case 1 B, and Case 1 C (in
Tables 11, 12, and 13), it was found that the highest value

@ Springer

was in Case 1A which led to the highest deflection value;
hence the error between the FEA results and the theoretical
calculations results without a camber was much less than
the other two cases (CaselB and CaselC). On the other
hand, the values of bending and shear stress in CaselB and
CaselC were less than Case 1A, then the resultant deflec-
tion is small without a camber and the error was larger in
these two cases. Further, analytical calculations gave a
maximum displacement value that was acceptable and less
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Fig. 28 Maximum
displacement value (Case 1C)

Fig. 29 Maximum values of
shear stress (Case 1C)

Fig. 30 Moment plot in
y direction (Case 1C)

c

than the allowable value, especially after using a camber.
While FEA gave a maximum displacement value that was
acceptable and less than (as in Table 12) or slightly greater
than (as in Table 13) the allowable value.

In FEA all the available variables were taken into con-
sideration while simulation, in a trial to reach the real crane
case. While in analytical calculations the mathematics were
simplified. In addition, according to the strength of mate-
rials the stress in a body is assumed to be concentrated, but

in reality it is distributed. Also, the accuracy of FEA
increases with the increase of element number in the mesh.

DGOC Manufacturing and Testing
The results of this work and the optimized crane case study

related to minimum weight concept (Case 1A) had been
manufactured in Elmarakby steel company. The sequence

@ Springer
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Fig. 31 Moment plot in
z direction (Case 1C)

Fig. 32 Shear force plot in
y directions (Case 1C)

AL

Table 13 Comparison between allowable values, FEA, and calculations results (Case 1C with minimum stress concept)

No Description Allowable Calculations results FEA Error ratio
values results (%)
Maximum bending stress (N/mmz) 154 78.9 8.7
Maximum shear stress in midst (N/mm?) 84 54 10
Maximum displacement in Y-direction 31 11 mm with camber 22 mm without 35 37
(mm) camber
4 Minimum safety factor 1.5 3.8 2.5

of manufacturing operations were surface cleaning, cutting
and machining, punching and drilling, straightening, fitting
and reaming, fastening (welding), and finishing. The
resulted crane seemed to be encouraging as the optimized
girders were lighter than the other cranes of the same
capacity manufactured before or supplied in the prevailing
market.

The crane was weighed through a truck scale, and the
crane weight matched 105% of the theoretical weight
because of welded parts (The truck scale is a scale on
which the truck stands, and the scale is connected to a

@ Springer

computer room that calculates the weight). Before usage,
the operational test and the rated load test were performed
based on OSHA [34]. Where all crane motions were tested
under loads of 100%, and 125% of the rated capacity for
each hoist, trolley on the crane, and crane runway girder.
All limit-switches, and brakes of the crane were tested at
100% and 125% of the rated capacity. Fabrication and
erection of DGOC 10 ton are shown in Fig. 33a—c, and
testing is shown in Fig. 34a.
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Fig. 33 a, b Fabrication and
erection of DGOC 10 ton,
¢ DGOC was put in place

Fig. 34 a, b Testing of DGOC
10 ton

Conclusions and Future work

The DGOC structural design optimization had been per-
formed by using weighted decision matrix technique,
comparison among results of different crane case studies
was held, so optimum design of minimum weight, mini-
mum deflection, and minimum stress concepts was
obtained. Then, a comparison between the analytical cal-
culations followed by weighted decision matrix optimiza-
tion results, and the FEA results was investigated and the
results were almost similar. Hence, for minimum weight
and minimum cost Case 1A was the optimum. On the other
hand, for minimum deflection and minimum stress Case 1B
was the optimum but with much higher weight than Case
1A.

By comparing the allowable parameters of ECP for
steel, the results of weighted decision matrix and the results

T

i

(TR

R
[ Wil
¥

of FEA, it was inferred that the safety factor was higher
than the one in ECP for steel, the maximum error ratio was
12%, and it was obtained by applying minimum weight
concept; both maximum bending stress and maximum
shear stress were much smaller than the allowable param-
eters value in all optimization concepts. However, the
deflection value exceeded the allowable value except for
the minimum deflection concept, but by using a camber a
significant decrease in deflection values was achieved.
Therefore, weighted decision matrix can be considered a
promising optimization technique.

The crane design was also verified by manufacturing
and testing a real crane (Case 1A). Operational and rated
load tests were applied to the crane.

In future work, the motion dynamics of the crane will be
taken into consideration, and an advanced control tech-
nique will be selected to control the crane dynamics
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keeping crane deflection as minimum as possible. Real
values of deflection and stress will be measured and
compared to the theoretical and simulation values.
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