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Abstract. Modular blocks are widely used in industrial and civil engineering both as stand-alone structures and 
combined into block-modular buildings. Modular block consists of the load bearing frame, wall fencing, roof 
and floor decking. The modular block, with wall fencing made of corrugated sheet continuously welded to the 
beams, is a spatial system, with beams and corrugated webs working together. The steel modular block for the 
gas pumping unit on a gas turbine power plant is considered in the paper. Assessment of the corrugated web 
thickness effect on the load bearing capacity of the block is performed. Numerical investigation of stress-strain 
state of the blocks with different thickness of corrugated web is carried out by the finite element method. The 
values of the ultimate destructive load on the blocks with different thickness of the corrugated web are 
determined. The values of the allowable load on the block and the criteria for its limitation have been established 
depending on the stress-strain state of the block and the causes of destruction. 
For comparison, a calculation was made of a block with walls made of sandwich panels that are not included in 
the work of the frame. It is determined that ultimate load on the block with corrugated webs is 1,5-6 times 
greater than on the block with wall sandwich panels. 
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1. INTRODUCTION 
 
Structures made of modular blocks are widely 
used in civil and industrial construction. 
Modular blocks are used as standalone 
structures as well as part of buildings consisting 
of several blocks. 
A typical example of modular structure is 
shipping container. A standard ISO container 
represents a spatial block, with its frame 
composed of main beams and racks welded 
together. The cold formed hollow rectangular 
sections are used for beams and racks. The wall 
fencing of a standard container is made of 

attached by continuous welds to the upper and 
lower main beams. Corner fittings are located at 
the corners of the container at the top and 
bottom of the columns, transmitting loads to 
supports and receiving loads from containers 
placed on top. The block works on a beam 
scheme with a span equal to its length. 
Standard ISO containers can withstand heavy 
loads, primarily due to the combined action of 
load-bearing beams and columns with the 
corrugated sheet.  Furthermore, due to the nature 
of load application on the container: about 80% of 
the allowable load is transmitted through the 
corner fittings to the container's columns, and only 

container floor from the cargo weight. The 
-

the container can withstand 
tons. Therefore, it is permissible to stack up to 6 
containers on top of each other. 
When such a container is used as building 
structures, the load distribution will be different. 
The roof beams will bear snow load, technical 
loads from equipment placed on the roof and the 
payload. Therefore, for the use of standard 
containers in construction of buildings and 

studies taking into account the actual structural 
design of the block, the loads acting on it, and 

 Several studies are dedicated 
to the analysis and design of modular blocks. 

Typical structural solutions for modular blocks 
are developed for use in building construction 

-
optimal cross-sections for load-bearing 

connections between modular blocks are 
-  

When loads are applied to the roof of the 
container, the main beams experience bending 
and transfer the loads to the corrugated web. As a 
result, each plane of the longitudinal walls of the 
block can be represented as a beam with a 
corrugated web -
the top and bottom longitudinal beams of the 
block frame. The load-bearing capacity of beams 
with corrugated webs is influenced by the shape 
of the corrugations, the presence, shape, and 
location of openings in the - . 
Studying the influence of the profile and 
thickness of the corrugated web, the presence of 
door and window openings, as well as the 
localization and magnitude of the applied loads 
on the stress-strain state of the modular block is 
a relevant and practically significant task. 
This article presents a numerical study of the 
stress-strain state of a steel modular block for a 
gas pumping unit on a gas turbine power plant. 
Blocks with different thicknesses of corrugated 
webs loaded with local and full roof loads were 
analyzed. 
 
 
2. METHODS  
         
Modular block for gas pumping unit -
is a space 

represented as a beam 
Distinctive feature of the 

considered block is its big height H in 
comparison to the span L: span to height ratio 
L/H of the block is Beams with values of 

L/H ratio L/H deep beams. For 
deep beams the fundamental principle that a 
plane section before bending remains plane after 
bending is violated. For beams with small span-
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to-height ratio section warping should be taken 
into account. Stress distribution across the 
section of the deep beam is nonlinear due to the 
shear warping of the cross-section.  
The considered block contains openings in the 
walls and roof, unlike standard ISO containers. 

-
block are larger than the dimensions of standard 
containers. 
The main beams and racks of the frame are 
constructed from cold-formed welded 
rectangular hollow sections. Walls of the block 
consists of corrugated sheets continuously 
welded to the top and bottom main beams. The 
floor and roof decking are made of flat steel 
sheets with -
stiffeners. The steel sheet is supported by 
secondary beams with hollow rectangular 
sections welded to the main longitudinal frame 
beams. In the roof there is a rectangular opening 

 for tube of gas pumping 
equipment.  
Structures of the considered block are made of 
steel S -
yielding stress is Ryn  

Numerical analyses of the stress-strain state of 
the blocks with various corrugated web 
thicknesses have been conducted.  

-block has been 
developed using the computational program 
Simcenter Femap and depicted in Figure 1. The 
models with corrugated web thicknesses of 1 mm, 

are considered. 
Corrugated webs, roof and floor sheets, sections 
of the main beams are 
elements. The racks, secondary beams and 
stiffeners of the flat sheets are modeled by BEAM 
finite elements. Boundary conditions include 
constraints to prevent displacements in all linear 
directions at the four bottom corners of the block. 
In addition to the cases with different corrugated 
sheets on the walls, an analysis was conducted 
on the model without corrugated webs to 
estimate the effect of the corrugated web 
presence on the stress-strain state of the block. 
In this case, the block has walls made of 
sandwich panels, which are hung on the frame 
structures and practically do not participate in 
load distribution. So, their effect on the behavior 
of the block can be neglected. 
 

 

a  

c  b  

Figure 1. Finite-element model of block for gas pumping unit: a – with corrugated webs; b – 
without corrugated web (block with wall sandwich panels); c - fragment 
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Two loading schemes of the blocks are 
considered: “full load” – payload over the entire 
area of the roof and “local load” – payload over 
the local area of the roof. The uniform load was 
applied to the top longitudinal beam.  

have been made. Stress-strain curve for steel 
 is taken into 

analysis 
stress and strain in the key points of the diagram 
are represented in table 1. 

 
 

a b  
 

Figure 2. Schemes of loading:  – “full load”; b – “local load” 
 

 
Figure 3. Stress–strain curve for steel S255 taken into analysis  

 
Table 1. Characteristics of steel S255  

 
The geometrically nonlinear analysis was 
performed using the step-by-step iterative 

parameters: 
number of increments – 
update – - 
0.001. 

The buckling and yielding criteria are 
established to determine the ultimate load on the 
particular structural elements of the block and 
on the block as whole. 
Theoretically, the buckling criterion can be 
defined as a sudden increase in displacement 

b

 / ynE R  / ynR    
Yield strength  

 1 1 0,00119  

End of yield plateau  1 0,01665  
Ultimate strength     

Fracture     
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increment  at a constant load increment P. 
Buckling can be identified on the graph as the 
inflection point of the displacement-load curve. 
The load corresponds to a sudden change in the 
slope of the tangent line to the displacement-
load curve is considered the ultimate load 
according to the buckling criterion for the 
particular structural element.  
The following equation is proposed to define the 
buckling criterion: 
 

  1i

i

tg
tg

,      

 

where 1
1

1
i

i
i

tg
P

, i
i

i
tg

P
  - tangents 

of the displacement- -step 
and i-step of load increment, respectively. 
Assuming a constant load increment 

1i iP P const  equation for the 
buckling criterion can be written as follows:  
 

  1i

i
,         

 
 i - displacement increments 

at the -step and i-step of the load increment 
Pi. respectively. 

The graphical interpretation of the buckling 
 

 

 
Figure 4. Graphical interpretation of the 

buckling criterion 
 

To define the yielding criterion, we adopt the 
following condition: the criterion of yielding is 

met when the values of Von Mises strain  
falling within the specified range: 

 
 /y uR E    

 
where Ry – design resistance of steel determined 
based on the nominal value of yield strength; 
E  – modulus of elasticity of the 
steel; u – ultimate strain corresponding to the 
ultimate tensile strength.
 

    
3. RESULTS AND DISCUSSION 
 
In the results of carried out analyses the stress-
strain state of the block with different 
corrugated web thickness is defined depending 

load” or  The stress-strain 
parameters of the block structures in the key 
positions 5 : 
- Von Mises stress and -
direction the corrugated web in 
the corner support zone ; 
- -
direction the top longitudinal 
beam in the span  
- Von Mises stress and vertical displacement 
of the roof sheet between stiffeners  
 

 
Figure 5. Key positions for determine stress-

strain state of the block 
 
Diagrams of displacement and Von Mises stress 
dependence from load in the key positions of 
the top longitudinal beam and corrugated web 
are represented on fig. 6 and 7. Curves depicted 
results for loading scheme “full load” are drawn 
by continuous line and for loading scheme 
“local load” - by dashed line. 
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Diagrams of displacement and Von Mises stress 
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the top longitudinal beam and corrugated web 
are represented on fig. 6 and 7. Curves depicted 
results for loading scheme “full load” are drawn 
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a   

b   
Figure 6. Displacement – Load curves and Von Mises stress – Load curves in the key positions of 

the blocks: a – corrugated web; b – top longitudinal beam 
 

a  b  

c  d  
Figure 7. Von Mises stress – Load curves for blocks with corrugated web thickness (t): a – t=3 

mm; b – t=2.5 mm; c – t=2 mm; d – t=1 mm 
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Von Mises stress in the key positions of the 
structural elements of the considered blocks are 

 
The values of ultimate load Pult for the 
considered modular blocks are obtained in the 

results of numerical analyses and represented in 
table . Ultimate load for each structural element 
and block entire is the load when buckling or 
yielding criterion for the appropriate structure is 
reached – - . 

 
Table 3. Von Mises stress in the structural elements of considered modular blocks  

 

Corrugated 
web thickness 

, 
ton 

 

Roof sheet   Top longitudinal beam 
 Corrugated web  

Full load  Full load  Full load  

t=1 mm 

       
       

50  10,67   95,59  
 -  - 75,87 - 178,88 

70 17,75 -  - 168,50 - 
 18,89 - 78,16 -  - 

 

50    70,86  70,71 
     110,67  

160       
170   166,07    
180   175,69  159,11  

0 98,10 91,00     
 - 90,66 -  -  

  -  -  - 
  -  -  - 

0  -  -  - 
  -  -  - 

 

50  10,71  69,07   
       

160       
180 78,71  171,17  167,98  
190 85,59  180,50  178,59  

       
 -  -  -  

  -  -  - 
  -  -  - 
  -  -  - 

 

50 11,99 10,69     
       

160       
180 78,11      

   185,60    
  97,05   195,11  
 - 98,50 -  -  

  -  -  - 
 155,65 -  -  - 
 156,66 -  -  - 

Without 
corrugated 

web 

10    50,56  - - 
  85,16    - - 
     - - 
      - - 

50   -  - - - 
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  -  -  - 
  -  -  - 
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160       
180 78,71  171,17  167,98  
190 85,59  180,50  178,59  

       
 -  -  -  

  -  -  - 
  -  -  - 
  -  -  - 

 

50 11,99 10,69     
       

160       
180 78,11      

   185,60    
  97,05   195,11  
 - 98,50 -  -  

  -  -  - 
 155,65 -  -  - 
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For example, buckling of the top longitudinal 
beam and corrugated web is characterized by an 
abrupt increase of its Y-displacements. This can 
be observed on the displacement-load curves 

6 . 
The yielding criterion for structural element is 
determined by the load applied to the block that 
causes the yield stress in structural element 
fig. 7  

In the table , cells containing the ultimate load, 
corresponding to the earliest attainment of the 
buckling or yielding criterion for one of the 
structural elements are highlighted in color. This 
load can be used as allowable load - the upper 
limit to the load that can be applied to the block 
without causing failure of its structural 
elements. 
 

 
Table 4. Ultimate load Pult for the considered modular blocks  

 

Corrugated web 
thickness Structural element Ultimate load Pult, ton Criterion 

Full load  

t=1 mm 

Roof sheet - - - 

Corrugated web 40 30 Buckling 
- - Yielding 

Top longitudinal beam - - - 

Block entire ,  50,  Buckling of the 
corrugated web 

t =  mm 

Roof sheet  160 Buckling 

Corrugated web 210 170 Buckling 
 180 Yielding 

Top longitudinal beam -  Buckling 
60 170 Yielding 

Block entire ,8 ,  Buckling of the 
corrugated web 

t = ,5 mm 

Roof sheet  160 Buckling 

Corrugated web - - Buckling 
 190 Yielding 

Top longitudinal beam   Buckling 
260 180 Yielding 

Block entire ,6 ,6 Buckling of the top 
longitudinal beam 

t= mm 

Roof sheet  160 Buckling 

Corrugated web - - Buckling 
  Yielding 

Top longitudinal beam   Buckling 
270 180 Yielding 

Block entire ,8 ,1 Buckling of the top 
longitudinal beam 

Without 
corrugated web 

Roof sheet  - Yielding 

Top longitudinal beam 
50  Buckling 

27,5 20 Yielding 

Block entire 50  Buckling of the top 
longitudinal beam 
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Depending on the corrugated web thickness 
the following types of failure modes of the 
block are defined 8 : 

- 1st type: destruction of the corrugated web 
; 

- nd type: destruction of the top longitudinal 
beam . 

 

a  
Von Mises stress, N/m  

 

b  
Von Mises stress, N/m  

 
Figure 8. Failure modes of the block: a – buckling of the corrugated web (corrugated web 

thickness 2 mm); b – destruction of the top longitudinal beam (corrugated web thickness 3 mm) 
 

The failure of the 
thick corrugated web is caused by destruction of 
the top longitudinal beams and correspond to 1st 
type of failure mode. The ultimate load for 
loading scheme “full load” tons 
and for scheme “local load” – s. This is 
the critical buckling load for top longitudinal 
beams. Yielding of the top longitudinal beams 
and corrugated web is observed before failure of 
the block. Buckling of 

is not reached during the 
loading. 
The failure of the blocks with corrugated web 1 

st type 
because of the corrugated web buckling. When 
the load reaches some critical value, the 
corrugated web begin bulges out from the plane 
of the block wall in the corner zones near the 
supports. Mainly the shear stresses cause local 
buckling of the corrugated web. At the same 

Vadim K. Akhmetov, Viktor Y. Shkadov
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The failure of the 
thick corrugated web is caused by destruction of 
the top longitudinal beams and correspond to 1st 
type of failure mode. The ultimate load for 
loading scheme “full load” tons 
and for scheme “local load” – s. This is 
the critical buckling load for top longitudinal 
beams. Yielding of the top longitudinal beams 
and corrugated web is observed before failure of 
the block. Buckling of 

is not reached during the 
loading. 
The failure of the blocks with corrugated web 1 

st type 
because of the corrugated web buckling. When 
the load reaches some critical value, the 
corrugated web begin bulges out from the plane 
of the block wall in the corner zones near the 
supports. Mainly the shear stresses cause local 
buckling of the corrugated web. At the same 

time, the block overall retains its load-bearing 
capacity. With increasing load, the area of the 
corrugated web experienced buckling increases. 
The finite element analysis continues until the 
ultimate load is reached, at which complete 
failure of the block occurs. 

yielding is observed 

top longitudinal beams. With a corrugated web 
thickness of 1 mm, the load causing yielding is 
not reached for all structural elements until 
failure of the block. 
The values of ultimate load on the block loaded 
by “local load” scheme are 

lower in comparison with “full load” loading 
scheme. 
It should be noted that during the loading 
process, there is a local loss of stability in 
certain sections of the roof sheet fig. 9 .  
In all loading scenarios of the block under the 
"full load" scheme, the critical load for the roof 

scheme, it was 160 tons. Areas of the decking 
that have buckle are taken out of operation, but 
overall, the block retains its load-bearing 
capacity and can withstand further increases in 
load. Therefore, the buckling of the roof sheet 
was not considered as a criterion for limiting the 
allowable load on the block. 

 

a  b  
Figure 9. Diagrams for roof sheet: a – displacement-load curves; b – Von Mises stress – load curves 

 
The failure of the block without the corrugated 
web occurs due to the buckling of the top 
longitudinal beam. The ultimate load for 
calculating a block without the corrugated web 
is 1.5-6 times lower than for a block with a 

 
The corrugated web significantly reduces the 
stresses in the beams. For example, under a load 
of 50 tons according to the "full load" scheme, 

the stresses in the beams of a block without the 
corrugated web are which 
corresponds to the yield stress. With the 
presence of the corrugated web, the Von Mises 
stress determined in the beam under the same 

fig. 10
At the same time, the thickness of the 
corrugated web has a negligible effect on the 
stress value  

 
Table 5. Comparison of the Von Mises stress in the structural elements of block with and without 

corrugated web  
 

Structural 
element scheme 

Corrugated web thickness 
Without corrugated web t=1 mm t=  mm t= mm t= mm 

Top longitudinal 
beam 

Full load      
 -  70,86 69,07  

Roof sheet Full load     11,99 
 - 10,67  10,71 10,69 
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a   

b    
Figure 10. Comparative diagrams for blocks with and without corrugated webs: a – top 

longitudinal beam; c – roof sheet 
 

Table 6 shows the values of the maximum 
allowable load on the block Pmax and the 
ultimate load Pult that caused block failure, as 
obtained in the results of the carried-out finite-
element analyses. To ensure the necessary 
reliability of the structures, the allowable load 
on the block Pmax is taken as 95% of the ultimate 
load, corresponding to the earliest attainment of 

highlighted cells in  For web 

load was limited by buckling criterion 
corresponding to the onset of local buckling of 
the corrugated web. For larger web thicknesses 

load is adopted by the yielding criterion, which 
is the onset of yielding strain in the top 
longitudinal beams.  

Table 6. Allowable and ultimate load on the block 
 

Corrugated web 
thickness 

Allowable load Pmax, 
ton 

Ultimate load Pult, 
ton Criterion Full 

load load 
Full 
load load 

Without 
corrugated web  19 50,8 ,6 Yielding of the top longitudinal beam 

t=1 mm   ,  50,  Buckling of the corrugated web 
t =  mm 199 161 ,8 ,  Buckling of the corrugated web 

t =  mm  161 ,6 ,6 Yielding of the top longitudinal beam 
t= mm  171 ,8 ,1 Yielding of the top longitudinal beam 

Olga A. Tusnina, Anatoliy V. Alekseytsev



71Volume 20, Issue 2, 2024

a   

b    
Figure 10. Comparative diagrams for blocks with and without corrugated webs: a – top 

longitudinal beam; c – roof sheet 
 

Table 6 shows the values of the maximum 
allowable load on the block Pmax and the 
ultimate load Pult that caused block failure, as 
obtained in the results of the carried-out finite-
element analyses. To ensure the necessary 
reliability of the structures, the allowable load 
on the block Pmax is taken as 95% of the ultimate 
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highlighted cells in  For web 
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Table 6. Allowable and ultimate load on the block 
 

Corrugated web 
thickness 

Allowable load Pmax, 
ton 

Ultimate load Pult, 
ton Criterion Full 

load load 
Full 
load load 

Without 
corrugated web  19 50,8 ,6 Yielding of the top longitudinal beam 

t=1 mm   ,  50,  Buckling of the corrugated web 
t =  mm 199 161 ,8 ,  Buckling of the corrugated web 

t =  mm  161 ,6 ,6 Yielding of the top longitudinal beam 
t= mm  171 ,8 ,1 Yielding of the top longitudinal beam 

The adopted limitation of the allowable load on 
the block that provided in table 6, ensures a 
reserve of block load-bearing capacity, 

blocks with corrugated web thicknesses of 1 
 

The calculation results showed that local 
buckling of the corrugated web does not lead to 
complete failure if the block, and the block is 
able to withstand increased loads. Experimental 
tests on full-scale specimens of beams with 
corrugated webs 
beam with a partially buckled web retains its 
load-bearing capacity.  
The presence of reserves allows ensuring the 
reliability of the block and increases its 
resistance to various emergency situations 
associated with the disruption of normal 
equipment operation, sudden changes in loads, 

 
The prospects for further research include the 
development of methods and tools for practical 
calculation of modular block structures. 
Finite-element computational models of various 
levels of detail - are used in design 

use of highly detailed finite-element 
models for practical design is not always 
justified due to their complexity. In such cases, 
simplified equivalent models that describe the 
actual stress-strain state of the structure with 
sufficient engineering accuracy are used. For 
example, the corrugated web of beams can be 

beam elements. A similar approach can be 
applied for the analysis of the stress-strain state 
of the modular blocks. For this purpose, based 
on numerical studies using high-detailed 
computational models, it is necessary to 
determine the characteristics of simplified 
equivalent models. 
Another way to solve the practical problem of a 
modular block design is to use artificial 
intelligence, which can predict the stress-strain 
state and load-bearing capacity of the block 
based on given input parameters such as block 
dimensions, corrugated web thickness, applied 
load, etc. 

4. CONCLUSIONS  
 
As a result of the carried out numerical studies 
of the stress-strain state of the modular block for 
gas pumping unit, the following findings are 
obtained: 
1. The load-bearing capacity of the considered 
modular blocks with corrugated webs is 1.5-6 
times higher than that of a block with hanging 
wall cladding, such as sandwich panels. 

The corrugated web, continuously welded to 
the beams, significantly relieves the beams, 
reducing stresses in them by 5 times compared 
to the case of its absence. 

 the blocks 
with corrugated webs are defined: 
- 1st type: destruction of the corrugated web 

- observed for the blocks with 

; 
- nd type: destruction of the top longitudinal 

- 
observed for the blocks with corrugated web 

. 
allowable load on 

the modular block are defined depending on 
the type of failure mode. The allowable load 
is taken as 95% of the ultimate load causes 
either yielding stress in the top longitudinal 
beams or buckling of the corrugated web. 
5. The values of the maximum allowable load 
on the block with different thicknesses of the 
corrugated web and without it are determined 
based on the adopted criteria iting the 
load on the block by allowable value 
provides a reserve of load-bearing capacity of 
the block ranging 
corrugated web 
respectively. 
6. The type and localization of the payload on 
the block affect its load-bearing capacity. The 
ultimate load on the block loaded by the "local 

compared to the "full load" loading scheme. 
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