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Abstract. Corrugated soil-steel composite bridges due to their out-of-plane stiffness and 
interaction with surrounding soil are extensively used in the underground engineering. 
The demand for larger span of corrugated soil-steel structures is rising due to their high 
strength-to-cost ratio. Larger spans are usually related to the bigger cross-sections of 
corrugation profile. The use of the deepest corrugations like 500 mm pitch and 237 mm 
depth is associated with a higher risk of local buckling of straight region (tangent mt) 
of corrugation. This study analyses the resistance to local buckling of four widely used 
corrugation profiles. It also examines the impact of circular hollow section steel pipes and 
high strength steel influence on plate width-to-thickness ratio limit. The numerical three-
dimensional model was developed for the investigation. At first, parametric study was 
conducted to reveal the influence mechanisms on critical parameters, incorporating finite 
element mesh size, number of corrugations, plate height, and plate thickness. Afterwards, 
local buckling behaviour of corrugated steel plate was studied and width-to-thickness ratio 
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limit was proposed considering that local buckling of the plate would not occur before steel 
yielding. It was found that corrugated plate thickness could be significantly reduced as a 
result of the reduction of buckling length by steel pipes. Therefore, innovative corrugation 
profile has the great potential to be rational more than the increase of the thickness of the 
regular corrugated steel plate.

Keywords: corrugated steel structure, corrugated profile, local buckling, parametric 
analysis, soil-steel composite bridge, strengthening techniques.

Introduction 

Corrugated soil-steel (CSS) composite structures are already well known in the 
underground engineering due to their out-of-plane stiffness and high strength-to-
cost ratio. CSS structures in the interaction with well compacted granular soil are 
recognised as composite structures, which can overtake various types of very heavy 
loads (Andersson & Karoumi, 2017; Beben, 2017; Nakhostin et al., 2021; Pettersson 
et al., 2015; Pettersson & Sundquist, 2014). Moreover, considering lightweight, 
quick installation process, lower environment impact and other advantages over 
traditional concrete girder bridges CSS structures are widely used in the culverts, 
bridges, tunnels, pedestrian and animal crossings, military applications, utility 
tunnels and civil engineering (Cirulis & Cirulis, 2017; Du et al., 2014; Elshimi et al., 
2014; Jeon & Rigby, 2019; Mahgoub & El Naggar, 2021; Wang et al., 2018).

The demand of CSS composite structures is growing not only by their application, 
but also larger spans to cover larger clearance boxes are required by the market 
(Wadi et al., 2018, 2020; Wadi & Pettersson, 2017). Such adaptation to the needs 
is very well associated with the growth of the pitch and the depth of corrugation 
profile. Shallow corrugation profiles like 68×13  mm are widely used for the small 
starting from 300 mm diameter pipes. However, the deepest corrugation of 500 mm 
pitch and 237 mm depth allowed building the Guinness record world’s largest span 
of 32.40 m (Embaby et al., 2022a). Larger spans usually require thicker plates, higher 
steel grades or bigger cross-sections of corrugation profile. Unfortunately, the use 
of the deepest corrugations leads to a higher risk to local buckling. To prevent local 
buckling by simply increasing plate thickness and setting minimal plate width-to-
thickness ratio limit is commonly applied to the traditional steel girder structures 
according to Eurocode 3 (European Committee for Standardization, 2005). Such an 
approach and the influence on CSS composite structures are not deeply analysed and 
only few articles suggest the limitations (Chen et al., 2019; Cranston et al., 2016; Dou 
et al., 2016; Guo & Sause, 2014; Sun et al., 2023).

Chen et al. (2019) studied local buckling of the straight region of corrugation in a 
pipe-arch type of structures. The authors derived theoretical formulae for the elastic 
local buckling according to the Rayleigh-Ritz method and took the soil support into 
consideration. In addition, they modified the derived theoretical formulae according 



3

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 6/2 1 (1)

Nerijus Bareikis, Algirdas Juozapaitis, Ilze Paeglīte

Local Buckling Analysis of Innovative Corrugated Profile of Soil-Steel Composite 
Bridges

to the results from finite element model (FEM) analysis and proposed a limit of the 
width-to-thickness ratio for the straight region of corrugation for pipe-arch type of 
structures. However, Chen et al. (2019) did not consider steel elastoplastic behaviour 
and initial imperfections in their study. Moreover, suggested limits were validated 
for pipe-arch structures only.

Sun et al. (2023) proposed width-to-thickness ratio limit to prevent local 
buckling and presented the strength design recommendations for the deeply 
buried circular corrugated steel arches with various rise-to-span ratios under 
axial compression and under combined axial compression and bending moment, 
respectively. They established FEM where they constrained the out-of-plane 
displacement at the crest and valley of corrugation and so eliminated other 
possible buckling modes except the local buckling under the axial compression 
only. Nevertheless, width-to-thickness ratio limit proposed by Sun et al. (2023) 
did not cover the deepest corrugation profile of 500×237 mm. Moreover, as results 
in this article show, defining only one limiting value for shallow and the deepest 
corrugation profiles could be very conservative considering that the local buckling 
of shallow corrugation profiles occurs after steel yielding.

Piekarczuk et al. (2015), in their experimental and numerical study of profiled 
steel sheets used for self-supporting arch structures, highlighted the necessity 
to consider imperfections and other disturbances of the shape during the FEM 
modelling. Otherwise, it leads to highly overestimated value of critical buckling 
load and displacements. Piekarczuk et  al. (2015) used the 3D digital image 
correlation (DIC) method for the purpose of measurement of displacement and 
strain fields during the experiment. Later, these results were used to validate 
arch section numerical models as DIC gave reliable information about the actual 
buckling modes. DIC method could be also applied for any other types of corrugation 
profiles to determine the level of imperfections. However, representation of the 
real imperfections in FE models is still very time consuming and demanding for 
computing power.

Furthermore, a detailed investigation is necessary for the use of circular 
hollow section steel pipes and the influence of high-strength steel (HSS) on the 
local buckling of regular corrugation. Investigation results presented by Bareikis 
(2024a) show the potential of cross-section area reduction by the implementation 
of circular steel pipes. Moreover, it was concluded that strengthening corrugated 
steel plates with circular steel pipes will allow for the control of local buckling of 
the straight region (tangent mt) of corrugation; however, a deeper analysis was 
requested. Additionally, circular steel pipes could be rationally utilised as an 
alternative method of already proposed strengthening techniques to increase the 
bearing capacity of CSS structures (Bareikis, 2024b; Beben & Manko, 2010; Beben 
& Stryczek, 2016; Embaby et al., 2022b; Maleska & Beben, 2019; Wysokowski, 
2021). Bareikis’s (2025) study of HSS influence on the utilisation ratio of large 
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span CSS structures indicated 32.7% utilisation ratio reduction in transition from 
conventional 420  MPa steel to high strength of 690  MPa steel for 17.5  m span 
open two-radius arch profile. However, the use of higher steel grades is directly 
associated with lower resistance to local buckling due to higher yielding, and it must 
also be investigated.

In the current study, the resistance to local buckling of four typical and widely 
used regular corrugation profiles was analysed. In addition, this study investigated 
the impact of innovative corrugation cross-section strengthened with circular 
hollow section steel pipes and HSS influence on minimal plate width-to-thickness 
ratio limit. Cross-sections of regular and innovative corrugation profiles are shown 
in Figure  1. Despite that corrugation straight region (tangent mt) length slightly 
depends on the plate thickness, it was decided to study only axial tangent length 
behaviour.

a) 500×237 mm with Ø273 mm pipe c) 381×140 mm with Ø245 mm pipe

b) 400×150 mm with Ø245 mm pipe d) 200×55 mm with Ø112 mm pipe

m
t  = c

Figure 1. Cross-sections of regular and innovative corrugation profiles with circular 
pipes

In the beginning, the numerical 3D model was developed and the parametric 
study was conducted. The main objective of parametric study was to define critical 
parameters which have influence on critical buckling load: finite element mesh size; 
number of corrugations; plate height and plate thickness. Secondly, local buckling 
behaviour of corrugated steel plate was studied. Width-to-thickness ratio limit 
under axial compression was determined under the assumption that steel plate 
critical buckling stresses should be always above a steel yielding point to prevent 
local buckling. 
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1.	 Local buckling analysis

1.1.	 Finite element model and size range of CSS

For the investigation of regular and innovative corrugation resistance to local 
buckling, a three-dimensional nonlinear FE model was developed with the use of 
COMSOL Multiphysics (2024). To create the model, it was decided to generate a full 
corrugation profile without any restrictions on the shape and direction of buckling, 
as shown in Figure 2 (Bi & Yang, 2024).

b) a meshed innovative corrugation 
profile of 381×140 mm with Ø245 mm 
circular hollow section steel pipes 
in each wave

× 102 mm

× 103 mm × 103 mm

× 102 mm

a) a meshed regular corrugation profile 
of 381×140 mm

10

0

0

1

2

0

5
10

0

0

1

2

0

5

Figure 2. FE model for local buckling investigation

Straight (not curved) corrugated plate parallel to z axis was modelled in the 
software with top and bottom base plates replicating the sample of potential 
experimental study. Corrugated plates and base plates were modelled as shell 
elements. Mesh type of free triangular was selected to create an unstructured 
triangular mesh on shell elements. Base plates dimensions: length was set to be 
equal to corrugated plate width; width was 100 mm wider than corrugated plate 
depth or the depth of innovative corrugation profile; thickness – 50 mm. Constraint 
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of symmetry was applied for corrugated plate free edges and base plates edges in 
x direction. Top and bottom base plate edges in y direction were set to be free, and 
this was the reason for the flexural buckling mode (see Figure 3). Bottom base plate 
was pinned to restrict movements in x, y, and z direction. The corresponding steel 
parameters assumed in the model: Young’s modulus E  =  2.00×105  MPa, Poisson’s 
ratio v = 0.3, density 7850 kg/m3.

According to COMSOL Multiphysics (2024) documentation, a linearized buckling 
analysis can be used to estimate the critical load at which a structure becomes 
unstable. This is a predefined study type that consists of two study steps: an initial 
step in which a unit load is applied to the structure and the second step in which an 
eigenvalue problem is solved for the critical buckling load. COMSOL reports a critical 
load factor, which is the value of  load multiplier λ  at which the structure becomes 
unstable. The level of the initial load used is immaterial since a linear problem is 
solved. If the initial load was larger than the buckling load, then the critical value 
of λ is smaller than 1. Considering this feature, to get a critical load factor at which 
corrugated plate becomes unstable, the top surface area of top base plate was loaded 
by concentrated load of −1.0 kN initiating axial compression parallel to z direction. 
When necessary, the load and the results can be converted to kN/m or to kN/m2 
according to top base plate dimensions.

The corresponding deformation that is reported by COMSOL is the shape of the 
structure in its buckled state. Small deviations from the theoretical geometrical 
shape can then have a large impact on the actual buckling load. To include the impact 
of potential geometric imperfections into the model, the prescribed  deformation 
of the magnitude of mt/200 was applied to the tangent of corrugation. Also, it was 
decided to move top base plate by 5  mm in −x and y direction considering it as 
geometric fabrication tolerance. 

It should be noted that linearized buckling analysis was validated on 
fundamental FE models (Benchmark Tests): long slender pinnedend column 
buckling and long thin plate buckling analysis. Both tests predicted accurate results 
of corresponding buckled shape, critical Euler load and stress. Nevertheless, to 
eliminate geometric variability, it is planned to calibrate FE models and to adjust 
presented results using future experimental data. However, laboratory test is not in 
the scope of this article, but it is already planned for future work.

Decision to model a full corrugation profile without restriction of top base plate 
movement to y direction allowed registering not only critical buckling load factor 
values but also specific buckling shapes for each specimen. Even though in some of 
the cases, the first buckling mode was identified as flexural buckling, only the first 
buckling shape of local buckling and the critical load factor from local buckling 
were further studied in this article. In general, during the analysis, three different 
buckling shapes were recognised: flexural buckling, plate local buckling and pipe 
local buckling (see Figure 3).
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a) flexural 
buckling 
(Fcr1 = 1791 kN)

e) innovative 
corrugation plate 
(tc = tp = 3 mm) 
local buckling 
(Fcr2 = 18 722 kN)

d) innovative 
corrugation 
pipe (tc = 5 mm, 
tp = 2 mm) 
local buckling 
(Fcr2 = 19 164 kN)

c) fourth local 
buckling mode 
(Fcr4 = 8183 kN)

b) second local 
buckling mode 
(Fcr2 = 8081 kN)

Figure 3. Buckling modes for 381×140 mm corrugation profile of tc = 5 mm 
and H = 2.5 m

As can be seen in Figure 3, the tangent of corrugation mt is always less resistant 
to deformation than the crest or valley of corrugation. Unfortunately, in practice, 
it is not possible to produce only the tangent of corrugation from thicker steel 
because of the nature of the production processes of such sinusoidal corrugations. 
Therefore, to prevent local buckling, the whole cross-section of the corrugation 
profile must be designed thicker. Such a disadvantage was one of the main key 
factors in the introduction of circular steel pipes with the expectation of reducing 
the tangent length (buckling length) of corrugation. Moreover, as later results will 
show, the introduction of steel pipes allowed the same stiffness of a plate with lower 
consumption of steel (lower cross-section area).

As presented in Figure 1, the outside diameters of circular pipes were selected 
in a way that the corrugated plate tangent must be divided into two as close as 
possible, similar parts. A steel pipe with a diameter of 245  mm perfectly fits the 
400×150  mm corrugation profile. The same diameter pipe was also selected for 
the 381×140  mm corrugation plate; however, the straight part of the corrugation 
was not equally divided. The same can be seen for a 500×237  mm corrugation, as 
the OD273 mm pipe reduced the buckling length to 114 mm (longer part). For a 
shallow corrugation profile of 200 mm pitch and 55 mm depth, the OD112 mm pipe 
fits precisely to the crest of the corrugation. As later results show, such shallow 
corrugation profiles with short tangent lengths will not fail due to local buckling. It 



8

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 6/2 1 (1)

Nerijus Bareikis, Algirdas Juozapaitis, Ilze Paeglīte

Local Buckling Analysis of Innovative Corrugated Profile of Soil-Steel Composite 
Bridges

must be noted that a fixed connection between the corrugated plate and the circular 
hollow section steel pipe was assumed in this article. Also, the effect of soil support 
on the local buckling of corrugation under axial compression is minimal and can be 
neglected (Cranston et al., 2016).

1.2.	 Elastic buckling behaviour and parameters analysis

When FE models, according to Section 1.1, were ready for the linearized buckling 
analysis, it was necessary to run a sensitivity to critical buckling load study on 
finite element mesh size, number of corrugations, plate height, and plate thickness. 
Following classical thin plate buckling theory, the elastic local buckling stress of the 
corrugated plate can be calculated according to Equation (1) (Sun et al., 2023):

	 s
cr

cr

s

=
F
n st

,	 (1)

where Fcr – critical buckling load obtained from a finite element analysis (FEA),  
ns – number of waves, s – expansion length of one repeating corrugation section (see 
Figure 1), t – corrugated steel plate thickness.

Then, buckling coefficient kLc can be expressed by Equation (2) that allows 
presenting critical buckling load sensitivity results on analysed parameters (Sun et 
al., 2023):

	 k
F

n st ELc

cr

s

�
�� �12 1

2 2

2

ν β

π
	 (2)

where ν – steel Poisson ratio (v  =  0.3), β – width-to-thickness ratio (β  =  s/2t),  
E – steel Young’s modulus E = 2.00×105 MPa.

A denser FE mesh generally improves simulation accuracy and can lead to closer 
agreement with experimental data by better capturing the geometry and stress 
variations. However, increasing mesh density is not always a guarantee for more 
accurate results due to several issues like stress concentration, computational 
cost, or convergence issues. No matter how fine the mesh, inaccuracies in material 
properties, boundary conditions, or modelling assumptions can dominate 
the results. Extremely dense meshes may model numerical noise rather than 
meaningful physical stress variations. In light of the above, it was decided to run 
a mesh convergence study to ensure the results are stable without unnecessary 
computational expense. Buckling coefficient results of the mesh convergence 
study are presented in Figure 4. Notable, that the Normal and more dense FE mesh 
does not increase the accuracy of buckling coefficient results for all four types of 
corrugation profiles analysed in this article. For further analysis, the FE mesh was 
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set to Normal. Max and min finite element size, also boundary and edge elements 
of the complete mesh of the model, according to a predefined name for a regular 
381×140 mm corrugation profile, are presented in Table 1.

200×55, t-4mm, ns-6pcs, H-1.0m

381×140, t-8mm, ns-5pcs, H-0.5m

400×150, t-6mm, ns-4pcs, H-2.0m

500×237, t-6mm, ns-2pcs, H-1.5m

8.0

8.5

9.0

9.5

10.0

10.5

11.0

11.5

12.0

Extrem.
coarse

Extra
coarse

Coarser Coarse Normal Fine Finer Extra
�ine

Extrem.
�ine

k Lc

Figure 4. Buckling coefficient results for the FE mesh density

Table 1. The size and number of finite elements according to predefined name for regular 
381×140 mm corrugation profile, ns = 4, H = 2.5 m

Predefined name Maximum  
FE size, mm

Minimum 
FE size, mm

Boundary elements 
of complete mesh

Edge elements 
of complete mesh

Extremely coarse 1250 175 848 459

Extra coarse 750 135 1059 568

Coarser 475 100 1763 731

Coarse 375 70 3694 1042

Normal 250 45 6669 1544

Fine 200 25 8261 1846

Finer 138 10 13636 2269

Extra fine 87.5 3.75 23200 3035

Extremely fine 50 0.50 44648 4521

The number of waves ns influences accuracy results of buckling coefficient kLc, as 
shown in Figure 5. It is worth noting that other parameters such as plate thickness, 
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plate length, and mesh density are different for each corrugation profile. It was done 
to provoke different behaviour on buckling coefficient results, and it is well seen 
for 500×237  mm corrugation profile where kLc dependency on ns is almost linear. 
Nevertheless, more than four waves of corrugation do not have significant influence 
on the results, so ns = 4 was applied for the remaining analysis.

200×55, t-4mm, H-1.0m, m.normal

381×140, t

t

t

-8mm, H

H

H

-0.5m, m.normal

400×150, -6mm, -3.0m, m.�ine

500×237, -6mm, -1.5m, m.�iner

8.0

8.5

9.0

9.5

10.0

10.5

11.0

11.5

12.0

2.0 3.0 4.0 5.0 6.0

k L
c

Number of waves ns, pcs

Figure 5. Buckling coefficient results for the number of waves ns

The influence of corrugated plate height (H) on the buckling coefficient was also 
investigated (see Figure 6). Considering FE model constraint conditions, plate height 
is directly associated with buckling shape, which is always identified as flexural 
buckling for higher FE models, so the influence of plate height on kLc can be ignored 
approximately. However, results presented in Figure  6 are collected from the 
buckling shape of local buckling only. Nevertheless, a plate higher than 2.5 m does 
not present more sensitive buckling coefficient results, so H = 2.5 m was chosen for 
the following result comparison.
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200×55, t-4mm, ns-6pcs, m.normal

381×140, t-8mm, ns-4pcs, m.normal

400×150, t-6mm, ns-5pcs, m.�ine

500×237, t-6mm, ns-5pcs, m.�iner

6.5

7.5

8.5

9.5

10.5

11.5

12.5

0.5 1.0 1.5 2.0 2.5 3.0

k Lc

Corrugated plate height H, m

Figure 6. Buckling coefficient results for the height of the corrugated plate H

Buckling coefficient dependency on corrugated plate thickness (t) under axial 
compression is reflected in Figure 7. Obviously, kLc decreases when plate thickness 
becomes thicker, and such decreasing behaviour is obtained for all investigated 
corrugation profiles. In addition, Figure 8 represents the plate thickness nonlinear 
influence on critical buckling load Fcr and the results in this case can be comparable. 
A higher critical buckling load is necessary to arouse local buckling when the plate 
thickness increases. Moreover, corrugation profiles with smaller wave dimensions 
tend to be more resistant to local buckling because of a shorter straight region of 
corrugation. However, it is not the case for the 381×140 mm corrugation profile, due 
to the longer tangent (see Figure 1), and naturally it is less resistant to local buckling 
than the 400×150 mm corrugation profile.
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200×55, ns-4pcs, H-2.5m, m.normal
381×140, ns-4pcs, H-2.5m, m.normal

400×150, ns-4pcs, H-2.5m, m.normal
500×237, ns-4pcs, H-2.5m, m.normal

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

k Lc

Corrugated plate thickness t, mm

Figure 7. Buckling coefficient results for the thickness of the corrugated plate t

ns-4pcs, 

55, 200× H-2.5m, m.normal

381×140, H-2.5m, m.normal

400×150, ns-4pcs, H-2.5m, m.normal

ns H500×237, -4pcs, -2.5m, m.normal

0

10000

20000

30000

40000

50000

60000

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

F cr
, k

N

Corrugated plate thickness t, mm

ns-4pcs, 

Figure 8. Critical buckling load results for the thickness of the corrugated plate t

Also, specific deviations from nonlinear curves could be noticed in Figure  7. It 
was found that it was related to the change of local buckling shape from (c) to (b) 
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as presented in Figure  3. For example, (c) type buckling mode was identified for 
381×140  mm and 400×150  mm corrugation profiles up to 5  mm thick plate and it 
changed to (b) type local buckling for thicker plates. Same behaviour was obtained 
for 500×237 mm corrugation when (b) buckling shape was registered for 9 mm and 
thicker plates. Local buckling in the shape of (b) was always the case for 200×55 mm 
corrugation.

The findings suggest that corrugation profiles with tangent of 27 mm or shorter 
will not fail because of local buckling under axial compression. For example, critical 
buckling stresses of FE model of 200×55  mm corrugation and even 1.0  mm thick 
plate are equal to 400  MPa. In practical engineering, such value will be above the 
limit of yielding stress because usually S355 or lower steel grades and thicker plates 
are utilised for shallow corrugations.

1.3.	 Width-to-thickness ratio under axial compression

To present the results, it was decided to calculate normalized width-to-thickness 
ratio λn and local buckling stability coefficient φc under axial compression according 
to Equations (3) and (4) and later to plot their relationship (Sun et al., 2023).

	 λ
σn
yf� �
cr

1 0. 	 (3)

	 ϕ
σ

c
yf

= cr 	 (4)

Relationship results of all regular corrugation profiles investigated in this article 
are plotted in Figure  9. To prevent local buckling of straight region of corrugation 
before yielding, it was assumed that a normalized width-to-thickness ratio cannot 
be higher than 1.0. Meanwhile, stability coefficient values higher than 1.0 were set to 
be equal to one just for better visualisation of the results. Figure 9 demonstrates the 
results of four in practice used and one theoretical steel grade (355; 420; 500; 690, 
and 1300 MPa). 
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Figure 9. Width-to-thickness ratio ln results for all investigated corrugation profiles

Results of a minimal plate resistant to local buckling for each investigated 
corrugation profile are shown in Figures 10 and 11. Plate of thickness indicated 
on the left side of the red line (λn ≤ 1.0) is assumed to be safe against local buckling 
of straight region of corrugation under axial compression. The thickness of the 
corrugated plate defined in rectangles was set from 1 mm to 10 mm accordingly. To 
prevent local buckling deeper corrugations with longer tangent requests thicker plates 
while shallow corrugations like 200×55  mm fails only at higher steel grades and 
when plate thickness is unrealistically low.
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Figure 11. ln results for 381×140 mm and 200×55 mm corrugation profiles

Figure  12 contains width-to-thickness ratio results of innovative corrugation 
profiles: 500×237  mm each wave of corrugation reinforced by circular hollow 
section steel pipes OD237 mm and 381×140 mm reinforced by OD245 mm steel pipes. 
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Figure 12. ln results for innovative 500×237 mm and 381×140 mm corrugation profiles

The combinations of corrugated plate and pipe wall thickness were chosen 
based on the nearby cross-section area values of regular and innovative corrugation 
profiles. The first number in rectangles represents corrugated plate thickness and 
the second number – pipe wall thickness. Moreover, results in red dashed rectangles 
indicate evidence of local buckling in pipe wall only (see Figure 3). Pipe local 
buckling for 500×237 mm corrugation profile was recorded only in the combination 
of 6+4 mm. In addition, it could be noticed that width-to-thickness ratio results for 
500×237  mm corrugation profile are concentrated by small groups, for example, 
one group of 6+4, 6+5 and 6+6  mm. The reason of such concentration could be 
explained as follows: by the increase of pipe wall thickness the resistance to critical 
buckling load and cross-section area also increase so that, finally, critical stresses 
do not fluctuate much. It could be concluded that under axial compression pipe wall 
thickness has minor effect on corrugated plate tangent buckling. However, pipes 



16

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 6/2 1 (1)

Nerijus Bareikis, Algirdas Juozapaitis, Ilze Paeglīte

Local Buckling Analysis of Innovative Corrugated Profile of Soil-Steel Composite 
Bridges

existence shortens buckling length of straight region of corrugation allowing one 
to utilise thinner corrugated plates, and the following results will confirm that the 
cross-section area of innovative corrugated profiles remains competitive.

Pipe local buckling is much more common for 381×140 mm innovative 
corrugation profile where lower pipe wall thickness was applied (see Figure  12). 
Because of the same reason, the results are much more scattered. Nevertheless, it 
was found that pipe started to buckle first when its wall thickness was by two 
or more millimetres thinner than that of the corrugated plate. However, such a 
relationship and synergistic failure mechanism between the steel pipe and the 
corrugated plate should be investigated more in the future to ensure that pipe local 
buckling is always prevented, and it is beyond the scope of this article. Omitting the 
pipe buckling results, the remaining are arranged sequentially from left to right in 
the direction of decreasing cross-sectional area, the same for the 500×237 mm and 
381×140 mm corrugation profiles. The tendency of the results for the 400×150 mm 
corrugation profile is almost the same as for 381×140 mm. Additionally, as shown in 
previous results, tangent local buckling of 200×55 mm corrugation profile could be 
questionable only when very low, unrealistic and usually not applicable in practice 
plate thickness is applied. Considering that, results for 400×150 and 200×55 are not 
presented.

Calculation of normalized width-to-thickness ratio λn is not something very 
convenient because critical stress or critical buckling factor must be determined 
numerically. Therefore, it was decided to propose a ratio limit value of tangent 
length to corrugated plate thickness c/t (c = mt, see Figure 1). Such an approach is 
commonly applied during the design of regular steel girder structures according 
to Eurocode 3 regulations (European Committee for Standardization, 2005). 
Furthermore, Eurocode  3 (European Committee for Standardization, 2005) is not 
adopted specifically for the corrugated soil-steel composite structures, so it was 
necessary to understand and to compare the proposed c/t ratio limiting values. 
Dependency of c/t ratio on yield strength of steel for specific regular corrugation 
profiles is indicated in Figure  13, and the results of few innovative corrugation 
profiles are presented in Figure 14, respectively. The results of maximum width-to-
thickness ratios for parts subjected to compression are summarized and listed in 
Table 2.
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Figure 13. c/t ratios for regular 500×237 mm and 381×140 mm corrugation profiles
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Figure 14. c/t ratios for innovative 500×237 mm and 381×140 mm corrugation profiles

Table 2. Proposed c/t and s/2t ratio limiting values

Corrugation profile, mm c/t s/2t

500×237 ≤ 47ek ≤ 86ek

400×150 ≤ 42ek ≤ 100ek

381×140 ≤ 43ek ≤ 92ek

200×55 ≤ 25ek ≤ 110ek

500×237 innovative ≤ 53ek ≤ 93ek

381×140 innovative ≤ 44ek ≤ 92ek

Note: e
k
= 235/ f y .

Despite the values proposed in Table 2, to ensure resistance to local buckling, it is 
believed that the c/t ratio should be equal to or not greater than 42εk, which for some 
corrugation profiles could be considered conservative. Nevertheless, it is reasonable 
with respect to Eurocode 3 (European Committee for Standardization, 2005), which 
proposes exactly the same limit for sections in class 3 under axial compression. 



18

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 6/2 1 (1)

Nerijus Bareikis, Algirdas Juozapaitis, Ilze Paeglīte

Local Buckling Analysis of Innovative Corrugated Profile of Soil-Steel Composite 
Bridges

Class 3 cross-sections are those in which the stress in the extreme compression fibre 
of the steel member, assuming an elastic distribution of stresses, can reach the yield 
strength, but local buckling is liable to prevent development of the plastic moment 
resistance.

Sun et al. (2023) also investigated and proposed limit values for the width-to-
thickness ratio β. However, β is a ratio of half of expansion length of one repeating 
corrugation section to corrugated plate thickness. It is important to highlight that 
expansion length s includes not only straight region of corrugation, but also half 
of the crest and half of the valley of corrugation, so comparison of the results with 
Eurocode  3 (European Committee for Standardization, 2005) is questionable. In 
addition, this study clearly indicated that according to numerical models prepared 
by COMSOL Multiphysics (2024) local buckling always starts on the tangent of 
corrugation. Nevertheless, β ratio limit values were also defined in this article, and 
they are listed in Table 2. The obtained ratios are closer to the study by Chen et al. 
(2019) than that proposed by Sun et al. (2023) and it could be related to the fact that 
critical buckling load was determined by the model of a full corrugation profile and 
not only of straight region of corrugation (see Figure 2).

1.4.	 Relationship of cross-section area and section modulus

According to the presented results, local buckling of the corrugation profile is 
associated with a longer straight region of corrugation, and obviously, buckling 
resistance is lower for thinner plates. Contrary to regular steel girder structures, 
it is not feasible to manufacture a corrugated plate with just a thicker tangent 
following standard production processes (plate corrugation and rolling). In order 
to prevent local buckling, plate thickness should be increased for a full corrugation 
profile (tangent, crest, and valley). As examined in this research, to prevent local 
buckling, thicker plates are also necessary when the higher yield strength steel is 
applied. 

By the introduction of innovative corrugation cross-section strengthened with 
circular hollow section steel pipes, it was found that corrugated plate thickness 
could be significantly reduced because of the reduction of tangent length (buckling 
length). However, corrugation reinforcement by steel pipes also increases cross-
section area, so it was important to investigate and answer the question – can 
innovative corrugation profile be considered a rational option? Therefore, it was 
decided to present the relationship between cross-section area A and section 
modulus W for the regular and innovative corrugation profiles studied in this article 
(see Figure  15). Results are based on cross-section parameters determined by 
SolidWorks Corporation (2024).
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Figure 15. Relationship of cross-section area A and section modulus W of regular 
and innovative corrugation profiles

According to the presented results in Figure  15, the advantage of introduction 
of steel pipes is clearly visible. For example, the cross-section area for a 3+3 mm 
combination of 381×140 mm profile with steel pipes is more than 31% lower than 
for a regular 10 mm plate, while the section modulus is more than 40% higher. 
Even though critical buckling load for an innovative profile is lower, it is still safe 
against local buckling. By a lower percentage, but still an advantage is obtained for 
the 500×237 mm corrugation profile, where A for the 4+4 mm combination is about 
3.5% lower than the regular 9 mm corrugated plate, while W is about 5.3% higher. 
For shallow 200×55 mm corrugation profile, A is lower by 59% and W is higher 
by 58% for the 2+2  mm innovative profile compared to the regular 8  mm plate. 
Corrugated plate reinforcement by steel pipes can increase the stiffness and overall 
bearing capacity of corrugation when the thickest plate, which could be corrugated 
and rolled, is not sufficient.

Conclusions

The paper investigated the resistance to local buckling of four widely 
used corrugation profiles. The analysis was conducted to assess the impact 
of circular hollow section steel pipes and HSS influence on the minimal plate 
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width-to-thickness ratio limit. The numerical 3D nonlinear model was developed 
to determine critical buckling factors, which were necessary for further analysis. 
Local buckling behaviour of corrugated steel plates was studied under axial 
compression, and width-to-thickness ratio limits were proposed to ensure the 
tangent of corrugation local buckling resistance prior to yielding. Conclusions of the 
investigation are listed below.
−	 An innovative corrugation cross-section strengthened with circular hollow 

section steel pipes was proposed for corrugated soil-steel composite structures. 
The numerical three-dimensional model was developed to investigate the 
influence of steel pipes on the local buckling of regular corrugation. Numerical 
results show that pipes increase corrugated plate local buckling critical stresses; 
therefore, a thinner corrugated plate can be applied (see Figures 13 and 14).

−	 The study additionally revealed that steel pipe started to buckle first when 
its wall thickness was by two or more millimetres thinner than that of the 
corrugated plate. However, in this article the relationship and interaction 
between the steel pipe and the corrugated plate was not investigated in detail but 
it is already planned in future work.

−	 To prevent local buckling before yielding width-to-thickness ratio limit  was 
proposed for the regular corrugation and for the innovative corrugation 
strengthened with circular hollow section steel pipes cross-section. For some 
corrugations such a limit could be considered conservative; it is reasonable with 
respect to Eurocode 3 (European Committee for Standardization, 2005) which 
indicates the same limit for class 3 steel sections under axial compression.

−	 The introduction of an innovative corrugated cross-section, reinforced with steel 
pipes, is expected to result in an increase in the cross-sectional area. Therefore, 
the rationality of this innovative corrugated profile was investigated according 
to the mass (cross-sectional area) criterion. It was observed that regular 
corrugation plate thickness can be reduced by 30–50% because of introduction of 
steel pipes at the same level of crosssectional stiffness. For example, according to 
the results presented in Figure 15, a cross-section area for 3+3 mm combination 
of 381×140 mm profile is more than 31% lower than for regular 10  mm plate, 
while the section modulus is more than 40% higher.

−	 The possibility of using high strength steel in such composite soil-steel 
structures was also investigated. The study revealed that in order to prevent 
local buckling thicker plates were necessary when higher yield strength steel 
was applied. The relationship is higher for the corrugation profiles with longer 
tangent length (see Figure 13). Therefore, minimal plate thickness to avoid local 
buckling was proposed for four specific and in practice widely used corrugation 
profiles for conventional and HSS.

−	 To validate and adjust numerical modelling results of this study, the performance 
of the laboratory test is necessary, and it is already planned in future work. In 
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addition, it is planned to perform investigation not only of axial compression of 
the corrugated plate, but also the combination of axial compression and bending 
moment.
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