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Abstract. The paper deals with strength reanalysis of proposed rack
system design. At previous analysis it was found out that the structure does
not met the safety and reliability conditions due to exceeding allowable
stress. After structure modification the next step will be determination of
influence line equation for rack system drive force as its effect is time
dependent in operation.
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1 Introduction
Generally, handling equipment consists of bearing construction, driving mechanism and
other parts (various additional equipment, e.g. a cab). The steel construction forms a basic
bearing part of any handling equipment. Mostly it means the bearing construction of all
equipment working parts which transmits all external loads affecting the equipment. The
shape of the steel construction defines its kind and purpose of use [1]. Its production is
carried out by joining parts into larger constructions by means of either riveting (an older
way), or welding (nowadays the most common way) [2-5]. For this reason, the designed
steel construction of rack system (Fig. 1) will be constructed by welding. Among the most
important customer`s requirements we can include the safety of the construction. The steel
construction should be light and rigid enough to ensure the economy of production and
operation, it should also be aesthetic and take into account the perfect arrangement of the
steel construction as a whole, it should allow a safe access to all mechanisms, and it should
also have an appropriate division with regard to its assembly.
In designing the steel construction we consider particularly safety and consequently,
reliability (summary of characteristics and factors which affect usability, no-failure
operation, and maintenance of the steel construction) [5, 6]. The construction will be
formed by means of welding and we have to ensure the welding capability of material [7].
Welding steel without special requirements and welding conditions (due to the demand for
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the economy of production) cannot contain more than 0.18 % of carbon resulting in
strength less than 400 MPa of the given classes of steel used for the steel construction. To
increase strength we can use steel with other alloyed element, for example steel 11 523 has
strength 520 MPa and is alloyed by manganese (max: 1.5 % Mn, 0.55 % Si, 0.3 % Cr, 0.3
% Ni). That`s why we have chosen steel STN 11 523 as basic material of rack system
construction [8].

Fig. 1. Metallurgical material warehouse within a company

In welded constructions influenced statically and dynamically we use butt and fillet
welds [9-11]. The calculation is run on dimension principles with certain specification. To
save storage area, for the company it is important that the rack, serving for material storage,
provides the storage in several layers in height. To alleviate handling with material stored in
the rack and to increase clarity, one kind of material is deposited together if possible.
Moreover, we have to take into account the principle that if we put more kinds of material
into the rack, loading and unloading of material at the bottom is time-consuming.
Therefore, to increase the handling efficiency it is advisable to construct storage racks as a
mechanism with a single degree of freedom [12], which allows to pull out the material
horizontally and to grip it by means of a grab bucket.

2 Strength reanalysis of the rack system
The strength analysis of the construction showed deficiencies of the design in the pulled-out
position [13]. Analyses were carried out using FEM by means of Adina software [14-16].
That is why it is necessary to make some changes in the construction. One possible solution
to this problem is to weld 10 mm thick sheet between the central and horizontal beams, and
thus increase thickness. The geometry of bearing construction model is formed from three
separated parts which are joined by means of interconnecting the displacements in each of
the corresponding nodes of the mesh (Fig. 2).

Fig. 2. Geometry of the bearing construction with the welded sheet (on the left) and connection of
circuit nodes (on the right)
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We have decided for this method so that the model was more real. If only one mid-surface
was modeled with the thickness of the corresponding amount of two beams and the sheet,
the results would be less accurate because the sheet is welded to the beams only on the
circuit and is not connected with the whole surface [17-19].
As it is seen in the Figure 3, such construction change can ensure a decrease of the
stress in the beams from 195 MPa to 118.6 MPa. By comparing the obtained stress value
with the allowed stress of a weld for the material S355 (148 MPa) we conclude that after
using this construction change, the maximum stress value will decrease to a safe value, and
therefore the construction safely transmits the required load.

Fig. 3. Detail of stress in the construction after designed change

The strength analysis was carried out in parts. The pull-out rack analysis has proved that
this part of the construction meet the safety requirements while loading the pull-out or pullin rack positions. The analysis of the bearing construction showed significant deficiencies
in strength and stability of the pulled-out rack position when the welds had the stress 213.6
MPa, and at the same time the arms are deformed. So the ends of the arms move by 4.18
mm with pulled-out length of 2095 mm (Fig. 4). That is why we carried out the change of
the construction.

Fig. 4. Simulated displacements of the construction without the construction change in the vertical
direction

The construction change included the weld between the central beam and horizontal
beams and thus increase the thickness of the construction. This solution proved to be right
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as the stress values of welds went down to the value of 118.6 MPa. This value is acceptable
and the construction meets safety requirements.

3 Drive force influence line equation
The static calculation [13] has a deficiency in the form of a large computational space if we
want to determine the actual reaction forces values depending on the size of the rack
extension. This is because of the burden loading the construction, and therefore the hand
crank, is not static but movable [20]. In equations, there are many constant variables (the
weight load is constant and their geometry does not change with respect to the rack when it
is pulled out). Therefore, it will be appropriate to simplify the equation in such a way that
we calculate all partial loads to obtain the resulting load and determine its position relative
to the rack.

Fig. 5. Releasing of the mechanism for pulling out (on the left) and pulling in (on the right)

The horizontal coordinate of the centre of gravity xCG of the moving material (the
loaded material and the weight of the movable part of the rack) from the left edge of the
rack at the pull-in position is obtained from Fig. 5 on the left using a relation (1):

xCG

l 
l 
a
b



 Fg1  Fgb   a    Fg 2   a  2   Fg 3  1.5  a  b   Fg 4   a  4 
2
2
2
2



.

Fg1  Fg 2  Fg 3  Fg 4  Fgb

(1)

By placing the appropriate values as variables in equation (1), we get the position of the
centre of gravity of the total load xCG = 515.42 mm from the left edge of the rack. From the
equation denominator (1) for the total weight of the moving parts at the maximum load
m = 3,000 kg, we get Fg = 5251.68 N. Let us define the position of the resulting centre of
gravity by the distance z from bearing B (see Figure 6 on the left).
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Fig. 6. Schematically depicted geometry of the pull-in position of the rack (left) and schematic
representation of the rack considered as a plain beam (right)

In order to check the correctness of the solution, it is sufficient to make the calculation
of equations [13], but using the total value Fg and its position, but at the same time it was
necessary to create the equation (2) in such a way as to explain the variable x1, i.e. ejecting
the rack in the first boundary. This situation is documented in Fig. 6. right and the equation
(2) derived from it:

 MiB  0,

 RA   l  x1   Fg  z .

(2)

From the equation (2) we get the reaction force RA, depending on the rack extension x1 (I.
boundary):
 z 
RA  Fg  
.
 l  x1 

However, the validity of this equation must be considered only in the first boundary of the
rack ejection, i.e., for total ejection x1 = 0 to 315 mm. If the variable x1 reaches a value of
315 mm, the reaction RB disappears and the vector line of the total centre of gravity of the
moving loading will be identical to the vertical axis of the friction wheel. Therefore, the
normal force at the friction wheel RA will acquire a value equal to Fg. Modification of the
size of the reaction RB on the bearing B, depending on the ejection of the rack during the
contact of the wheel B with the profile (which allows the existence of the reaction force RB),
can be mathematically written (see Figure 6) in the form (3):

 MiA  0,

 RB   l  x1   Fg   l  z  x1  .

(3)

However, the validity of the equation (3) must be considered again only in the first
boundary of ejection, i.e., for total ejection x1 = 0 to 315 mm. We get the reaction RB from
equation (3):
RB  Fg 

 l  z  x1 
 l  x1 

In order to be able to immediately quantify the value of the force F acting on the hand
crank over the entire length of the rack x, it is necessary to construct an equation describing
the state for the second field, i.e., for the moment when the total center of gravity is located
above the friction wheel up to the point of maximum extension x2 = 0 to 600 mm.

Fig. 7. Schematically depicted geometry of the pull-out position of the rack (left) and schematic
representation of the rack considered as a plain beam (right)

From Fig. 7 we get the reaction RA’ (4):
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 RA '   w  x2   Fg  w .

(4)

From the equation (4) we get the reaction force RA' depending on the rack ejection x in
the second boundary:
 w 
RA '  Fg  

 w  x2 

However, we need only consider the validity of this equation (4) in the second boundary of
ejection, i.e., for total ejection x2 = 0 to 600 mm (at x2 = 0 mm it is also x1 = 315 mm). From
Fig. 7 right we get the reaction RC (5):

 MiA  0,

 Fg  x2  RC   w  x2  .

(5)

From the equation (5) we get the required reaction force RC, depending on the rack
ejection x2 (II. boundary):
 x2 
RC  Fg  

 w  x2 

.

Analytical calculation of reactions RA, RB, RC and RA' for selected boundary conditions
x1 = 0 and 315 mm, x2 = 0 and 600 mm, z = 643 mm, w = 1,517 mm:
 z 
 643 
RA x1 0  Fg  
  5217  
  3501.5N
 958  0 
 l  x1 
 z 
 643 
RA x1 315  Fg  
  5217  
  5217N
 958  315 
 l  x1 
 l  z  x1 
 958  643  0 
RB x1 0  Fg  
  5217  
  1715.5N
 958  0 
 l  x1 
 l  z  x1 
 958  643  315 
RB x1 315  Fg  
  5217  
  0N
l

x
 958  315 

1

 x
RC  x 2 0  Fg   2
 w  x2


0


  5217  
  0N
1517

0




 x 
600


RC  x 2 600  Fg   2   5217  
  3413.5N
w

x
1517

600



2 
 w 
 1517 
RA ' x 2 0  Fg  
  5217  
  5217N
 1517  0 
 w  x2 
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 1517 
  5217  
  8630.5N
 1517  600 


An analytical calculation of the reactions shows that the largest load on the rack occurs
when that is maximally rejected. This maximum load also served as an input for the
strength analysis of the rack system steel structure [21]. To compute the equation that
explains the relation between the position of the rack x and the instantaneous force F on the
hand crank, it is necessary to continue the calculation of the rack system transmission
mechanism, the design of which will depend on the physical possibilities of the drive, i.e.
human drive. The friction force FT, between the friction wheel and the moving part of the
rack, depends on the variable character of the normal force RA in the first boundary. We can
write (6):

F T _ I ( x1 )  RA( x1 ) 

1
dK

(6)

The rolling resistance coefficient ξ1, depending on the type of material to be contacted
(steel with steel at the f = 0.1 (-) friction coefficient considered) and the diameter of the
friction wheel dK = 80 mm, acquires the value ξ1 = 0.5 mm. By applying the relation (2) to
the relation (6) we get [22, 23]:
 z  1
F T _ I ( x1 )  Fg  

 l  x1  d K

For the friction force FT between the friction wheel and the movable part of the rack
depending on the variable character of the normal force RA' in the second boundary can be
written (7) [22, 23]:

F T _II( x2 )  RA '( x2 ) 

1
dK

(7)

The geometry of the construction does not change in the second boundary, so for
calculating the friction force in the second boundary, we use the same values of the rolling
resistance coefficient ξ1 and the diameter of the friction wheel dK. By applying the relation
(4) to the relation (7) we get:
 w  1
F T _ II ( x2 )  Fg  

 w  x2  d K

In addition, the rolling without slipping condition (8) must be checked to ensure that the
friction wheel is not slipping on the rack.

dK 

1
f

(8)

By substituting the values into the relation (8) we find out that the rolling condition is
fulfilled, i.e., no slip occurs between the friction wheel and the pull-out part of the rack.
Then the value of the variable tensile force in bearing B in the first boundary is determined
(9):
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F BT _ I ( x1 )  RB ( x1 ) 

2

(9)

rL

The rolling resistance coefficient ξ2, depending on the type of material to be contacted
(steel with steel at f = 0.095 (-) and heat treatment - bearing hardening) and the radius of
the ball bearing used rL = 31 mm acquires a value of ξ2 = 0.005 mm. Applying the relation
(5) to the relation (9) we get:
FBT _ I ( x1 )  Fg 

 l  z  x1   2

 l  x1  rL

A similar relation also applies to the variable tensile force in bearing C (10) in the second
boundary:

FCT _ II ( x2 )  RC ( x2 ) 

2

(10)

rL

Applying the relation (5) to the relation (10) we get:
 x
FCT _ II ( x2 )  Fg   2
 w  x2

 2

 rL

The total force required to eject the pull-in rack (boundary condition: I. boundary x1 = 0
mm) considering the efficiency of the friction wheel mounting η = 0.96 (-) is (11):

Ftotal ( x1 )  FBT _ I ( x1 ) 

FT _ I ( x1 )



(11)

However, the calculated load is only one-sixth of the total value (because of the 1/6 model),
so it is necessary to obtain the total force required to eject the rack by multiplying the force
by the constant 6 (-). By adjusting the equation (11) for the force required to move the rack
in the first boundary (0 to 315 mm) we get:
  l  z  x1  2  z  1 
Ftotal ( x1 )  6  Fg  
 


  l  x1  rL  l  x1  d K  

The total force required to pull in the ejected rack (boundary condition: II. boundary
x2 = 600 mm), considering the efficiency of the friction wheel mounting η = 0.96 (-) is (12):

Ftotal ( x2 )  FCT _ II ( x2 ) 

FT _ II ( x2 )



(12)

The calculated load is again only one-sixth of the total value (since the 1/6 model was
used), so it is necessary to obtain the total force required to pull in the rack by multiplying
the force by the constant 6 (-). By adjusting the equation (12) for the force required to move
the rack in the second boundary (315 to 915 mm) we get:
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  x2  2  w
Ftotal ( x2 )  6  Fg  
 
  w  x2  rL  w  x2

 1 


 d K  

For maximum force, i.e., at boundary condition x2 = 600 mm we get:

600
0.5 
 0.005  1517 
Ftotal ( x2  600)  6  5217  

 340.5 N


1517

600
31
1517

600
80
 0.96 





The value of this force 340.5 N is greater than the desired value to maintain comfortable
handling of the machine by the manual force of the worker with a power of 75 W for crank
force, i.e., 100 N. In order the hand crank not to be too long (and thus the increase in the
circumferential speed of the crank radius), the gear will be equipped with a 1: 2 sprocket to
slow the transmission and increase the force (see Fig. 3 in [13]). The sprocket dimensions
were chosen as: the radius of the small sprocket rm = 30 mm and rv = 60 mm. The
circumferential force on a large sprocket must be with the overall friction force reduced to
the friction wheel radius in balance, of course, while respecting the effectiveness of the
individual kinematic pairs. The circumferential force Fcf_I on a large sprocket in the first
boundary will be (13):
Fcf _ I ( x1 ) 

Ftotal ( x1 )  rK

(13)

rv  R

The circumferential force Fcf_II on a large sprocket in the second boundary will be (14):
Fcf _ II ( x2 ) 

Ftotal ( x2 )  rK

(14)

rv  R

By applying the equation (11) into equation (13) and its adjusting we get:

   l  z  x1   2  z  1   rK
Fcf _ I ( x1 )  6  Fg   
 
 

   l  x1  rL  l  x1  d K    rv  R








By applying the equation (12) into equation (14) and its adjusting we get:
 x2
  w  1   rK

Fcf _ II ( x2 )  6  Fg  
 2 
 


  w  x2  rL  w  x2  d K    rv R







From the balance condition on a small sprocket and crank while respecting the
effectiveness of individual kinematic pairs, we get the FI force on the crank needed to move
the rack in the first boundary at a maximum load of 3 tons (15):

Fcf _ I ( x1 )  rm  FI  R  R

(15)

A similar equation applies to the second boundary (16):

Fcf _ II ( x2 )  rm  FII  R R
By putting the relation (13) into (15) we get:
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  l  z  x1  2  z  1   rK
FI  6  Fg  
 
 

  l  x1  rL  l  x1  d K    rv  R


  rm

  R  R







  rm

  R  R







By putting the relation (14) into (16) we get:

  w
 x2
FII  6  Fg  
 2 

  w  x2  rL  w  x2

 1   rK
 

 d K    rv R

Let us substitute for the constants in these relations and we get the force on the crank in the
first boundary:
  l  z  x1 
 z 
FI      
 

  l  x1 
 l  x1  

Force on the crank in the second boundary:
  x 
 w 
FII       2    

  w  x2 
 w  x2  

Δ is defined as the geometric constant of the structure and its value is Δ = 0.4527 (-). ψ is
the weight constant of the moving part of the load-free rack and its value does not depend
on the load weight - ψ = 0.84145 N. ε is the load constant at load with a mass of 3,000 kg
and in this case ε = 33.951 N. Meaning and dimensions of other marks in crank force
relations: l = 958 mm, z = 643 mm, w = 1,517 mm. Sample analytical calculation of crank
force for extreme positions (x1 = 0 mm, x2 = 600 mm):

 958  643  0 
 643  
FI ( x1  0)  0.4527  0.84145  
  33.951 
   10.465 N
958

0


 958  0  


600


 1517  
FII ( x2 600)  0.4527  0.84145  
  33.951 
   25.67 N
 1517  600 
 1517  600  


The crank force distribution is drawn using the Matlab program [24], depending on the
position of the rack, i.e., position in the first or second field (Fig. 8).
In Fig. 8, there is a graphical representation of the variable force F acting on the hand
crank depending on the rack extension x. The red line (dash-dotted) depicts the force on the
crank according to the modified FI equation. It is necessary to realize that the equation
applies only to the first boundary, i.e. when the bearing B is in contact (in Fig. 8 the red line
is highlighted in green-thick line). For the calculation of the force F, which actually acts on
the crank in the second boundary of rack ejection, a modified final equation for the FII has
to be entered into the Matlab program. This equation only applies in the second boundary,
i.e., when the bearing C is in contact (in blue – dashed line, the blue colour is highlighted thick in Fig. 8).
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Fig. 8. Graphic representation of the force size F acting on the hand crank depending on the rack
extension x when the machine dynamics influence is neglected

The further research of the designed rack system will be focused on setting-up
multibody system for investigation of dynamic properties of the rack system [25-27]. In the
next step, the prepared FEM will be used for importing to the MBS model to create flexible
MBS system [28, 29]. Such a model will serve for more detailed analysing of dynamic
effects on the structure.

4 Conclusion
In the paper, a strength reanalysis of a tree rack system designed for an engineering
company warehouse is performed due to exceeding the permissible stresses in the original
design. In the mechanism operation, it has been found that the optimized structure
withstands the load, but the necessary force effect applied on the hand crank of this
mechanism is variable depending on the size of the rack extension. Therefore, the paper
describes the methodology for determining the instantaneous value of crank force and the
creation of the equation. That, as we assume, will serve as an input for the creation and
calculation of the motion differential equation of the mechanism with the dynamic
influence assumed. This, at the functional analytical calculation, did not happen due to the
small working speeds and acceleration of the machine, resulting from a source of power of
a person who uses their own physical force corresponding to the permanent output of the
average person, which is 75 W. The next step in solving this issue will be verification of the
complexity and usability of the structure in creating additional innovated rack systems.
The work was supported by the Cultural and Educational Grant Agency of the Ministry of Education
of the Slovak Republic in project No. KEGA 077ŽU-4/2017: Modernization of the Vehicles and
engines study program.
This publication is the result of the project implementation: Modern methods of teaching control and
diagnostic systems of engine vehicles ITMS 26110230107 supported by the Operational Programme
Education funded by the ESF.
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