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This master thesis examines the runway beams with two spans of high-bay storages for full
and empty containers. The aim was to solve the lateral forces of a handling crane when the
masses and measures of containers and the handling cranes of containers were known. Based
on the obtained forces, possible critical risk factors are considered, and the dimensions and
durability of runway beams profiles are optimized according to load cases. The thesis subject
and initial values is provided from company Pesmel Oy. The written work includes the
equations and calculations of the forces caused by the movement of the handling crane, the
load cases and the beam optimization. It also present the implementation of the work and the
results of calculations.

Since a full container weigh significantly more than an empty container, a high-bay storage
structure for empty containers could be designed significantly lighter than a structure for full
containers. Bending and lateral-torsional buckling turned out to be the most critical risk
factors.

As a result of the work, it was determined that an optimized I-beam was perfectly suitable
for an empty container storage structure. However, according to the original conditions
provided by Pesmel Oy, the width of the beam flanges could not be changed due to the
dimensions of the existing surrounding structure of high-bay storages. As a result, the flange
thicknesses of the runway beams in a full containers storage structure had to be increased
unreasonably.
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Opinnaytetyossa tutkitaan taysien ja tyhjien konttien korkeavarastojen kaksiaukkoisia
kiskopalkkeja. Tarkoituksena oli selvittad siirtovaunujen liikkeiden aiheuttamat sivuttaiset
voimat, kun konttien ja siirtovaunujen massat ja mitat tiedettiin. Saatujen voima arvojen
perusteella mietittiin mahdolliset vaurioitumismuodot ja optimoitiin kiskopalkin profiilin
mitat ja kestdvyys kuormitustapojen suhteen. Aihe ja tyon alkuarvot on saatu yritykselta
Pesmel Oy. Kirjallinen ty0 sisaltdd siirtovaunuista aiheutuneiden voimien,
kuormitustapausten ja palkin optimoinnin laskennat kaavoineen, sekd tyon toteutuksen
esittelyn ja saadut tulokset.

Taysi kontti painoi huomattavasti enemman kuin tyhja kontti, jonka vuoksi tyhjan kontin
konttivaraston [-profiili voitiin suunnitella huomattavasti kevyemmaksi kuin taysien
konttien korkeavaraston I-profiili. Kriittisimmiksi vaurioitumismuodoiksi osoittautuivat
taivutus ja kiepahdus.

Tyon avulla selvisi, ettd tyhjien konttien konttivarastoon optimoitu I-palkki soveltuikin
loistavasti. Alkuehtojen mukaan palkin laippojen leveytta ei voitu kuitenkaan muuttaa muun
rakenteen vuoksi. Tastd johtui, ettd taysien konttien korkeavaraston laipan paksuutta
jouduttiin kasvattamaan kohtuuttomasti.
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SYMBOLS

Roman characters

A area of cross-section [mm?]
A’ above area of the point of cross-section [mm?]
A, area of section [mm?]
a distance of guide rollers [mm]
B bimoment [Nmm]
b width of flange [mm]
Curar3ia constants of integral

C width of cross-section [mm]
D1, D2 factor of loading case

d distance (crane centre and guide rollers) [mm]
E Young’s module [MPa]
€j distance (wheel pair and quide roller)  [mm]
Fx force in x-direction [N]

Fy force in y-direction [N]
Fyi total force of four wheels [N]

F, force in z-direction [N]

f non-positive factor

fy yield strength [MPa]
fn tensile strength [MPa]
G shear module [MPa]

Hu,i rail i longitudinal force (acceleration)  [N]



Hs,ijL rail i longitudinal force (skewing) [N]

Hsi . rail i transverse force (skewing) [N]
Hri rail i transverse force (acceleration) [N]

h height of I-beam profile [mm]
hw distance (centre lines of flanges) [mm]
K drive force [N]

k cross section parameter (torsion)

ko beam effective length factor

Ke beam warping length factor

It torsion constant [mm?*]
ly moment of inertia [mm?*]
I, moment of inertia [mm?]
It second moment of area [mm?]
lo warping constant [mm?]
io polar radius of inertia [mm]
Iy polar radius of inertia factor [mm]
Iz polar radius of inertia factor [mm]
L beam length [mm]
Ler buckling length [mm]
I span length [mm]
left effective loaded length [mm]
Is distance (centres of mass and torsion)  [mm]
Ir distance (wheels on different rails) [mm]

Mo torsion moment in middle of the beam [Nmm]



Mb,Rrd

MCI’

Mp
Mcrane
Nb rd
Ner

Ncr,T

Nr

Qc
Qrmax
Qy
Qyi
Qy.min
Qyimin

It

bending moment

allowed LTB moment
critical moment of LTB
moment of driving force
moment of torsion

total moment of torsion
moment of warping torsion
container mass

beam mass

crane mass

buckling force resistance

flexural buckling critical force

torsional buckling critical force

number of wheel pairs
number of rail beams
force ratio

total force by container
maximum wheel force
maximum total force

rail i total force
minimum total force

rail i minimum total force
uniform load

sector high

[Nmm]
[Nmm]
[Nmm]
[Nmm]
[Nmm]
[Nmm]
[Nmm]
[ka]
[kg/mm]
[kg/mm]
[N]

[N]

[N]

[%0]
[N]
[N]
[N]
[N]
[N]
[N]
[N/mm]

[mm]



S guide force [N]

Sm cross-sectional static moment [Nmm]
So sectoral static moment [mm?]
S sector width [mm]
tf thickness of flange [mm]
tw thickness of web [mm]
W, bending resistance [mm?]
Vsall allowed bending displacement [mm]
Vy displacement in y-direction [mm]
Vs displacement in z-direction [mm]
X the point on length of beam [mm]
Xs space between beam and guide rollers  [mm]
XFy helping quantity [N]

y wear factor [mm]
vy’ y-coordinate to area 4’ centre [mm]
Ya distance (shear centre/ load impact) [mm]
Yg distance (centre of gravity/ load impact) [mm]
Ys distance (shear and gravity centres) [mm]

Greek characters

a skewing angle [rad]
ar angle factor [rad]
ay skewing angle [rad]

CQlun uncertainty factor



Qo
YMO

M1

nt

Nw

AT
AsijL
AsijT

As

i

Oct
Ooy
Ox
Oy

0z

Toy

Ts

tolerance factor

safety factor for durability
safety factor for durability
coefficient depending on fy
moment influence curve value
height and width ratio of flange
height and width ratio of web
modified slenderness (buckling)
modified slenderness (LTB)
longitudinal force factor
longitudinal force factor

guide force factor

friction factor

rail i ratio of forces

density

total normal stress

compression or tension normal stress
local vertical compressive stress
total normal stress in x-direction
total normal stress in y-direction
total normal stress in z-direction
total shear stress

local shear stress

shear stress (shearing)

[kg/mm3]
[MPa]
[MPa]
[MPa]
[MPa]
[MPa]
[MPa]
[MPa]
[MPa]

[MPa]



Tt
Ttot

Tx

Tz

To

®o

@5

XLT

Constants

Subscripts

shear stress (torsion)

total shear stress (torsion)
total shear stress in x-direction
total shear stress in y-direction
total shear stress in z-direction
shear stress (warping torsion)
angle of torsion

individual solution

dynamic factor

reduction factor of buckling
reduction factor of LTB
sectoral coordinate of flange
auxiliary variable (buckling)

auxiliary variable (LTB)

gravitational acceleration

rail number

wheel pair number

Abbreviations

LTB

Lateral-Torsional Buckling

[MPa]
[MPa]
[MPa]
[MPa]
[MPa]
[MPa]

[rad]

[mm?]

9,81 m/s
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1 Introduction

The aim of this master’s thesis is to research and optimize runway beam in a massive high-
bay container storage structure. There are two types of these kind storages: one for empty
containers and one for full containers. Therefore, through this master’s thesis, two runway
beams will be found, one for each type of storage structure. Containers are 12 m long, but
empty containers are 27500 kg lighter than full containers. As a result, the runway beams in
the empty container warehouses will be designed to withstand much smaller loads and can

be designed lighter and cheaper than the runway beams of full container warehouses.

This study is made in co-operation with Pesmel Oy. The studied beam will be a 12 m long
welded I-beam. The idea of a container storage system by this company is totally new. For
initial information, the mass for a full container, an empty container and both handling cranes
was given and shown in table 1. In addition, it was decided that mass distribution is 10% for
empty containers and 10% and 50% for full containers. More information about mass

imbalance is given in section 2.1.

Table 1. Initial values of mass of parts.

Empty container 4 500 kg

Full container 32 000 kg
Crane for empty container 3300 kg
Crane for full container 6 000 kg

The calculations are made according to Eurocodes and the selected beams will be
experimentally tested after this thesis on the company’s premises. The written work includes
the calculation of forces caused by the movement of the crane and the optimization of the
runway beam meaning finding the most economical dimensions for the beam cross-section
considering the whole execution. This requires understanding of the directional forces at
different points in the cross-section and how those forces cause different load cases. Also, it

must be understood where the load cases cause the largest stresses in the cross-section or



15

beam length, to be sure that the beam does not suddenly fail at these points. For example, to
avoid failure due to high masses in huge storage structures, loading scenarios combined

stress at certain locations must be found, so cooperative durability can be examined.

1.1 Introduction of the runway beam and storage structures

The runway beam I-section is introduced in subsection 1.1.1. When optimizing the runway
beam, the surrounding structures of the beam must also be investigated. In this case research
focuses on the steel structure of the storage unit and crane which are introduced in
subsections 1.1.2 and 1.1.3. The steel structure of the storage unit supports the runway
beams. The beams are fixed to the steel frame columns by bolted bracket joints. The beams

handling cranes and cranes handle and transfer the loading from the containers.

1.1.1 Chosen welded I-beam

The total average amount of runway beam in the high bay storage structure will be about
14 000 m and this amount making it important to find a light and economical beam cross-
section without forgetting durability. When the amount of material increases, the cost of the
beam will also increase notably. The ratio of I-beam weight and durability with high loads
is usually inexpensive compared to other beam shapes in different applications. That is why
I-beams are generally used in storage applications. In addition, I-beams are manufactured
in many sizes and materials as a serial product, which makes it even cheaper. (YENA
Engineering 2022). The chosen beam material is S355, which is also easy to get from the

market. Steel S355 material properties are introduced in table 2.
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Table 2. Material properties of steel S355 (Franssen & Vila Real 2015, 407-408)

Material property Symbol Value
Yield strength fy 355 MPa
Tensile strength fn 510 MPa
Youngs module E 210 000 MPa
Shear module G 81 000 MPa
Density p 7850 kg/m?3

1.1.2 Structure of storage frame

The structure of both storages, where runway beams will be used, is two spans so there is a
column in both ends and one in middle like a figure 1 shows below. The span length between

the columns are 6000 mm and the distance between beams is 2893 mm.

Figure 1. The part of storage structure. The studied runway beam is marked with red.

Figure 1 shows that the runway beams will be on both sides of the columns, but only one
side is loaded at a time. The crane can move with one container at a time and the runway
beam is used only when a container is lifted into or out from storage. The runway beams are
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connected to the columns, but also runway beams can be connected together if its needed.
The tie members between beams will reduce example lateral-torsional buckling effects.

However unnecessary joints will cost more for company.

1.1.3 Crane

There is a maximum of two cranes that transport one container at a time. However, only one
will move on the rail while the other moves just to the point of the first column at the end or
start of transmission of a container. Figure 2 shows how one of these cranes will be placed

on the runway beams.

Figure 2. A simplified model of one crane. The green circles are wheels, and the black

silhouette represents a body of equipment. The colour of rail beams is grey in this figure.

The upper fixing points at the ends of containers are connected to the crane and containers
are transported only in one direction (in and out). There are four wheels on one side of the
crane, so there are eight wheels in total in one handling equipment and, all of them having
driving wheels. The distances of these four wheels are shown in figure 3. As shown in the
figure the distance of each wheel is about 600 mm and 1800 mm is maximum measure. The
wheels are made of rubber and are 100 mm wide. There are also four guide rollers. Two
rollers are in one side of crane. They keep crane on the rail and reduce lateral movements of
the crane. The distance of the guide rollers from the centre line is 1093 mm.
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Figure 3. Important dimensions of the conveyor. The box represents the crane viewed from

the side, circles are the wheels and smaller squares are the guide rollers. The grey line in the
middle of the crane represents the line where container will be connected.

1.2 The scope of the topic

The locations of the high-bay storages, pictures and drawings of the storage frames and the
structure of the crane are the company’s encrypted property, and for that reason they are not
shown on the thesis. The aim is to examine the basic I-beam profile and find the dimensions
for the beam, which can be a step towards finding an economically ideal section with regards
to material amount, manufacturing, transporting and erection. The dimensions of the
handling car and the structure of the storage frame require the flanges of runway beam to be
150 mm wide. Because of the beam manufacturing process, the I-beam flanges should be

same sizes.

The calculations do not need to take account of the connection details of the beam, welds of
the beam, forces by the guide rollers or fatigue. Fatigue is not considered because the
successive wheels cause the stress cycle of beam to not exceed 30 000 cycles during its
lifetime and according to Eurocode SFS-EN 1991-3 (2007, 33). When this is the case, fatigue
does not need to be calculated. The guide rollers may divide the vertical and lateral forces
between the wheels when the rollers affect the gravity center of the I-beam web. However,
it is not yet known how much guide rollers will distribute transverse forces and so all lateral
forces affect the top of beam on the flange. When forces are calculated at the top of the I-

beam at the wheel locations, torsion values increase, and lateral buckling is more critical. If
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the guide rollers act on the center of gravity, they don’t cause torsion. Therefore, it is safer

that the effect of the guide rollers aren’t taken account.

The thesis calculations are made without design and modelling programs because this it will
make it easier to see where stresses came from and where most critical load cases are located.
Today designers trust very much on modelling programs because they are well designed.
However, the user must understand the used program well, because sometimes modeling
mistakes are difficult to recognize and programs will handle structures, joints, or loading
phenomena differently than what is expected. That is why it is important to understand
strength theory and be able to verify critical structures hand calculations. At the same time
more can be learned about forces and stresses, as well as their magnitudes in different load

Ccases.

1.3 Motivation

General 1-beam optimization is interesting because its scope includes understanding that
every structure and load case requires different kinds of considerations. With I-beams, it
must be understood which dimensions improve the beams resistance under different load
cases. At the same time, though, improvement of resistance by increasing dimensions will
increase the weight and the costs of material. The challenge is to find the best compromise.
In this case, purpose is to make an innovation which will handle with massive forces. This
means that it’s even more important to understand where forces act and how they effect the

structure.

The topic is very instructive and can also give a deeper understanding to other kinds of beam
optimization. The thesis can be used as a guideline for future design and development of

high-bay storage structures and similar projects.
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2 Determination the forces of the rail beam

The loads of the runway beam consist of the section mass, the mass of the handling crane
and container which the crane is transferring, and the forces caused by the movement of the
crane. All masses cause vertical forces which are shown with a green arrow in the right side
of figure 4. Also, the coordinate system used in calculations are shown in left side of figure
4. The mass distribution between two runway beams is shown in section 2.1. Forces which
are caused due to crane movement are introduced in section 2.2. However, the self-weight
of runway beams does not affect the forces from the movement of the crane, and it is not
taken account in section 2.1 and 2.2. In chapter 3, the force which is caused by the self-

weight of the beam is needed and is calculated as follows:

my, = Ap (1)

q=mpg (2)

where mp is the beam self-weight per unit of length, g is the uniform load, A is the area of

the cross-section, p is the density of the steel and g is acceleration due to gravity.

X‘?Z

¥

Figure 4. The coordinate system which is used in calculations on the left, and on the right is
the loadings effect point where the force in the x-coordinate direction is marked in red, the
force in y-coordinate direction is marked in green and the force in the z-coordinate direction

is marked in blue.
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2.1 Mass distribution

There are two runway beams. Before Eurocode SFS-EN 1991-3 (2007) calculations can be
made, it must be defined how the masses of containers are divided between the rail beams.

First the masses must be changed to forces with the equation as follows:

mg (3)

Qc

In equation (3), Q¢ is the total force of the container in the y-coordinate direction and m is
the mass. When the total force Qc is calculated, the force distribution between the beams can

be solved.

Q= Xpy T (100% — p)xFy 4)
le = Xpy + 9Merane (5)
Qyz = (100% — p)xFy + 9Mcrane (6)

In these equations (4-6), Xry is a helping quantity so that solving rail 1 force Qy1 and rail 2
force Qy2 from equations (5) and (6) is possible. Percent p is the wanted ratio between these
two forces Qy1 and Qy2 and Mcrane IS the mass of the handling cranes which are on the rail.
The solved force values for each rail is divided between the two cranes and their wheels. So,
one wheel force in the case when there are two rail beams and eight wheels per rail is
obtained from next equations: (SFS-EN 1991-3 2007, 17-18.)

Q
Qr,max = Tyl (7)

Q
Qr, (max) = TyZ (8)
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In equation (7), Qr,max is the force of one wheel on rail 1 and in equation (8) the rail 2 wheel
force is marked Qr,max). The next equations give the total force for one crane each rail, 1 or
2:

Fyl = 4Qr,max (9)

Fyz = 4Qr,(max) (10)

In equations (9) and (10) Fy: is the total force for rail 1 for one crane and Fy. is same for rail
2 when there are 4 wheels in the crane. (SFS-EN 1991-3 2007, 17-18.)

In the instance that the centre of mass of the crane is moving between the rails when the
crane is moving the container laterally, the force of the rails get the minimum values in
addition to maximum values. The sum of the maximum value and the sum of the minimum
value of both rails are calculated: (SFS-EN 1991-3 2007, 17-18.)

Qy = le + Qyz (11)

Qy,min = le,min + Qyz,(min) (12)

where Qy is the sum of the maximum values of both rails, Qy,min is the sum of the minimum
values of both rails, Qy1,min is the sum of rail 1 wheel forces and Qy2,min) is the sum of rail 2
wheel forces. Qy2,miny may be larger than Qy2, when the center of mass in the minimum case
is closer to rail 2 than the maximum case. Cases are just named according to runway beam
1. (SFS-EN 1991-3 2007, 17-18.)
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2.2 Determination of lateral and horizontal forces

Usually when designing runway beams, a manufacturer gives masses and forces of the
travelling crane and its related parts as well as lateral and horizontal forces which are caused
by the movements of the crane. However sometimes the information of crane movements
isn’t available and lateral and horizontal forces must be calculated according to Eurocode
SFS-EN 1991-3 (2007). There are two cases of crane movements which must be considered.
The first case is crane acceleration or braking, which it is presented in subsections 2.2.1.
Subsection 2.2.2 deals with the forces which are caused by the skewing of crane during
smooth driving. Both cases don’t happen at the same time, so cases will be compared, and

maximum force values will be chosen.

2.2.1 Acceleration and deceleration of the crane

Figure 5 shows what happens when the crane or cranes undergo acceleration or deceleration
on the rail. These movements try turning the crane eccentrically regarding the rails. When
the container is connected rigidly between the two cranes, it can be calculated as a whole
structure. When either of these two systems have acceleration or deceleration force in
coordinate direction x parallel in both rails, forces in coordinate direction z try to rotate the
system. In both cases all, wheels are driving wheels which balance this rotation. (SFS-EN
1991-3 2007, 23-29.)

The forces which are caused by crane acceleration and declaration can be solved with
equations as follows (SFS-EN 1991-3 2007, 23-29):

1
Hy; = ¢sK— (13)
T

M
Hr 1 = @s5é; 71( (14)
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M
Hr, = @sé; TK (15)

Longitudinal force Hi;i is calculated by the product of dynamic factor ¢s and drive force K
over the number of rail beams nr in equation (13). Subscript i is the rail number 1 or 2. In
equations (14) and (15) transverse forces Hr,1and Hr 2 contain the ratio of forces & or &, the
distance of guide rollers a and the moment Mk which is caused by the driving force and
eccentric mass in addition to the dynamic factor. Next is presented how these factors of
equations (13-15) are obtained. from equations (15) and (16). (SFS-EN 1991-3 2007, 23-
29.)

Rail 1 Rail 2

HT1 HT2

HT1 HT2
q #
HT1 HT2
—> #
HT1 HT2
h h
HT1 HT2
e h HT1 HT?2
h

HL1 * *]—ILZ

Figure 5. Force Fy1 is greater in rail one than force Fy2 in rail two. The left figure shows what
happens when only one crane is moving alone, and the right figure shows what happen when
container connects the cranes together. The blue square represents a container, the black

squares are cranes, and the orange lines are runway beams. (SFS-EN 1991-3 2007, 23-29).

When maximum forces Qy between rails 1 and 2 and the rail 1 maximum force Qyz is known
from equations (11) and (5), the ratio of forces can be solved as follows (SFS-EN 1991-3
2007, 23-29):
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_ 9
$2 = 0, (16)
sH1=1-¢& (17)

In these equations (16-17), & is the force ratio of runway beam 1 and & is the force ratio of
runway beam 2. The drive force is calculated by the minimum total force value as in the
following equation (SFS-EN 1991-3 2007, 23-29):

K = .qu,min (18)

where K is the drive force, u is the friction factor and Qy,min is the minimum total force from
equation (12). With the drive force, the driving moment Mk can also be calculated as follows:
(SFS-EN 1991-3 2007, 23-29.)

The only unknown variable in the equation (19) is ls which is the distance between the center
of mass and the center of torsion of the crane. This distance variable is obtained from next
equation: (SFS-EN 1991-3 2007, 23-29.)

ls = (§2 = 0,5)L, (20)

In this equation (20), & is the force ratio of rail 2 and I, is the distance between two wheels
in different rails. (SFS-EN 1991-3 2007, 23-29.)
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2.2.2 Skewing of the crane

In addition to acceleration and deceleration of the crane, the smooth ride will cause skewing
of the crane. Figure 6 shown what happens in this thesis case, when the mass is distributed
more to rail 1, but the situation can also be applied to other cases. Like in subsection 2.2.1,
figure 6 shows the case in which all wheels are driving wheels to balance rotation. (SFS-EN
1991-3 2007, 23-29.)

Rail 1 Rail 2 Rail 1 Rail 2

HS2(1-4)T

h

HS1(1-4)T

HS11T HS21T —
h
HS12T HS22T
h
HS13T HS23T
#
Hs14T Hs24T
I HS1(5-8)T
q ﬁ
HSlL{ l Hs2L HS1L Hs2L

Figure 6. The skewing of system. The left figure shows one crane construct as a moving

T

T

}

}

HS2(5-8)T

system, and the right figure shows two cranes and a container construct system. The blue
square is a container, the black squares are cranes, and the orange lines are rail beams. (SFS-
EN 1991-3 2007, 23-29.)

The skewing of the system is calculated using equations (SFS-EN 1991-3 2007, 23-29):

HS,i, L= f /15,1‘, j,LQy (21)
Hs,i, iT = f )ls,i, j,TQy (22)

S = fasQy (23)
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Equation (21) gives the forces in coordinate direction x. Equation (22) gives the forces in
coordinate direction z and equation (23) is the sum of all forces in the z direction. In
equations (21-23), f is the non-positive factor and Qy is the total maximum force for both rail
beams which has been calculated before in equation (11). The variables which occur in the
order equations are longitudinal force Hs,jL, transverse force Hsijr and the guide force S
due to the skewing. These force factors are 1s,ijL for longitudinal force, 1s,j 1 for transverse
forces and As for guide force. In addition to subscript i for rail number, the variables include
subscript j for the number of wheel pairs. (SFS-EN 1991-3 2007, 23-29.)

The non-positive factor f takes into account the skewing angle in the calculations, and it is
calculated as follows: (SFS-EN 1991-3 2007, 23-29.)

£ =0,3(1 - exp(—250a)) < 3 (24)

where « is skewing angle. The non-positive factor should be under or equal to three. The
skewing angle and its factors are obtained from next equations: (SFS-EN 1991-3 2007, 23—
29.)

a = apta,tay < 0,015 rad (25)
ap = %st 0,75x5 = 5mm (26)
a, = % y = 0,03b mm (27)
a, = 0,001 (28)

The angle factor ar is 0,75 times the space xs between the rail beam and guide rollers divided
by distance a between the farthest guide rollers from each other on the same rail beam. Angle
factor av is the wear factor y of the rail beam and guide rollers divided by distance a, and the

tolerance factor ao is the wheel moving tolerance in relation to the runway beam direction.
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When the crane guide system is made by guide rollers, space factor x should be greater than
or equal to 5 mm divided by 0,75, and the wear factor y should be greater than or equal to
0,03 times the width of the rail flange b. (SFS-EN 1991-3 2007, 23-29.)

If the wheels are fixed according to crane movements laterally, and the wheels are
independent, force factors are calculated as follows: (SFS-EN 1991-3 2007, 23-29)

Ye;

As=1-"+o (29)

AsijL =0 (30)
§ €j

Asajr = 72 (1 - g]) (31)
§ €j

Aszjr = 71 (1 - El) (32)

where the ratios of forces & and & are calculated in the same way as in subsection 2.2.1
equations (16) and (17), n is the number of wheel pairs and d is the longitudinal distance
between guide rollers and the centre of rotation of the crane or the system where there are
two cranes and a container. So, distance d depends on the system which is being calculated.
The sum of the distances of wheel pairs and guide rollers e; is Yej. Distance d can be
calculated with this sum Y ej as in following equation when every crane wheel is independent,
and all wheels are connected fixedly to the crane: (SFS-EN 1991-3 2007, 23-29.)

d=Ye (33)

According to equation (33), the longitudinal distance d is equal to the sum of the longitudinal
distance Y e;j in both case in figure 6 (SFS-EN 1991-3 2007, 23-29).
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3 Theory of rail beam optimization

The optimization of a runway beam entails optimization of the dimensions of the beam cross-
section. The first requirement is to define preliminary dimensions of a cross-section as done
in section 3.1. Also, the cross-section class should be determined as in section 3.2 because
it tells how calculations should be performed and if local plate buckling must be taken into
account in calculations. After this, dimensions can be changed if needed so that the beam
can withstand every phenomenon in section 3.3 and them stress combinations which can be
seen in section 3.4. Finally, durability of the beam should be verified with von Misses stress
calculations as in section 3.5 is done and the utility rate in section 3.6 tells if more support

is needed.

3.1 Preliminary specification for dimensions of I1-beam cross-section

The first task in beam optimization is to find preliminary dimensions of the I-beam. These
dimensions give initial values which can be changed if needed during further optimization
calculations. Figure 7 shows the variables of the I-beam dimensions and normal axes of I-

beam which are used in this thesis.

Y-y

L]
tf
x

hw

tw
»ite

Figure 7. Dimensions of I-beam: h is the height, b is the width, tw is the thickness of the web,

tr is the thickness of flanges and hy is the distance between the centre lines of the flanges.
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The aim is to find a cross-section according to cross-section class 3 where the loading case
is bending. More about sectional classes is explained in section 3.2 When measure b is given,

all other dimensions can be solved from equations: (Ongelin & Valkonen 2010, 33.)

tw = (h = 2tp) /My (36)

where dimensions are marked according to figure 7. Factors # and #w can be calculated as
follows: (Ongelin & Valkonen 2010, 33)

n, = 124¢ (37)

ny = 14e (38)

where value ¢ is the cubed root of the ratio of steel S235 yield strength and the used yield
strength of the steel. (Ongelin & Valkonen 2010, 33.)

3.2 Cross-section class

There are four cross-section classes, and they explain how the cross-section behaves in
different loading cases. Local buckling of a beam can happen when it is compressed or
bending in section class 4. The cross-section class does not have to be the same in different

loading cases, and the inside profile cross-section class can be different. Cross section classes
are:

1) Class 1: Inclass 1, the whole cross-section is effective and plastic. The local buckling

won’t reduce rotation ability of the beam.
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2) Class 2: In class 2, the whole cross-section is effective, and the local buckling will
reduce the rotation ability of the beam. The bending capacity of the section can be

calculated with plastic theory.

3) Class 3: In class 3, the whole cross-section is effective. Under the influence of
compression or bending load cases, the cross-section stress can be equal to the
material yield strength. The cross section buckles in bending before it reaches the

plastic resistance of bending.

4) Class 4: In class 4, the whole cross section is not effective, and it can buckle before

its stress is equal to the material yield strength. (Ongelin & Valkonen 2010, 77-82.)

Local buckling does not have to be taken into account when the cross-section class is 1-3,
but when it is class 4, local buckling must be calculated. The target cross-section class is
three because in that case the beam acts elastically and the whole beam cross-section is
effective. In the case where the crane is moving above the runway beam, the calculations
cannot be made plastically, and even if the cross-sectional class would be one or two loading
calculations should be made with the plasticity theorem. With cross-sectional class 3,
durability and beam cross-section weight get the minimum suitable values in calculations.
The I-beam section class in the flange and web can be solved with the ratios: (Ongelin &
Valkonen 2010, 77-85)

h—(2t

web ratio: # (39)
w

flange ratio: (btw)/2 (40)

ty

where the variables of the dimensions are the same as in figure 7. Table 3 shows the cross-
section class in different cases with steel grade S355. An example class of the web in bending
is 1 when the ratio in equation (39) is less than 58,6. In the table, values are calculated with
a factor of safety side according to the durability of the beam. (Ongelin & Valkonen 2010,
85).



Table 3. Cross-section class (Ongelin & Valkonen 2010, 85).

load case bending compression
class 1 2 3 1 2 3
web 58,6 67,5 100,9 26,8 30,9 34,2
flange 7,3 8,1 11,4 7,3 8,1 114
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3.3 The phenomena of the load cases

The failure of a beam depends on the magnitude of the forces and phenomena that these
forces cause. The next subsection deals with the phenomena studied in this thesis. The
calculations are made where the cross-sectional class would be 1-3.

3.3.1 Compression and tension

The compression and tension are caused by the forces in the x-coordinate direction according
to figure 6. Tension is more risk-free phenomenon than compression in this kind of beam
structure. The compression can cause buckling which is introduced in subsection 2.2.3. The
normal stresses caused by compression or tension can be calculated from the same equation:
(Aalto 2012, 2.)

F
Oct = Ix (41)

The compression or tension normal stress ot in the x-direction cannot exceed the material
yielding strength fy. Fx is the force in the x-coordinate direction and A is the surface area of
the beam. (Aalto 2012, 2.)
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3.3.2 Shearing

The forces which are perpendicular to the cross-section of the beam causes shearing. In this
thesis the shearing forces are Fy and F,. If shearing is the only phenomenon, it is calculated
like in subsection 2.2.1with compression and tension normal stress (force divided by section
area). However, if there is also bending with shearing, shearing must be calculated as
follows: (Valtanen 2013, 272-273.)

FS
Ts = I_C{VI (42)

In equation (42), shearing stress is marked zs, the force in the y- or z-direction is F, the cross-
sectional static moment is Su, the moment of inertia is I, and c is the width of the cross-
section at the point where the shear stress is being calculated (Valtanen 2013, 272-273). The

moment of inertia for I-beams is calculated as follows (Valtanen 2013, 314):

bh®—(b—tw)(h—2t))°
I, =
12

(43)

3
L 2t¢b —(h—th)tW3
y 12

(44)

The moment of inertia in the y-y axis is ly and in the z-z axis is I, according to the figure 7.
Shearing stress 7 is not same in the whole profile cross-section. For example, in a
symmetrical I-beam, the maximum shear stress is in the middle of the web when the force
comes from the y-direction. The cross-sectional static moment value as seen in next equation
depends on the point where shearing stress values is wanted being calculated. (Valtanen
2013, 272-273.)

Su=A4y (49)
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A’ is the area above the point of interest and y’ is the distance of y-coordinate from the centre
of gravity of the beam. (Valtanen 2013, 272-273.)

3.3.3 Bending

When bending resistance of runway beam is calculated, two issues should be considered:
bending displacement and bending stress. The highest bending stress occurs in the middle,
between the supports, so the calculations are made with the crane at this location. Even when
the rail beam structure includes two spans, the bending can be calculated in one span if the
bending moment has a minimal effect on the final bending results. One span calculation
gives safer values because the part of the beam in the other side of the support does not

decrease the bending in the loaded span. (Ongelin & Valkonen 2010, 71.)

In this thesis case, the force in the x-direction will cause a bending moment which will will
have a lesser effect on the stress results than a force in the y-direction. That is why the x-
direction bending moment and bending displacement halfway of the beam can be calculated
as follows: (Valtanen 2013, 317.)

F
M =373 (46)
2
_ Mgl
Yy = 16k, (47)

The bending moment in the equations are Mg, the displacement is vy and | is the rail beam

length between two supports (Valtanen 2013, 317).

The moment influence curve helps to calculate the moment of continuous structures. Every

loading case with different numbers of spans has its own influence curve. These kinds of
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influence curves can be found, for example, from the book Bautechnische Zahlentafeln by
Wenderhorst (1991) According to the book example, the moment of a two span beam with
one force loading is calculated with the influence curve as in following equation:
(Wendehorst 1991, 316).

Mg = Fnl (48)

where 7 is the value by the moment influence curve of the point of interest on the beam. In
the case of equation (48), » is 0,2031 in the middle of the beam between the supports. In an
evenly loaded beam with two spans, the moment influence curve value in middle of the

supports would be 0,070 as in equation: (Wendehorst 1991, 313)
Mg = gnl (49)

where ¢ is a line load. When the true bending moment is calculated, the value for
displacement will be calculated as in following equation for a two span beam: (Albaldawi &
Kobbah 2015, 38).

_ L295Fy° | 0,0054q/°

Yy = T100E1, EI, (50)

The first part of equation (50) is for displacement due to concentrated load, and second part
is the bending displacement caused by the mass of the beam. If bending is calculated in the
z-direction, the second part of the equation is not needed, and the force is F; and moment of
inertia is I.. In this case, the displacement would be marked v.. (Albaldawi & Kobbah 2015,
38). There are given limitations for bending displacement for engineering. This limitation
means that the rail length between supports is divided by some factor of safety. Calculated
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total displacement cannot exceed this allowed bending displacement value or the rail beam

will collapse.

Lastly, the bending stress is calculated for a symmetric I1-beam from equation: (Valtanen
2013, 271).

op =—p= (51)

3.3.4 Torsion

The torsion consists free torsion and warping torsion. In addition, warping torsion include
bimoment. What kind of torsion will appear depend on the cross-section deplanation. If
deplanation can happen freely, free torsion is in question and if the lengthwise deplanation
is prevented even little, warping torsion and bimoment will be occur. Both free torsion and
warping torsion causes shearing stress. Bimoment in turn causes normal stress when the

shape of the cross-section tries to twist during torsion. (Ongelin & Valkonen 2010, 163-174).

When there is a torsion moment the midpoint of the beam between the supports, the
individual solution for the angle of torsion can be calculated from equations: (Ongelin &
Valkonen 2010, 163-174).

Po(x) =0 x<1/2 (52)

0o(x) = %‘;t [sinhk (x - 5) — k(x — 3)] x>12  (53)

In the equations ¢o is the individual solution of the angle of torsion, Mo is the torsion moment

at the midpoint of the beam, k is the cross-section parameter involved in torsion, I: is the
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torsion constant, x is the length between the first support and point where angle is being

measured. Parameter k is calculated in next equation: (Ongelin & Valkonen 2010, 163-174.)
k= |7+ (54)

The warping constant |, is calculated with next equation if the profile of the beam is double

symmetric like an I-beam (Ongelin & Valkonen 2010, 144).
I, = 0,25h,,°1, (55)

In equation (55), the dimensions of the I-beam cross-section are according to figure 7 and I,
is the moment of inertia. The torsion constant I are calculated as follows: (Valtanen 2013,
362).

131
=73

I [(h — 2t7)t,,% + 2bt,°] (56)

Now there is enough information to solve for the moments with follows equations. These
equations for beam with one span are used to getting safety constructions because connection

details are under developing. (Ongelin & Valkonen 2010, 165.)

@(x) = C; + C,x + Cgsinh(kx) + C4cosh(kx) + @o(x)] (57)

M; = Gl;¢' = GI[C, + Cskcosh(kx) + C,ksinh(kx) + ¢g] (58)

B = —El,¢" = —GI;[C3sinh(kx) + C,cosh(kx) + %(p{,’] (59)

M, = —El, """ = —GI;[Cskcosh(kx) + C,ksinh(kx) + %(p{)”] (60)
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My =M, + M, (61)

The angle of torsion is ¢ and the superscript denote that the value is the higher power of the
derivative, as with the above individual solution ¢o. Variable B is the bimoment, M; is the
moment of torsion, M,, is the moment of warping torsion and My is total torsion moment.
The constants of integrals C1, C2 Cs and Cs4 must first be solved from these equations using
initial data. After that, these equations (57-61) form graphs which shows the torsion-,
warping- and bimoment at different points on the beam. After the moments are calculated,
the shear and normal stresses can be calculated at different points of the cross-section as
follows: (Ongelin & Valkonen 2010, 165-174.)

M,

T, == T, t (62)
[t = 725, (63)
Tior = Tt + Ty < %f (64)
o, =+ %w < y% (65)

The torsional shear stress z: at the flange surface and the shearing stress in the web can be
calculated from equation (62). The thickness t referes to the flange or web thickness,
depending on which one is being calculated. The shearing stress in the flange in middle of
the I-beam cross-section is calculated with the warping torsion shear stress t® equation (63)
Total shear stress ot in the middle of the surface of the flange is calculated in equation (64),
and it should be less than or equal to the square root of three times yielding strength fy divided
the safety factor for durability ymo. The normal stress o., due to bimoment is calculated from
equation (65) and should be less than the yielding strength divided by the safety factor.
Variables w and S,, from equations (63) and (65) can be calculated as follows: (Ongelin &
Valkonen 2010, 165-174.)
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W =TS (66)

S, = wA, (67)

where w is the sectoral coordinate of the flange, S, is the sectoral static moment of the flange,
A, is the area of the sector, rt is the hight of sector and s is the width of sector (Ongelin &
Valkonen 2010, 165-174).

3.3.5 Buckling

If compression force influences on the runway beam, buckling should be considered.
Allowed buckling capacity is calculated as in following equation and its should be greater
than the compression force so that the beam can withstand the compression loading case:
(Ongelin & Valkonen 2010, 107-113.)

XAf,
Ym1

b,Rd = (68)

where Ny rq is the allowed buckling force, y is the reduction factor of buckling and ywmz is the
safety factor. (Ongelin & Valkonen 2010, 107-113.)

If the shear center of the beam is in the center of gravity of the beam, only flexural buckling
and torsional buckling needs to be calculated by the force acting in the x-coordinate
direction. Flexural-torsional buckling does not occur in symmetric I-beams. So, in buckling
calculations there are two values for allowed buckling force. Flexural buckling and torsional
buckling critical forces will be calculated from equations: (Ongelin & Valkonen 2010, 107-
113)
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w2El
Nep = — (69)
LCT‘
1 T2El
Nepr = T2 (Gl + zw) (70)
lo Ler

where N¢r is the flexural buckling critical force, Ner.7 is the torsional buckling critical force,
Lcr is the buckling length, which is the same as length | when the beam is supported at both
ends, and i is polar radius of inertia (Ongelin & Valkonen 2010, 107-113). The polar radius

of inertia (Ongelin & Valkonen 2010, 107-113) and its factors (Valtanen 2013, 304) are
calculated as follows:

i =i,2+1i,° (71)
i, = |2 (72)
_ i

iy = |71 (73)

According to equations (71-73), the polar radius of inertia io is the sum of the radius of inertia
about the y-y axis iy and the radius of inertia about the z-z axis i..

The only unknown factor in equation (68) is the reduction factor of buckling y. It is
calculated with equations (Ongelin & Valkonen 2010, 107-113):

x=10 (A>02) (75)
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where ¢ is the auxiliary variable for flexural or torsional buckling and 2 is the modified
slenderness of the cross-section. If the value of the modified slenderness of the cross-section
is greater than 0,2, equation (75) is used. In other cases, equation (74) is used. The modified
slenderness of the cross-section and the auxiliary variable for flexural buckling can be
calculated as follows: (Ongelin & Valkonen 2010, 107-113.)

A= 71,]: Z (76)
¢ =051+ ay,(1—0,2) +1?) (77)

In equation (77), oun is the uncertainty factor. When the I-beam-cross section has a web
thickness under 40 mm and the weaker axis of buckling according to figure 7, the uncertainty
factor value is 0,34 (Ongelin & Valkonen 2010, 107-113).

3.3.6 Lateral-torsional buckling

Lateral-torsional buckling (LTB) of the I-beam occurs when the force from the y-direction
is bending the runway beam and the beam has supports at both ends. When this kind of beam
is under bending load, tension will form in the lower flange and compression in the upper
flange. Because of compression, upper flange can lose its stability and beam start buckling
laterally and torsionally. (Ongelin & Valkonen 2010, 140-145.)

To prevent lateral-torsional buckling, the allowed LTB moment must be greater than the
bending moment in y-direction. The allowed lateral-torsional buckling is calculated with
equation: (Ongelin & Valkonen 2010, 140-145.)

Mpra = W, Yo

(78)
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where Mprq is the allowed LTB moment, W, is the bending resistance and y.t is the reduction
factor of LTB, which are calculated from the same equations (74) and (75) as with the
reduction factor of buckling y. However, in the lateral-torsional buckling case, 4 is now the
LTB modified slenderness of the cross-section ALt and ¢ is the auxiliary variable for LTB
#L1. These values are calculated as seen in next equations: (Ongelin & Valkonen 2010, 140—
145.)

Wof,
Aur = Mo, (79)
¢r =051+ ayr(Ar —0,2) + ALTZ) (80)

In equation (80), avt is the uncertainty factor of LTB and Mc is the critical moment of LTB.
When ratio h/b of the I-beam is greater than two, the uncertainty factor of LTB is 0,76, and
when the ratio is less than or equal to two, the value of a7 is 0,49. In turn, the bending

resistance is calculated with the next equation: (Ongelin & Valkonen 2010, 140-145.)

bh®—(b—tw)(h—2t()°
Wz = 6h

(81)

It’s important to note, that equation of the bending resistance is calculated elastically in this
case because calculations are perform according to the cross-sectional class 3. The critical
moment of LTB for a double symmetric I-beam is calculated as follows: (Ongelin &
Valkonen 2010, 140-145)

2
w2EIl k ko))" GI 2
Mg, = Dy (kzl)y (\/( 2) Iy + ( 7'?2)Ely L+ (Dz}’g) - Dz)’g) (82)
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where D1 and D> are the factors of the loading case, k> is the factor of the effective length of
the beam, and k,, is the warping length factor of the beam. When there is just one load in
middle of the beam and the whole beam is effective, D is 1,365 and D> is 0,553. When
warping and rotation of the beam both ends is prevented k. and k. are both 0,5. The y-
coordinate distance yq between the shear centre and the load impact point is calculated with
equation: (Ongelin & Valkonen 2010, 140-145)

Yg = Ya— s (83)

where ya is the distance between the load impact point and the centre of gravity and ys is the
distance between the shear centre and the centre of gravity (Ongelin & Valkonen 2010, 140-
145).

3.3.7 Local stresses

Every wheel of the crane causes local stresses in the rail beam. There are three local stress
loading cases, which are:

- local vertical compressive stress
- local shear stress

- local bending stress (SFS-EN 1993-6 2007, 15-18).

Local bending stress does not need to be taken into account because the wheels are
engineered so that they always stay in the middle of the I-beam cross-section. Local
compressive stress can be calculated as follows (SFS-EN 1993-6 2007, 15-18):

Qr,
on = ler;nta‘:: (84)
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where ooy IS the local vertical compressive stress, Qr,max IS the force of one wheel on runway
beam 1 or runway beam 2, ty is the web thickness of the I-beam and lef is the effective loaded
length of rail. The effective loaded length is calculated with equation: (SFS-EN 1993-6 2007,
15-18)

I
lpr = 325 |L (85)

where Iy is the second moment of area. When there is no other rail above the beam, the
second moment of area is calculated as the moment of inertia of the upper flange with
equation: (SFS-EN 1993-6 2007, 15-18.)

Ly =—75- (86)

The last stress to investigate is local shear stress. It is 20% of the local vertical compressive
stress as can be seen in equation:(SFS-EN 1993-6 2007, 15-18.).

Toy = O;ZGoy (87)

7oy IS the local shear stress and ooy is the local vertical compressive stress (SFS-EN 1993-6
2007, 15-18).

The stress distribution of the local shear stress and the local compressive stress are shown in
figure 8. The maximum local stresses will appear to the 1-beam upper flange where wheel
forces are located. However, the local stress will influence also in top of the web at area
which is 20% from whole web height. (SFS-EN 1993-6 2007, 15-18)
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Figure 8. The compression and shear stress distributions due to local force. The green arrows
show forces location point. (SFS-EN 1993-6 2007, 15-18)

3.4 Stress, force and moment distributions

Figure 9 shows the distributions of stresses according to section 3.3. The distributions are
done for this thesis case and will differ in the other structures under other loads. These stress
diagrams descripe well distribution of stresses in the sections .

The force Fx causes compression stress or tension stress oct and bending stress og, but also
small shear stress zs, which will not affect to the stress calculations much. The force causes
compression or tension, because the movement of the crane causes compression in front of
the direction of movement and tension behind. Bending due to the force Fx cause
compression to the I-beam upper flange and tension to the lower flange. (Ongelin &
Valkonen 2010, 71-268.)

The force Fy cause also bending stress and shear stress, but the distribution of local stresses

which was introduced in figure 8 must be considered in y-coordinate direction calculations.
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In addition, the self-weight of the beam cause bending about the y-coordinate direction. This
will increase total the bending stress. The stress distribution of beam by self-weight would
include only bending stress. (Ongelin & Valkonen 2010, 71-268.)

The force F; cause the torsion according to the shear stress and bending stress. Because the
force F; influence to the upper flange, only shear stress of the upper flange is calculated. The
shear stress ot due to the free torsion influence in whole I-beam cross-section. However, the
warping torsion z., and the bimoment o, stress values are zero on the web. The direction of
warping torsion stress distribution in the flanges is shown with arrows in figure 9. (Ongelin
& Valkonen 2010, 71-268.)

Figure 9. Stress distributions according to forces Fx, Fy and F,. (Ongelin & Valkonen 2010,
71-268).

Ocr,

Ocr,
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The location of the crane on the runway beam influences these figure 9 distributions. The
moment, the shear force and the normal force distributions can be found in the appendix 1.
The distributions of the appendix 1 shows that shear stress value is double greater when the
crane is in near to the support than in middle of span. The moment distributions show that
the bending stress will be greater when crane is in the middle of the span than near support,
but because there are four wheels little moment will appear also at support. Also, the stresses
due to the torsion would be different depending on the crane location. In the web the torsion
does not cause stress if crane is in middle of the supports. However, on the support the
warping torsion and the bimoment would get smaller stress values when the crane is moving
towards the support. (Ongelin & Valkonen 2010, 71-268.)

3.5 Von Mises

When all possible phenomena are calculated according to section 3.3, the resulting stresses
are combined and combination von Mises stress will be calculated. In this thesis the stress
combination is shown in section 4.3. Von Misses stress changes the 3D stress situation into
a 1D axial situation and helps investigate material yielding. It works with tough materials

like steel. The von Mises stress is with the equation as follows: (Jurkka 2011, 9-10.)

Opert = \/sz + 0,2 — 0,0, + 3(1,2+1,%) < f, (88)

In equation (88), avert is the von Mises stress. Total normal stresses are ox and oy in the X-,
and y-coordinate directions and total shear stresses zy and z; in the y and z-coordinate
direction are obtained from the sum of the different stress phenomena which are caused by
stresses in same direction. The material yielding strength must be greater than von Mises

stress so the beam will withstand the loads.
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3.6 Utility rate

Utility rates sum all the load cases which can cause failure in the runway beam and examine
the total influence these cases have on the beam. A rate needs to be calculated for every force
direction for each phenomenon. The total utility rate cannot be greater than one or the beam
would not withstand the load combination. If the rate is over one, the beam will need more
supports. With the example in this thesis, the utility rate of the beam is calculated with
equation: (Ongelin & Valkonen 2010, 194-199.)

IA
[E=y

( Fx N Mg Op " Ts(upper flange)) 12 (89)

Npra = Mpra [y fy/N3

There are four parts in this equation (89). The first part is the force Fx which causes
compression divided by buckling force Nord. The rate found in this part shows how much
compression force is used for allowed buckling. The second part examines the y-direction
force Fy. In this part, the bending moment caused by force Fy is divided by the LTB moment
Mb,rd. The last two fractions calculate the utility rates caused by force F,. Bending stress is
divided by yield strength and the shear stress of the upper flange is divided by the safety
number which is yield strength divided by the square root of three. The sum of utility rates
is multiplied with a safety factor which is in this case 1,2.
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4 Execution the rail beam optimization

In the thesis there are five cases which must be researched. In the first two cases, the mass
ratio for beams is set 10% for the empty and for the full container. In the next case, the mass
ratio between two rails for the full container is 50%. The case is only for examining and
comparing to the 10% ratio case of full container. The mass distribution 10% is practically

determinative. All examined cases are:
1) Crane + empty container (mass ratio 10%)
2) Crane + full container (mass ratio 10%)
3) Crane + full container (mass ratio 50%)
4) Lighter crane

5) Heavier crane

The container is 12 m long, so mainly only one container is moving on the 12 m long rail
beams. The most critical case for beam stress is when the crane is in the middle of the rail
span. However, shear stresses get the most critical values when crane is near the supports.
Two cranes are above the supports of beam at same time in the end and start of a transporting
the containers and will not be more critical load case than only one crane is near support.
That’s why only one crane mass is considered in calculations. In addition, when the crane is
moving between the support and midpoint of beam, the most critical location is in the middle

where the bending moment increases to the maximum value.

Every investigated point of the beam and the case combination of the crane and container is
individually calculated according to next section 4.2. Overall, there will be five cases
calculated, with each done at three different points on the beam. More final stress
combinations and capacity factors are in section 4.3. The computer program used in the

calculations is introduced in section 4.1.
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4.1 Used program

Microsoft Excel version 2209 is used to carry out the calculations in this thesis. Microsoft
Excel is a calculation and tabulation program that helped to combine different load cases
and final stresses together. (Microsoft 2022) In this way changing basic values like the I-
profile dimensions was easier and critical load cases can be easily analysed.

4.2 Loading cases in x- y- and z-direction

All load cases and the forces in x-, y- or z-coordinate directions are collected to the table 4.
The durability of runway beam is examined with these load cases. The calculations divided
in the three parts according to the forces shows in the table. The compression stress and
bending stress due to force Fx was calculated first. Then it is investigated that buckling will
not occur due to the compression. Then shearing stress, bending stress, local stresses and
LTB due to force Fy was calculated and also the self-weight of beam was considered in
bending stress calculation. Finally, the force F;, caused shear stress, bending shear stress and
torsion shear and normal stress was resolved. When all load cases were calculated all normal
and shear stresses could be combined according to section 4.3 and utility rate could be

calculated according to section 3.6.

Table 4. Load cases and the direction of forces which cause load cases. The X marks the
force direction Fx, Fy or Fz which causes the load.

LOADING CASE Fx Fy F,
compression/tension X - -
shearing - X X
bending X X X
torsion - - X
buckling X - -
LTB - X -
local stresses - X -
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4.3 Combination stresses

The total stress is not the same everywhere in the profile cross-section. For this reason, few
different points were chosen for closer examination. These points are marked with numbers
in figure 10, and were chosen in these locations because stresses will be smaller in other side
of cross-section due to force directions. The upper and lower flanges will get different values.
Also, some simplification has be done, to clarify the calculations. For instance, a local stress
actually influences the surface of the upper flange above point 2, but is calculated like it
influences at point 2. This kind of simplification can be made because the stress is still taken
into account and the stress values will slightly higher at point 2, providing an additional
factor of safety. Finally, von Mises stress is calculated for every point and the values are

compared with material S355 yielding factor.

1

Figure 10. Points where stresses are calculated.

Stresses will also change according to where the crane is located while is moving to different

places on the beam. These stresses are dealt with in subsections 4.4.1, 4.4.2 and 4.4.3.

4.3.1 Crane middle between the supports

Table 5 shows the stresses caused because by forces in the x-, y-, and z-coordinate directions.

Normal stresses o and shear stresses t with subscripts x, y, and z show the stresses in all the
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coordinate directions. Buckling and LTB are not in the table because they are of compression

or bending phenomena.

Table 5. Stresses in different loading cases with directional forces according to figure 4. The

values in the brackets refer to the location of the point being investigated.

LOADING CASE Fx Fy F.
compression/tension 0O - -
[1,2,3,4,5]
shearing (zy small) Ty 7z (upper flange)
[2,3,4] [1,2]
bending 0Ox Ox Ox
[1,2,4,5] [1,2,4,5] [1,2,4,5]
torsion - - 7, Ox
[1,2,3,4,5]; [1,5]
local stresses - Oy; Ty )
[21;[2]

In table 5, the numbers in the brackets under every stress case refers to the location of the
points from figure 10 where the stress case occurs, and stress is calculated. The calculation
results of these points should be taken into account in the stress analysis. A line inside the

table box indicate that stress is not present in that load case.

4.3.2 Crane above support

When the crane is above the beam supports the bending is not considered and the forces due
to four wheels are calculated as one total force because bending stress will be notably smaller
compared to bending when the crane is between the supports. Stresses are only caused by
compression in the x-direction, shearing in the y- and z-directions, torsion, and local stresses.
That is why in this situation just bending is forget from table 5, but all other loading cases

should be examined in mentioned points in figure 10.
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According to appendix 1 the force and moment distributions, the compression stress will be
same as compression in the middle of span. Also, local stresses would not be different. Shear

and torsion cases will get them maximum stress values when the crane is above support.

4.3.3 Combination of moment and shear force

When the moment and shear force affects combine to give the highest values, all normal and
shear stresses in table 5 must be taken into account in calculations. This point will occur
somewhere between the support and the middle of the span where both moment and shear
force affect the von Mises stress results. In table 5 the location points numbers in brackets
are same as shown in figure 10. The von Mises calculations are made for these points. This

way can be studied if this combination will get the most critical von Mises stress values.

To find the critical combination point, stresses must be calculated with an influence curve
from some points of the beam between the support and midspan. This will be done by testing
the different locations of crane. However, if the maximum shear stress value, when the crane
is near to support, is half of the material yielding stress divided by square root three, the
stress values combination does not need to calculate according to Eurocode SFS-EN 1993-
1-1 (2005, 53). In that case, can be sure that the maximum von Mises stress value comes in

the middle of span.
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5 Results

The results of the calculations are presented in the next sections. First, section 5.1 shows the
forces which act on the beam for all five examined cases which were presented in chapter 4.
Next, second section 5.2. reports the found results for the optimized runway beams
dimensions and sectional classes and section 5.3 presents the von Mises stress values for
these 1-beam profiles. Lastly, profile utility rates are presented in section 5.4 and the total
bending displacement values are given in section 5.5.

The complete calculations can be found in the appendixes. The calculations of force
distribution are done in appendix 2, the calculations of actions (forces) due to crane
movements can be found in appendix 3, and the calculations of loading cases areshown in
appendix 4. More specific stress calculations for profile points are given in appendix 5, and

appendix 6 includes the conclusion of the utility rate of specific values of profiles.

5.1 Forces

Table 6 are presented the calculated wheel forces and the total force that one crane causes
for rail 1 and 2. The initial values are taken from basic mass values in table 1. The
calculations are made mainly with the total force of four wheels, but local stress calculations
are needed for the force of one wheel only. The forces in table 6 act in the y-coordinate

direction and the mass distribution is more on the rail 1 side.



55

Table 6. Forces for one wheel and total forces for four wheels for both rails in each

examination case.

Force / 4 wheels Force / wheel
System rail 1 [KN] | rail 2 [KN] | rail 1 [KN] | rail 2 [kN]
Empty (10%) 28 27 7 7
Full 10% 112 104 28 26
Full 50% 134 82 34 20
Crane (empty) 16 16 4
Crane (full) 29 29 7

With the forces from table 6, the lateral and horizontal forces shown in table 7 were

calculated. These forces were caused by the movements of the crane. Acceleration, braking

and skewing values for each examination case are shown in the table 7.

Table 7. Transverse and longitudinal forces.

EMPTY FULL FULL
symbol unit | CONTAINER | CONTAINER | CONTAINER ((:elfnpi;lt\lyl)z C(R;:ﬁ\lll\)lE
10% 10% 50%
Hr2 kN 0,1 0,4 2,0 0 0
Hr1 kN 0,1 0,4 3,2 0 0
Hio kN 27,2 108,0 108,0 8,1 14,7
Hia kN 27,2 108,0 108,0 8,1 14,7
Hsait kN 2,7 10,4 8,2 3,2 5,8
Hszar kN 2,1 8,2 6,4 2,2 3,9
Hs1a7 kN 2,8 11,2 13,5 3,2 5,8
Hsaot kN 2,2 8,8 10,6 2,2 3,9
HsaL kN 0 0 0 0 0
Hsa kN 0 0 0 0 0

As table 7 shows, longitudinal force by skewing is zero for all cases, and transverse force is

zero when only one crane is moving on the rail. Table 7 values are compared, and maximum

values are taken for calculations. These maximum values are found in table 8, where F« is

the maximum horizontal value Hy1 divided by two. The Fy force is divided because there are

two cranes and just one is needed for calculations. Consequently, table 8 values give the

maximum values for the total force of four wheels. Fy, comes from table 6 and F; is the

maximum transverse force Hsiit. The beam’s own force per mm G by beam mass is

calculated with the optimized dimensions of beam profiles presented in section 5.2.
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Table 8. Sum forces in every direction for the four wheels combined.

EMPTY FULL FULL
CRANE CRANE
Total force [kN] CONTAINER [ CONTAINER | CONTAINER
(empty) (full)
10% 10% 50%
x-direction Ex 13,6 54,0 54,0 8,1 14,7
y-direction Fy 27,8 112,0 134,0 16,2 29,4
G [N/mm] 0,3 0,7 0,9 0,3 0,7
z-direction F, 2,8 11,2 13,5 3,2 5,8

From table 8 can be noticed that loads are notably higher in the full container case than in
the empty container case. Also, can be notice that crane movements causes large lateral
forces in the rail beam. For instance, in every case the longitudinal force Fx is half of the
force Fy which the system mass causes.

5.2 I-profiles

The first calculated I-profile dimensions are shown in table 9. These dimensions give initial

values which change according to load case calculations.

Table 9. Starting dimensions. Calculated with value b is 150 mm.

DIMENSIONS | symbol | unit PROFILE
High h mm 431
Width b mm 150
Thickness web tw mm 5
Thickness flange tf mm 7
Mass of beam m kg/m 33

The optimized dimensions give the lightest, sufficiently durable runway beams are
introduced in table 10 below. The “Profile empty 10%” column is for the empty container
storage profile and the “Profile full 10%” column is for the full container storage profile.

The “Profile full 50% column shows how much larger dimensions must be when the mass



distribution is 50% rather than 10% in full container storages. The light profile is about 45

kg/m lighter than the heavier profile.

Table 10. Optimized dimensions for every examined cases.

DIMENSIONS | symbol | unit Profile empty 10% | Profile full 10% | Profile full 50%
High h mm 237 285 294
Width b mm 150 150 150
Thickness web tw mm 8 8 8
Thickness flange tf mm 8 30 35
Mass of beam m kg/m 33 84 96

The flange thickness of the full container storage profile is significantly larger than the empty
container storage profile. It had to be increased because the width could not be changed, due

to the dimensions of the existing storage structure.

The sectional class for these I-profile cross-sections are shown in table 11. Sectional classes

were 1-3 in all cases.

Table 11. The sectional classes of profiles

Sectional Profile (empty 10%) Profile (full 10%) Profile (full 50%)
class bending | compression bending compression bending compression
web 1 2 1 2 1 2

flange 3 3 1 1 1 1

5.3 VVon Misses stress results

There are two tables in this section. The first one, table 12, includes the von Mises stresses

when the crane is moving in the middle between the supports, and table 13 shows the von
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Mises values when the crane is above a support. The points where von Mises values are

calculated are the same as shown in figure 10.

Table 12. Von Mises stress values in the middle of supports.

) EMPTY FULL FULL
von Mises [MPa] CRANE CRANE

) CONTAINER | CONTAINER | CONTAINER

(middle) (empty) (full)
10% 10% 50%

POINT 1 184 208 211 147 72
POINT 2 187 218 223 142 72
POINT 3 29 98 115 17 26
POINT 4 171 201 205 133 68
POINT 5 184 208 211 147 72

The maximum stress values, 218 MPa and 223 MPa, occur at point two in “full container”

cases. The minimum von Mises stress value (17 MPa) occurs at point three when the crane

is moving alone in empty container storage. Overall, profile point two gets the maximum

stress values and point four gets the minimum stress values when the crane is in the middle

of the beam.

Table 13. VVon Mises stress values when the crane is above supports.

von Mises [MPa] =MPTY FULL FULL CRANE CRANE
CONTAINER | CONTAINER | CONTAINER
(support) o o - (empty) (full)
POINT 1 13 20 19 14 10
POINT 2 33 37 38 19 10
POINT 3 40 103 119 30 28
POINT 4 4 7 7 2 2
POINT 5 12 18 17 13 9

In table 13 maximum stress values are at the profile point three and minimum values are at

the point four. The maximum von Mises stress value are notably smaller on the supports

than in the middle of the span at all other points but at the point three. The point three
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maximum von Mises stress values are 119 MPa and the most critical shear stress 68 MPa
will appear also in this case according to the appendix 5. According to subsection 4.3.3 the
combination of moment and shear force don’t have to be calculate if this maximum shear
stress is half of the yielding strength divided by square root three. The result of this
calculation is 102 MPa and the maximum shear stress value is 34 MPa lesser.

5.4 Utility rate results

All utility rates stay under one in all cases according to table 14. Therefore, additional
supports are not needed if the runway beam profiles from section 5.2 are used. About half of
these utility rate values comes from the rates of bending and LTB as can be seen in appendix
6.

Table 14. The utility rates of selected rail beams.

EMPTY FULL FULL
CRANE CRANE
CONTAINER | CONTAINER | CONTAINER
(empty) (full)
10% 10% 50%
0,65 0,72 0,73 0,49 0,25
5.5 Bending

The limit of displacement is 10 mm for all beams in all x-, y-, and z-coordinate directions.
According to the table 15, forces in the Fy and F; directions influence displacement the most.
Forces in the x-direction and the self-weight of the beam does not significantly influence

total displacement.



Table 15. The allowed bending of beams versus and total bending of beams.

Load case =MPTY FULL FULL CRANE CRANE
[mm] CONTAINER | CONTAINER | CONTAINER (empty) (full)
10% 10% 50%

Vsall 10 10 10 10 10

v (F) 0,1 0,1 0,1 0,1 0,0

v (Fy) 9,6 9,7 9,7 5,6 2,5

v (G) 0,3 0,18 0,2 0,3 0,18

v (Fy) 8,2 8,9 9,1 9,4 4,6
Vy 10,0 10,0 10,0 5,9 2,8
v, 8,2 8,9 9,1 9,4 4,6
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The displacements in cases which include a container are nearly 10 mm or rounded to 10
mm in y-coordinate direction. In z-coordinate direction the displacement values are about 8-
9 mm when the container is included in the system. In all other cases the displacement is
more critical in y-direction, but the lighter crane without the container the most critical

displacement value (9,4 mm) appear in the z-coordinate direction.
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6 Analysis

The best dimensions for rail beams were found according to the optimization. However, it
does not mean that these optimized profiles were necessarily the best option for the container
storages. In the next sections, the obtained forces, dimensions, and durability of rail beam

are evaluated.

6.1 Forces

Because a full container weighs over 27500 kg more than an empty container, an
approximately 85 kN difference between forces in the y-direction for four wheels is not
surprising. These vertical forces influence also lateral forces, which is why the lateral forces
cause over 80 kN higher rail force values in the direction of the rail beam. Also, lateral forces

are over four times higher in the full container case than in the empty container case.

The full container case where mass distribution is 50% gets about a 3 kN greater maximum
lateral force when the crane accelerates or decelerates than the full container case where
mass distribution is 10%. That is because the container creates a more lopsided mass and
tries to turn the crane more. In the case of crane skewing in smooth riding, the same effect
occurs in rail 1 because of the lopsided mass. Forces are higher in rail one and smaller in rail
two in the 50% distribution case than in the 10% distribution case. The skewing angle would
be the same, but the loading focuses more on rail one in the 50% case. Acceleration and
deceleration get the same longitudinal force values because total force is still same without

mass distribution.

When only one of the cranes is moving on the rail, the transverse force from acceleration
and deceleration are zero. This is because there is not force distribution. Also, in every case
the force in the x-direction that should be caused by the skewing of the crane is zero. That is

because centre of the mass is not change during the driving.
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6.2 Dimensions of optimization

The starting dimensions used in this analysis were totally different than the dimensions found
through optimization. This is because the preliminary dimensions did not take into account
anything else but bending in section class 3. However, they gave some values with which to
begin.

The class numbers of the optimized profiles seem reasonable in relation to each other. The
height of the empty container beam profile is about 50 mm smaller than the height of the full
container beam, but the web thickness is still 8 mm in both cases. Due to bending caused by
force Fy and in order to keep the section class within 1-3, a smaller web thickness value was
not possible in lighter profile. Heavier profiles are needed to withstand heavier loads and

larger displacement, so the profile needs to be higher.

The difference of dimensions between the two heavier profiles was minor. The steel plate
thickness which are available in the markets mainly affect difference between the heavier
profiles and why the profile with the mass distribution 50% is 10 mm higher and its thickness
of flange is 5 mm longer than the case where the mass distribution is 10%. Because the width
b of the I1-beam flange could not be changed, and the lateral force F; gets high the values 11
kN and 13 kN, the flange thickness had to be raised to 30 mm and 35 mm. These values are
unreasonably high. For this reason, using the heavier I-beam profile should be reconsidered.

6.3 VVon Mises stresses

In the middle of the supports, stress point two in figure 10 gets the highest stress values of
all profile points in every cases. This is because all forces influence at that point and also
local stress increases the von Mises stress value. The greatest maximum stress value was
223 MPa which is still smaller than the material steel S355 yield strength 355 MPa. This

means that the beam can withstand the loads.
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The von Mises stress values are clearly higher when forces influence in the middle of the
supports rather than above supports. Only exception is the point three where the von Misses
stress values are higher near to the support. The point three get the smallest von Mises stress
values when the crane is the middle of span because influence of bending is the most minimal
in this point. However, the shear stress gets the maximum values at the support and in the
middle of the I-beam web the point three. Because the maximum shear stress 68 MPa is less
than the half of the yielding strength divided by square root three, the most critical von Mises
stress value is surely got when crane is in middle of span. The point four gets the second
lowest von Mises stress values in the middle of span and the smallest stress values when the
crane is near to the support, because stress combination of shear stresses due to torsion and

shearing are minimum in this point.

Higher forces in the same situation causes higher stress values. Thus, the case with the full
container with mass distribution 50% gets the maximum von Mises stress values. However,
the profile dimensions also influence the stress values. That is why the beam in the empty
container storage gets higher stress values than the beam in the full container storage case

where there is only the crane without the container.

6.4 Utility rates

All utility rates are under 1, which shows that the combination of phenomena does not cause
beam failure. When utility values are under one, no extra local strengthening of beam will
be needed. This would be also less expensive for the company because there would be less
connection parts. As was explaned in section 5.4, the rate of bending and LTB causes about
half of these utility rate values. This shows that bending is the most critical loading case for
the rail beam and LTB is the most likely consequence of bending in the y-direction.
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6.5 Bending displacements

Force Fxcauses very slight bending compared to force Fy. Also, the self-weight of the beam
does not significantly affect total bending. Force Fy is the main cause of vertical
displacement and force F; causes lateral displacement. Table 15 shows that displacements
are really close to the allowed bending and which also shows that bending is the most critical
phenomena, as was also found by analysing utility rates in the section 6.4. Since bending
was so critical, the dimensions of I-beam profiles were optimized firstly to withstand

displacement values.

The calculated displacements may be different than the real displacements, because the crane
behaviour is not yet tested and analysed precisely in the manufacturing factory. However,
these values can be used as guidelines for design. The beam dimensions may still change if

real-life testing gives different displacement values.
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7 Conclusion

The best dimensions of I-beam profiles are shown in table 16 when mass distribution
between beams is 10%. These dimensions give the lightest rail beams which still have

enough durability.

Table 16. The best optimized I-profile dimensions for different containers.

DIMENSIONS [mm] high width web thickness | flange thickness
Empty container storage 237 150 8 8
Full container storage 285 150 8 30

In empty container storage, the profile introduced in table 16 is suitable for the structure.
However, to withstand lateral forces, the I-beam profile optimized for the full container
storage has a flange thickness of 30 mm, which is unreasonable. When the beams are tested
in the factory, real lateral and vertical displacements can be measured and if the forces are

smaller than those found in this thesis, the beam dimensions can be reduced.

The full container storage with mass distribution 50% was also investigated during the thesis.
However, it was only tested to see how much it would influence profile dimensions. In

actuality, transport systems are designed according to a mass distribution of 10%.

7.1 Improvement of thesis

During the thesis calculations, how the crane drives on the rail beam was not known, or what
the second crane would do while other one is already driving on the rail. If the behavior of
the crane which is not on the rail causes more critical lateral forces or example vibration, it
could lead to added fabrication costs or fatigue would need to be calculated. Also, the bigger

lateral forces and fatigue could lead to need for bigger dimensions for the 1-beam profile.
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The easiest way to decrease the dimensions of the I-beam profile is to use a higher steel
grade. This will increase the material strength, but material itself will cost more. In addition
to I-profiles, example rectangle beams or sigma beams should be examined. These profiles
could withstand lateral and vertical forces better than I-beams, but they would need to
smaller mass values per unit length than I-beams, otherwise they would cost more for
company than the optimized I-beams. Calculations of rectangle and sigma profiles would be
similar to the I1-beam calculations in this thesis. In profile optimization calculations for these
alternative profiles, it should be taken into account that the rectangular profile is closed and
the sigma profile is not symmetric. The movement of the crane can cause lateral forces in
both z-coordinate directions of the cross-section. The lateral forces in opposite directions

will affect differently on the non-symmetric profile.

One other option is to calculate how two runway beams connected together, one on each
side of the columns, would influence dimensions. This would reduce calculated length and
thus reduce critical bending and lateral-torsional buckling because another rail beam would

support the in use rail beam.
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Appendix 1. Moment and force distributions

In this appendix there are the moment, the shear force and the normal force distributions for
the runway beam with own mass and every three forces in different coordinate directions. In
the following images it is shown the distributions in middle of the span and near to middle

support. All these distributions are made with software RFEM.

1) The mass of the beam

Moment () Shear force (G)

s

2) The crane in middle of span

Moment (¥, and I7,) Shear force (F, and F.)
Moment (F,) Shear force (F£,)
Normal force (F,) Torsion moment (F,)



3) The crane near to middle support

Moment (£, and )

T T T

Shear force (£, and F)

N )%

Moment (£) Shear force (F)

, P e e e , I [T T
LTI TT] LITTTTTTT
Normal force (F,) Torsion moment (F,)
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Appendix 2. Rail force distributions

Part mass (kg)|force (kN)|rail 1 [kN] (10%)|rail 2 [kN] (10%)|rail 1 [kN] (50%)|rail 2 [kN] (50%)
Empty container| 4500 44,15 23,23 20,91
Full container 32000 | 313,92 165,22 148,70 209,28 104,64
Crane (empty) 3300 32,37 16,19 16,19
Crane (full) 6000 58,86 29,43 29,43 29,43 29,43
SUM empty x 2 crane 55,61 53,28
full x 2 crane 224,08 207,56 268,14 163,50
empty x 1 crane 27,80 26,64
full x 1 crane 112,04 103,78 134,07 81,75




Appendix 3. Lateral forces by crane movements

Longitudinal forces Hy,jand transverse forces Hr,i caused by acceleration and deceleration of

the crane.

symbol unit  EMPTY CONTAINER 10%  FULL CONTAINER 10%  FULL CONTAINER 50% CRANE (empty) CRANE (full)

Qr,max kN 6,95 28,01 33,52 4,05 7,36
Qr,(max) kN 6,66 25,94 20,44 4,05 7,36
Qr,min kN 6,95 28,01 33,52 4,05 7,36
Qr,(min) kN 6,66 25,94 20,44 4,05 7,36
Qy kN 108,891 431,64 431,64 32,373 58,86
€1 0,489331437 0,480861244 0,378787879 0,5 0,5
€2 0,510668563 0,519138756 0,621212121 0,5 0,5
¢ 1 1 1 1 1

1 (steel-rubber) 0,5 0,5 05 0,5 0,5
sQy,min kN 108,891 431,64 431,64 32,373 58,86
K kN 54,4455 215,82 215,82 16,1865 29,43
| mm 2803 2803 2803 2803 2803
Is mm 29,90398293 53,64593301 339,7575758 0 0

M KNmm 1628,137303 11577,86526 73326,48 0 0

a mm 14186 14186 14186 2186 2186
nr 2 2 2 2 2
HT,2 kN 0,056160917 0,392453595 1,957929072 [ o
HT,1 kN 0,058609794 0,423693682 3,211003678 0 o
HL2 kN 27,22275 107,91 107,91 8,09325 14,715
HL1 kN 27,22275 107,91 107,91 8,09325 14,715

Longitudinal forces Hs,ij and transverse forces Hs,ijr caused by skewing of the crane.

symbol unit EMPTY CONTAINER 10%  FULL CONTAINER 10%  FULL CONTAINER 50% CRANE (empty) CRANE (full)
n 8 8 8 4 a
| mm 2803 2803 2803 2803 2803
el (4kpl) mm 1455 1455 1455 1455 15,5
€2 (akpl) mm 785,5 7855 7855 785,5 785,5
€3 (akpl) mm 14005 1400,5 1400,5 1400,5 14005
e4 (4kpl) mm 2040,5 20405 20405 20405 20405
€5 (4kpl) mm 12000 12000 12000
€6 (4kpl) mm 12640 12640 12640
€7 (akpl) mm 13255 13255 13255
e8 (4kpl) mm 13895 13895 13895
e mm 56162 56162 56162 4372 4372
Q kN 55,60721053 224,0810526 268,14 32373 58,86
Q2 kN 53,28378947 207,5589474 1635 32373 58,86
& 0489331437 0,480861244 0378787879 05 05
2] 0510668563 0519138756 0621212121 05 05
m (independent wheel pairs) 0 0 ) 0 0
h mm 56162 56162 56162 2372 4372
0875 03875 03875 075 075
) [ ) [ 0
0,061007965 0,059951933 0,047225818 0,120840005 0,120840005
0,060310936 0,05926697 0,046686254 0,102541743 0,102541743
0,059641135 0,058608764 0,046167766 0,084958257 0,084958257
0,058944107 0,0579238 0,045628201 0,066659995 0,066659995
0,048097145 0,047264597 0,037231648
0,047400117 0,046579634 0,036692083
0,046730316 0,045921427 0,036173595
0,046033287 0,045236464 0,03563403
0,063668196 0,064724227 0,077450342 0,120840005 0,120840005
0,062940773 0,063984739 0,076565456 0,102541743 0,102541743
0,062241766 0,063274138 0075715136 0,084958257 0,084958257
0,061514344 0,06253465 0,07483025 0,066659995 0,066659995
0,050194404 0,051026953 0,061059902 0,125 0,125
0,049466982 0,050287465 0,060175016 0125 0,125
0,048767975 0,049576864 0,059324696 0125 0125
0,048040553 0,048837376 0,05843981 0,125 0,125
mm 14186 14186 14186 2186 2186
mm
x mm 6,666666667 6,666666667 6,666666667 6,666666667 6,666666667 0,75x=5mm
y mm 45 45 45 45 45 y=0,03b mm
oF rad 0,00035246 0,00035246 0,00035246 0,002287283 0,002287283
av rad 0,000317214 0,000317214 0000317214 0,002058554 0,002058554
a0 rad 0,001 0,001 X X X
« rad 0,001669674 0,001669674 0,001669674 0,005345837 0,005345837 <0.015 rad
1 0102376463 0102376463 0102376463 022116767 022116767 <03
s kN 9,754390997 38,6660544 38,6660544 10,73979149 19,52689361
HS2jL kN ] 0 0 0 )
|HSLjL KN ) [ [) [ [
HS21T kN 0,680109188 2,649262536 2,086898349 1,73039527 3,146173217
HS22T kN 0,672338801 2,618994168 2,063055108 1,46836925 2,669762272
HS23T kN 0,664871945 2,589908158 2,080143243 1,216578621 221196113
HS24T kN 0,657101558 2,559639791 2,016300001 0,954552602 1,735550185
HS25T kN 0536180982 2,088611964 1,645258181
HS26T kN 0,528410595 2,058343597 1,621414939
HS27T kN 0520943739 2,029257587 1,598503074
Hs28T kN 0513173352 1,998989219 1,574659833
HS11T kN 0,709765112 2,860149106 3,422513203 1,73039527 3,146173217
Hs12T kN 0,7016559 2,827471316 3,383410376 1,46836925 2,669762272
HS13T kN 0,693863454 2,796070002 3,345834918 1,216578621 221196113
HS14T kN 0,685754242 2,763392212 3,306732002 0,954552602 1,735550185
HS15T kN 0,559560967 2,254869633 2,698223417
HS16T kN 0,551451755 2222191843 2,659120501
HS17T kN 0,543659309 2,190790529 2,621545042
HS18T kN 0,535550097 2,158112739 2,582442126
EMPTY CONTAINER 10% | FULL CONTAINER 10% | FULL CONTAINER 50% CRANE (empty) CRANE (full) |
Fx Hs2L. kN of 0| o[HS2L 0 0
HS1L kN 0| 9| O[HS1L [} 0
F HS2(1-4)T kN 2,674421493] 10,41780465 8,2063967|HS2(1-2)T 3,198764519) 581593549
HS2(5-8)T kN 2,098708667, 8175202368 6,439836028|HS2(2-4)T 2,171131223) 3947511315
HS1(1-4)T kN 2,791038709) 11,24708264 13,45849059|HS1(1-2)T 3,198764519) 581593549
HS1(5-8)T kN 2,190222127) 8,825964745) 10,56133109|HS1(2-4)T 2171131223 3,947511315

[5=Total HL+HT [ 9,754390997| 38,6660544] 38,6660544] 10,73979149] 19,52689361




Appendix 4. Load case calculations

Information
Material information Both int Structure
Material steel $355 0
f=kleingi fy &5 [ Ilf:ieckness of tire t: izg :: asciean G 22000 mm
Tensile strength fn 510  |MPa Di . . Length between two support | 6000 mm
Ve e £ 210000 |MPa istance of tire 1 and tire 2 al 640 mm
Shearmodule G 81000 |MPa Distance of tire 2 and tire 3 a2 615 mm Length between of two beam L2 2953 (il
Density o 0,0000078 |kg/mm*3 | Distance of tire 3 and tire 4 a3 640  |mm Allowed bending 1/600 10 mm
Total forces for four wheels and starting dimensions calculations
Total force [kN] EMPTY CONTAINER 10% | FULL CONTAINER 10% || FULL CONTAINER 50% CRANE (empty) CRANE (full)
x-direction Fx 13,611375 53,955 53,955 8,09325 14,715
y-direction Fy 27,80 112,04 134,07 16,19 29,43
q [N/mm] 0,291657539 0,744599719 0,860024061 0,291657539 0,744599719
z-direction Fz 2,791038709 11,24708264 13,45849059 3,198764519 5,81593549
Profile starting measures
definited measure bf 150 mm
PL3
e 0,8136 tw 4,3 mm
nw 100,8864 tf 6,4 mm
nf 11,3904 hw 430,3 mm
Profile optimized dimensions
Profile empty 10% Profile full 10% Profile full 50%
High h 237 mm h 285 mm h 294 mm
Width b 150 mm b 150 mm b 150 mm
Thickness web tw 8 mm tw 8 mm tw 8 mm
Thickness flange tf 8 mm tf 30 mm tf 35 mm
Area of cross-section A 4168 mm?2 A 10800 |mm2 A 12292 |mm2
Moment of inertia ly 4509429,3 |[mm4 ly 16884600 |mm4 ly 19697057 |mm4
Moment of inertia Iz 38673307 |mm4 Iz 154575000 |mm4 Iz 184652449 |mm4
Bending resistance Wy 60125,724 |mm3 Wy 225128 |mm3 Wy 262627,43 |mm3
Bending resistance Wz 326357,02 [mm3 Wz 1084736,8 [mm3 Wz 1256139,1 (mm3
Torsion constant It 116481,71 [mm4 It 3587304 |mm4 It 5666705,4 |mm4
Section modulus in torsion Wt 14560,213 |mm3 Wt 119576,8 |mm3 Wit 161905,87 [mm3
Mass of beam m 0,0325104 |kg/mm m 0,08424 |kg/mm m 0,0958776 |kg/mm
Sectional class
Sectional class
empty 10% taulukko fy=355 Sectionall class bend. Sectionall class comp.
web 27,625 < 34,2 1 2
flange 8,875 < 11,4 3 3
full 10% taulukko fy=355 Sectionall class bend. Sectionall class comp.
web 28,125 < 34,2 1 2
flange 2,366666667 < 11,4 1 1
full 50% taulukko fy=355 Sectionall class bend. Sectionall class comp.
web 28 < 34,2 1 2
flange 2,028571429 < 11,4 1 1




Load case calculations (Fx, Fy and F)

[Fx forces EMPTY CONTAINER 10% | FULL CONTAINER 10% FULL CONTAINER 50% CRANE (empty) CRANE (full)
x-direction HLL 1 53955 53955 8093,25 14715
[Compression and Tension [MPa]
[Stress | oxl. 3,265684981 | 4,995833333 4,389440286 1,941758637 1,3625
[Bending
Moment M (HL1) 1612947,938 7688587,5 7931385 959050,125 2096887,5
mm McRd 115856743,5 385081578,9 445929384,4 1158567435 385081578,
Bending viMz1(1/2)) 0,1117152 0,133232611 0,1150528 0,066425254 0,036336167
mm
Bend. stress oxl 4,942280445 7,087974891 6,314097642 2,938653238 0,036336167
Mpa
[Buckling
Ler [mm] 6000 6000 6000 6000 6000
Ner [N] 2226526425 8899298,918 10630938,66 2226526,425 8899298,918
A 0,815199876 0,656369145 0,640677757 0,815199876 0,656369145
a ) ); 0,34 034 034
) 0936859398 0,792992982 0,780149213 0,936859398 0792992982
1> % 0,715028226 0,807764583 0,816122486 0,715028226 0807764583
NbRd 1057984,364 3096969,411 3561281,049 1057984,364 3096969,411
Ler [mm] 000 6000 6000 6000
iy 32,89250411 39,53971281 40,03035105 32,89250411 39,53971281
iz 96,32561757 119,6348611 122,564941 96,32561757 119,6348611
i0 10360,54143 15875,88889 16624,59377 10360,54143 15875,88889
Ner [N] 3928410,423 29685456,73 41428205,85 3928410,423 29685456,73
A 0,61371905 0,359380234 0,324546843 0,61371905 0,359380234
a 034 034 034 034 034
) 0758657775 0591671716 0,57383829 0,758657775 0591671716
1= bs 0,830115487 0,941890677 0,955034924 0,830115487 0,941890677
NbRd 1228272,079 3611208,854 4167447,696 1228272,079 3611208,854
forces EMPTY CONTAINER 10% | FULL CONTAINER 10% FULL CONTAINER 50% CRANE (emy (CRANE (full
|y-direction F1 27803,60526 112040,5263 134070 16186,5 29430
| Gi/mm | 0,318927024 | 0,8263944 0,940559256 0,318927024 0,8263944
[Bending
Moment M (F1) 33881473,37 136532585,4 163377702 19724868,9 35863398
Nmm M(G) 803696,1 2082513,9 2370209,3 803696,1 2082513,9
M (F1kok) 346851695 138615099,3 1657479113 20528565,0 37945011,9
McRd 115856743,5 385081578,9 445929384,4 115856743,5 385081578,9
Bending a 1895 1895 1895 1895 1895
aB 0,315833333 0315833333 0315833333 0315833333 0315833333
VB 1,295 1,295 1,295 1,295 1,295
i) 0,0054 00054 0,0054 0,0054 0,0054
mm v(F1) 9,576218008 9,654729487 9,671208838 5,575012712 2,536034934
mm v(G) 0274827048 0178167127 0,169750302 0274827048 0178167127
Bending stress oxl 106,2798314 127,7868455 131,9502831 62,90217001 34,9816752
Mpa
[Shearing
F1 27803,60526 112040,5263 134070 16186,5 29430
cross-sectional Sm (Uflange) 1374 573750 679875 137400 573750
|static moment Sm (Dflange) 137400 573750 679875 137400 573750
mm3 Sm (web) 186241,0 624375,0 730051,0 186241,0 624375,0
Tly (UF) 0,658545 2,772473 3,290897 0,383387 0,728253
tly (DF) 0,658545 2,772473 3,290897 0,383387 0,728253
Ty (W) 16,736903 56,570681 66,258218 9,743768 14,859580
i)
K 05 05 05 05 05
kw 0,5 05 05 0,5 0,5
1 1,07 107 1,07 107 1,07
Q@ 0,432 0,432 0432 0,432 0,432
a 3,05 3,05 X X X
w 5,4306E+11 3,13884E+12 3,990156+12 5,4306E+11 3,13888E+12
v 116481,7067 3587304 5666705,427 116481,7067 3587304
tukien lkm. [ o o 0 [
Ltuki 6000 6000 6000 6000 6000
za 1185 1425 147 118,5 1425
s o o ] o o
£ 1185 1425 147 1185 1425
3 0 [ 0 0 0
Mcr 403835615,9 2139171844 2692467347 4038356159 2139171844
AT 0,535621929 0,424280952 0,406965715 0,535621929 0,424280952
h/b 158 19 1,96 158 19
alT ¢ 0,49 0,49 0,49
OLT 0,725672798 0,644955997 0,633517146 0,725672798 0,644955997
1= AT 0,822859132 0,884402515 0,893630967 0,822859132 0,884402515
MbRd 95333779,42 340567117 398496307 95333779,42 340567117
M (1Ltuki) 34685169,5 138615099,3 1657479113 20528565,0 37945911,9
ss
xw(min) 615 615 615 615 615
tw 8 8 8 ! 8
Irf 6400 337500 535937,5 6400
leff 30,17032742 113,1387278 131,9951825 30,17032742
FyEd1 6950,901316 28010,13158 33517,5 X i
oyl 28,79858254 30,94666623 31,74121526 16,76574861 8,128847811
|Local shear stress.
hw 221 225 ” 224 221 225
z2 44,2 a5 44,8 44,2 as
TooEdl | 5759716508 | 6189333246 6,348243053 3,353149722 1,625769562
[Fz forces [N] EMPTY CONTAINER 10% | FULL CONTAINER 10% | FULL CONTAINER 50% CRANE (full)
HTL 2791,038709 11247,08264 5815,93549
M (HT1) 3401159,771 13705694,9 16400516,63 3898014,443 7087298,988
McRd 21344632,2 79920440,0 93232738,0 21344632,2 79920440,0
Bending a 1895 1895 1895 1895 1895
B 0,315833333 0315833333 0,315833333 0315833333 0315833333
VB 2 ! X 2,59 -
mm V(HT1) 8,244199623 8,872649675 9,101212003 9,448544428 4588101627
Bend. stress ozl 56,5674643 60,87956584 62,44784317 64,83105991 31,48119731
Mpa
upper flange)
iz (UF) 0,669635. [ 1,041397 [ 1,094898 I 0,767458 0,538513
[Torsion
Punctual tor Mol 661476,1741 3205418,551 3956796,233 758107,1911 1657541,615
moment
k 0,000287632 0,000663946 0,000740122 0,000287632 0,000663946
kL 1,725794051 3,983673269 4,440731957 1,725794051 3,983673269
integrointivakiot a1 [ o 0 0 0
Mol [} 3,50543E-05 5,51571E-06 4,31021E-06 4,01752E-05 2,85221E-06
a 087302238 -0,002225586 -0,001249807 -0,100055689 -0,001150864
ca 0 o 0 0 0
| Torsion Mt(0) 93815,84266 1173340,842 1553815,933 107520,8265 606741,7541
Mt(1/2) -1,27868E-10 2,46124E-10 -3,88791E-10 -1,27868E-10 1,23062€-10
Bimoment B(0) o o o 0 o
8(/2) 802314512,6 2325679094 2610787838 919519742,9 1202622940
|Warping torson Ma(0) 236922,2444 429368,4333 424582,1835 271532,769 222029,0533
Mafl/2) 330738,0871 1602709,276 1978398,116 379053,5956 828770,8073
I Total torsion Mtot(0) 330738,0871 1602709,276 1978398,116 379053,5956 828770,8073
Mtot(1/2) 330738,0871 1602709,276 1978398116 379053,5956 828770,8073
w 8587,5 9562,5 9712,5 8587,5 9562,5
sw 2576250 107578125 12747656,25 2576250 107578125
flange surface 1 (0) 6,44330138 9,812445577 9,597032766 7,384563952 5,074075858
flange middle line w (0) 0140493373 0,049052805 0,038755587 0161017193 0,025365507
fla. mid. lain *2 ot (0) 6,583794753 9,861498382 9,635788353 7,545581145 5,099441364
web 1 (0) 644330138 2616652154 2,193607489 7,384563952 1,353086895
head of flange owl (0) [} [ 0 o o
flange surface i (1/2) -8,78204E-15 3,45167E-18 5,05398E-18 2,53308E-18 1,725836-18
flange middle line wi(1/2) 0,196125567 0,183100058 0,180586902 0,224776354 0,094682164
(fla. mid. lain *2 ot (1/2) 0,196125567 0,183100058 0,180586902 0,224776354 0,094682164
\web Tl (1/2) -8,78204E-15 5,48877E-16 -5,48877E-16 -8,78204E-15 2,74439E-16
head of flange owl (1/2) 126871298 7,085202272 6,354960718 14,54051515 3,663801599
(fy/(38(1/2)))/ym0 204,9593456 204,9593456 204,9593456. 204,9593456 204,9593456
fy/ym0 355 355




Appendix 5. Stress combination and von Mises stress

Stresses (crane in middle of supports)

MPa [ EMPTY CONTAINER 10% | FULL CONTAINER 10% | FULL CONTAINER 50% CRANE (empty) | CRANE (full)
POINT1  comp/tens ox (Fx) 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
bending  ox (Fx) 4,942280445 7,087974891 6,314097642 2,938653238 0,036336167
bending  ox (Fy) 106,2798314 127,7868455 131,9502831 62,90217001 34,9816752
bending o (F2) 56,5674643 60,87956584 62,44784317 64,83105991 31,48119731
torsion  ox (Fz) 12,6871298 7,085202272 6,354960718 14,54051515 3,663801599
Yox 183,7423909 207,8354218 211,4566249 147,1541569 71,52551028
torsion 1z (Fz) 0 0 0 0 0
shearing 1z (F2) 0,334818 0,520698 0,547449 0,383729 0,269256
Y 0,334818 0,520698 0,547449 0,383729 0,269256/
von Mises 183,7433061 207,8373786 211,4587509 147,1556579 71,52703067
POINT2  comp/tens ox (Fx) 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
bending  ox (Fx) 4,942280445 7,087974891 6,314097642 2,938653238 0,036336167
bending  ox (Fy) 106,2798314 127,7868455 131,9502831 62,90217001 34,9816752
bending o (F2) 56,5674643 60,87956584 62,44784317 64,83105991 31,48119731
Sox 171,0552611 200,7502196 205,1016642 132,6136418 67,86170868
local oy (Fy) 28,79858254 30,94666623 31,74121526 16,76574861 8,128847811
Yoy 28,79858254 30,94666623 31,74121526 16,76574861 8,128847811
shearing Ty (Fy) 0,329272 1,386236 1,645449 0,191693 0,364127
local 1y (Fy) 5759716508 6,189333246 6,348243053 3,353149722 1,625769562
Sty 6,088989 7,575570 7,993692 3,544843 1,989896
torsion 1z (F2) 0,196125567 0,183100058 0,180586902 0,224776354 0,094682164
shearing 1z (F2) 0,669635 1,041397 1,094898 0,767458 0,538513
su 0,865761 1,224497 1,275485 0,992234 0,633195
von Mises 187,4270145 218,2832169 223,1164525 141,8854701 72,36027253
POINT3  comp/tens ox (Fx) 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
Yox 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
torsion Ty (F2) 0 0 0 0 0
shearing Ty (Fy) 8,368452 28,285340 33,129109 4,871884 7,429790
Sy 8,368452 28,285340 33,129109 4,871884 7,429790
von Mises 14,85791533 49,24570821 57,54894222 8,65887932 12,94070082
POINT4  comp/tens ox (Fx) 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
bending  ox (Fx) 4,942280445 7,087974891 6,314097642 2,938653238 0,036336167
bending  ox (Fy) 106,2798314 127,7868455 131,9502831 62,90217001 34,9816752
bending  ox (F2) 56,5674643 60,87956584 62,44784317 64,83105991 31,48119731
Yox 171,0552611 200,7502196 205,1016642 132,6136418 67,86170868
torsion 1z (F2) 0,196125567 0,183100058 0,180586902 0,224776354 0,094682164
Yu 0,196125567 0,183100058 0,180586902 0,224776354 0,094682164
shearing Ty (Fy) f 0,329272 r 1,386236 r 1,645449 r 0,191693 r 0,364127
Sty 0,329272 1,386236 1,645449 0,191693 0,364127
von Mises 171,0565492 200,7648281 205,1217029 132,6146289 67,86483746
POINT5  comp/tens ox (Fx) 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
bending  ox (Fx) 4,942280445 7,087974891 6,314097642 2,938653238 0,036336167
bending  ox (Fy) 106,2798314 127,7868455 131,9502831 62,90217001 34,9816752
bending  ox (F2) 56,5674643 60,87956584 62,44784317 64,83105991 31,48119731
torsion  ox (Fz) 12,6871298 7,085202272 6,354960718 14,54051515 3,663801599
Yox 183,7423909 207,8354218 211,4566249 147,1541569 71,52551028
torsion 1z (Fz) 0 0 0 0 0
d1z 0 0 0 0 0

von Mises 183,7423909 207,8354218 211,4566249 147,1541569 71,52551028




Stresses (the crane above supports)

MPa [ EMPTY CONTAINER 10% | FULL CONTAINER 10% | FULL CONTAINER50% |  CRANE (empty) | CRANE (full)
POINT1 comp/tens ox (Fx) 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
torsion ox (Fz) 0 0 0 0 0
Yox 3,265685 4,995833 4,389440 1,941759 1,362500
torsion 1z (Fz) 6,443301 9,812446 9,597033 7,384564 5,074076
shearing 1z (Fz) 0,669635 1,041397 1,094898 0,767458 0,538513
Yu 7,112936 10,853842 10,691931 8,152022 5,612588
von Mises 12,74544195 19,4518898 19,03206135 14,25260704 9,816305415
POINT2  comp/tens ox (Fx) 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
Sox 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
local oy(Fy) 2879858254 " 30,94666623 7 31,74121526 " 16,76574861 " 8128847811
Yoy 28,79858254 30,94666623 31,74121526 16,76574861 8,128847811
shearing Ty (Fy) 0,658544722 2,772473 3,290897 0,383387 0,728253
local 1y (Fy) 5,759716508 6,189333246 6,348243053 3,353149722 1,625769562
Sty 6,41826123 8,961806 9,639141 3,736536 2,354023
torsion Tz (Fz) 0,140493373 0,049052805 0,038755587 0,161017193 0,025365507
shearing 1z (F2) 0,669635007 1,041397 1,094898 0,767458 0,538513
s 0,810128 1,090449 1,133654 0,928475 0,563878
von Mises 32,55182497 37,17214065 38,06169602 19,02333049 9,827933356
POINT3  comp/tens ox (Fx) 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
Yox 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
torsion Ty (F2) 6,44330138 2,616652154 2,193607489 7,384563952 1,353086895
shearing Ty (Fy) 16,736903 56,570681 66,258218 9,743768 14,859580
Yy 23,180205 59,187333 68,451825 17,128332 16,212667
von Mises 40,28188636 102,637125 118,643265 29,73061918 28,11419713
POINT4  comp/tens ox (Fx) 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
Yox 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
shearing 1y (Fy) 0,658545 2,772473 3,290897 0,383387 0,728253
Yy 0,799038 2,821526 3,329653 0,544404 0,753619
torsion 1z (Fz) 0,140493373 0,049052805 0,038755587 0,161017193 0,025365507
Yu 0,140493373 0,049052805 0,038755587 0,161017193 0,025365507
von Mises 3,546841416 6,988660401 7,247548145 2,158599916 1,88685719
POINT5  comp/tens ox (Fx) 3,265684981 4,995833333 4,389440286 1,941758637 1,3625
torsion ox (Fz) 0 0 0 0 0
Yox 3,265685 4,995833 4,389440 1,941759 1,362500
torsion 1z (F2) 6,443301 9,812446 9,597033 7,384564 5,074076
Yu 6,443301 9,812446 9,597033 7,384564 5,074076
von Mises 11,62811663 17,71470054 17,19233259 12,93699273 8,893545057




Appendix 6. Utility rates

Utility rate EMPTY CONTAINER 10% | FULL CONTAINER 10% | FULL CONTAINER 50% CRANE (empty) | CRANE (full)

Compression 13611,375 53955 53955 8093,25 14715
Buckling 1228272,079 3611208,854 4167447,696 1228272,079 3611208,854
rate 0,011081726 0,01494098 0,012946773 0,006589135 0,004074813
Bending 34685169,5 138615099,3 165747911,3 20528565,0 37945911,9
Lateral buckling 95333779,42 340567117 398496307 95333779,42 340567117
rate 0,363828747 0,407012575 0,415933369 0,21533359 0,111419776
Bending stress 56,5674643 60,87956584 62,44784317 64,83105991 31,48119731
yield strength 355 355 355 355 355
rete 0,15934497 0,171491735 0,175909417 0,182622704 0,088679429
Shearing stress 0,669635 1,041397 1,094898 0,767458 0,538513
yield strength/square(3) 204,9593456 204,9593456 204,9593456 204,9593456 204,9593456
reate 0,00326716 0,005080991 0,005342027 0,00374444 0,002627412
safety factor 1,2 1,2 1,2 1,2 1,2
UTILITYRATE 0,645027123 0,718231537 0,732157903 0,489947842 0,248161715




