THE BALTIC JOURNAL
OF ROAD

AND BRIDGE
ENGINEERING

2021/16(2)

90

o 862

ISSN 1822-427X/elSSN 1822-4288 ;{‘%4;\; TAL VILNIUS
2021 Volume 16 Issue 2: 90-109 RIGA TECHNICAL TECH
https://doi.org/10.7250/bjrbe.2021-16.529 UNIVERSITY

RESTORATION OF THE BEARING CAPACITY
OF DAMAGED TRANSPORT CONSTRUCTIONS
MADE OF CORRUGATED METAL STRUCTURES

VITALII KOVALCHUK', MYKOLA SYSYN?,
YURIY HNATIV?, ARTUR ONYSHCHENKO',
MAKSYM KOVAL*, OLEKSII TIUTKIN®, MARIANA PARNETA*

'National Transport University, Kyiv, Ukraine

*Institute of Railway Systems and Public Transport,

Technical University of Dresden, Dresden, Germany

*Dnipro National University of Railway Transport, Dnipro, Ukraine
*Institute of Architecture and Design,

Lviv Polytechnic National University, Lviv, Ukraine

Received 6 April 2020; accepted 9 October 2020

Abstract. The paper deals with damages of transport constructions made of
corrugated metal structures in the body of a railway track or a road during their
operation. A constructive variant to restore the bearing capacity of structures
was developed, which consists of installing an annular stiffening rib into the
concave part of the corrugated metal profile. The main advantage of this method
compared to the double corrugating method is the possibility of performing
the reinforcement works during structure operation without interrupting the
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movement of transport vesicles. The study has proved that the reinforcement
method significantly increases the carrying capacity of corrugated metal
structures. A numerical finite element model was developed to determine the
stress-strain state of structures made of corrugated metal structures reinforced
with round stiffening ribs. The soil pressure on the corrugated shell in the model
is taken into account with the application of radial and axial forces on the outer
surface of the shell. It was determined that the most appropriate location of the
ribs is in the centre of the building, where the reinforcement area corresponds
to the width of the road or railway line. The advantage of this approach is the
ability to more efficiently distribute the reinforcement material by selecting the
ribs in the most loaded sections of corrugated metal structures.

Keywords: corrugated metal structures, deformation, railway track, stress.

Introduction

Corrugated metal structures (CMSs) have several advantages over
reinforced concrete structures. Implementation of structures made
of CMS in transport construction promises both economically and
because of the shortened building period. However, under conditions
of operational loads and the increase of CMS cross-sections, they have
insufficient bearing capacity. It is caused by the appearance of residual
deformations in the vertical and horizontal directions (Figure 1a), loss
of stability of the structure shape and even the formation of plastic
hinges (Gerber et al., 2016; Kovalchuk et al., 2016, 2017a, 2017b, 2018).
The unfavourable conditions of operational loadings are caused by the
vehicle weight and dynamic vibration while passing road irregularities.
The irregularities like transition zones and rail joints cause high
dynamic vibration (He et al., 2021), which accelerates the residual
deformation of the CMS that has sensitive to vibration soil filling. An
additional factor influencing the CMS carrying capacity is temperature
loading (Chen et al., 2020). The factors can have serious consequences
in case of their unfavourable combination. For example, on the location
km 1+350 road of Simferopol-Yevpatoria-Myrne-Dubky highway, the
roadbed over the transport construction with CMS was destroyed,
caused by the formation of a plastic hinge in the metal of the structure
(Figure 1b).

The loss of the cross-sectional shape of the construction adversely
affects both functional properties of a railway or a highway and its
construction. It causes the formation of the pits on a roadway or
unevenness appearance on a railway track over CMS and the appearance
of residual deformations and stresses. In the United States, Ohio, more
than 900 CMSs built-in 1951-1965 were surveyed. As a result, it was
found that the loss of bearing capacity of structures with CMS occurred
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during cross-section deformations from 22% to 34% in the vertical
direction, and complete constructions collapse during cross-section
deformations from 45% to 55% in the same direction. The studies have
demonstrated that in 95% of cases, the destruction of constructions with
CMS occurred due to poor soil compaction. Therefore, it was decided to
limit the amount of structures deformation of annular shape to 2% of
the vertical or horizontal diameters, and for box structures - to 0.5%
(Esmaeili et al., 2013; Mak et al., 2009), which allows obtaining the safety
coefficient of construction operation within 2-5. The study (Mak et al,,
2009) indicates that CMS are flexible structures that are very “sensitive”
to any deviations from the technological process at the construction,
which may cause premature failures during the following operation.

The quality of the design works is of great importance for ensuring
durability and safe operation of transport facilities with CMS. At the
stage of such constructions design, it is necessary to consider the
deterioration of materials performance over time due to environmental
aggression. In addition, the axial load increase due to the settlements
caused by vehicles movement during construction operation.
Therefore, structural options for restoring the load-bearing capacity of
constructions with CMS at minimal economic cost is an urgent problem.
Another cost-effective approach, which is frequently presented in
studies over the last years (Abdelkader et al., 2020), is based on applying
autonomous monitoring means together with the artificial intelligence
methods. The methods allow to predict the bridge defects and avoid

\4
a) scheme of cross-section b) plastic hinge formation
deformation of corrugated metal

structures

Note: D - design diameter of the construction cross-section; AD - the amount
of deformation; 1 - design position; 2 - deformed state.

Figure 1. The roadbed destruction due to the plastic hinge defect in the
corrugated metal structure
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The method of double-corrugation is used today to restore the load-
bearing capacity of damaged transport constructions made of CMS with
a large cross-sectional area (Korusiewicz & Kunecki, 2011; Nabochenko
etal,, 2019).

The double corrugation is be used for all cross-sectional shapes of
CMSs (Flener, 2009; Gerber et al.,, 2019; Machelski, 2013; Maleska &
Beben, 2019; Pettersson et al., 2015). Such stiffeners are most widely
used for box structures with large cross-sections in which the bending
stiffness in the vault of the structure is problematic to provide. The
problems of contact interaction of two corrugated metal shells during
the CMS transport constructions reinforcement are considered in the
studies (Karpiuk et al., 2019a; Machelski, 2013, 2015; Pettersson et al.,
2017). It is noted that the stiffeners are installed in the most loaded
areas of the structure for cost reduction. The experimental tests of
the box-corrugated structures reinforced with transverse stiffeners
have shown that the load resistance of structures at the vault level is
increased more than twice compared to the non-reinforced structures
(Pettersson et al., 2017).

The studies (Ahaieva et al., 2019; Karpiuk et al., 2019a, 2019b)
propose a possible reinforcement of the longitudinal reinforced concrete
stiffeners, symmetrically on both sides of the CMS. The technological
schemes of the CMS reinforcement using the external transverse
stiffeners of the BridgeCor External Rib System are presented in
(Contech Engineered Solutions, 2019). This system of external ribs
BridgeCor optimises the material of the structure, which saves costs,
reduces the amount of material required, allows to increase the size
of the span of the structure and its stability. Numerical, analytical and
experimental studies (Maleska & Beben, 2019) has found out that
the deformation of the structure by using the double corrugation
and filling the internal space with concrete is 54% less than for the
structure without transverse stiffeners. The deformation is 34% lower
than that with the additional corrugation. Liu et al. (2020) present
an application of dynamic distributed fibre optic strain sensors that
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were used to monitor the behaviour of an in-service corrugated steel
culvert with a span of 2.75 m and a skew angle of 45° under static and
dynamic vehicle loading. Maximum thrust envelopes were developed
using the distributed data and demonstrated that positions near the
crown experienced thrusts higher than those at the spring lines. The
peak measured strain was 9.3% of the yield strain, suggesting that
the culvert had adequate live load capacity. The authors in the study
(Beben, 2017) carried out the numerical calculations under static live
loads for the corrugated steel plate culvert with a span of 12.315 m
and a height of a shell of 3.555 m. The study also shows the numerical
calculations for the actual culvert, which previously had been studied
experimentally. The author validated the obtained numerical results
to the results of experiments. Parametric analysis showed that the
angle of internal friction was a major factor in corrugated steel plate
culverts. The paper (Beben, 2009) presents a numerical analysis of the
soil-steel bridge, which was also thoroughly tested under real field loads
(during backfilling and under static loads). The research (Beben, 2013)
demonstrates the results and conclusions from field tests under service
loads conducted on a corrugated steel plate road culvert. Based on the
measured displacements, using the fast Fourier transform method,
the dominant frequencies of the culvert were determined. This study
(Beben, 2014) presents the results and conclusions of field tests under
service loads conducted on a corrugated steel plate railway culvert.
Inductive gauges, extensometers, and accelerometers were used to
monitor displacements, strains, and accelerations of this culvert,
respectively. The biggest displacements and strains were recorded
at the culvert crown and quarter points, respectively. The results of
a numerical analysis performed on a corrugated steel plate bridge during
a backfilling process are presented by Beben (2012). The analysed
bridge structure was a box culvert having a span of 12.315 m) and a clear
height of 3.550 m). Obtained calculation results were compared to the
experimental ones. The application of the Fast Lagrangian Analysis
of Continua (FLAC) program based on the finite differences method
(FDM) to determine the behaviour of the soil-steel bridge structure
during backfilling is presented. The assumptions of a computational
2D model of the soil-steel structure with a nonlinear interface layer
are described. The objective of this study (Orton et al., 2015) was to
determine the effects of live load (truckloads) on reinforced concrete
box culverts classified as bridges (spans longer than 6 m [20 ft]) under
soil fills of different thicknesses. The study considered the field testing
of 10 existing reinforced concrete box culverts with fill depths ranging
from 0.76 m to 4.10 m. In the article (Sanaeiha et al.,, 2017), a field test
of a large-span soil-steel bridge is described. The case study involved



a corrugated steel plate that was stiffened by concrete rings. The
rings were applied to make it possible to use only one layer of the steel
plate while covering 20 m. The test involved deflection and strain
measurements of the steel plate under increasing layers of soil. The
test results show that maximum deflection and the maximum bending
moment occurred at the crown when the soil reached the crown level.
Conversely, the maximum axial force occurred at the bottom of the
arch when the soil reached its maximum level above the arch. The test
results were compared to the well-known design methods of soil steel
bridges. Conforming to the results, the design methods are conservative
in predicting bending moments, but they are more realistic in predicting
axial forces. This study (Sheldon et al, 2015) investigates the field
performance of culvert joints in five existing pipe culverts. Test culverts
consisted of two corrugated metal culverts, two reinforced concrete
culverts, and one high-density polyethene culvert. The results indicate
that separation at the joint was quite significant at times. In the worst
case, the measured separation at the joint was equal to 50% of the
measured deflection. Strains measured near the joint in steel culverts
were significantly smaller than the yield strain. The dynamic deflections
were typically 10%-40% less than the static deflections.

It is noted that such reinforcement can be performed only during
the building of the construction with CMS. However, in 90% of cases of
constructions with CMS, the damage occurs under service conditions.
Therefore, improved design options are developed to restore the load-
bearing capacity of these facilities during operation. For this purpose,
the method of additional stiffeners installation - metal rods with
a diameter of 16 mm built into the waves of the corrugated structure
profile (Figure 2) - is proposed. The other diameters require the
estimation of CMS for the particular loading.

Strengthening the structure with metal stiffening ribs is suggested
at the places of action of the greatest bending moments caused by

(@

Figure 2. Corrugated metal structure with additional transverse stiffeners
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transport movement. It is most advisable to install stiffeners in the
central part of the structure so that the reinforcement zone occupies the
width of a carriageway or a railway track (Figure 3).

The stiffeners are attached to the CMS by welding. The problem of
the protective coating at the installation place of the stiffeners is solved
by applying an anti-corrosion coating. The width of the reinforcement
part under the road or railway is 2400 mm, which is sufficient for the
rail track gauge 1520 mm with the wave of corrugation 150x50 mm. The
number of stiffening ribs for the other parameters of the corrugation
wave is determined, taking into account the principle that the
strengthening width should involve the overall carriageway and a half of
it on both sides.

The advantage of this approach is distributing the material more
rationally by installing stiffeners in the most loaded cross-sections of the
CMS. However, the proposed design solution changes the design scheme
of the structure and requires the methodology developed for the study of
the stress-strain state of reinforced structures.

2. Mathematical model

The elastic corrugated cylindrical coating assigned to the cylindrical
coordinate system r, ¢, z (0 <@ <2n) is presented in Figure 4. The inner
S1 and outer S, surfaces of the coating are described by the Eqs (1-4)
respectively.

r=r, +esinaz; @
r=r, +esinagz, (2)

P z ,
Railway sleeper
Y

Backfill over the structure

Metal corrugated

/ structure fastening Metal ribs of stiffness
AVa \x‘mﬂg/'\/'\j@\/ AL VAV,\ \/‘\v/ﬁv'\\/%/ﬂiﬁ\/

§+0.58
I 1

Note: S - width among wheel pairs of moving vehicles; P - loads from moving
vehicles.

Figure 3. Scheme of transport structure reinforcement with transverse
stiffening ribs



where ry, r; — radii of cylindrical base surfaces, and ry<r;; ¢ - wave
amplitude; o - corrugation frequency. The thickness of the shell is
t=ry-r,.

Coating along the line

1':1‘1-|-€,

, n=0,£1, £2,.., 3
z:3[1+2n] (3)
al2

reinforced with annular ribs of stiffness, which occupled areas.

2 2
(Vn): r,up, r—.[R z Z,, <r<r +R* — z zo,1 @)

0<p<2m, On—RgzgzonJrR

Tl

where r, =7 +c—R;z,, = —+2n]; R - radius of a circle, which is

a cross-section of a stiffening rib.

Considered covering is under the action of forces P, (¢, z), P, (¢, 2)
applied to the outer surface S,. The inner surface S; and the stiffening
ribs except for lines Eq. (3) are load free. The lateral surfaces z = #I of the
coating are also load-free.

Suppose that conditions of perfect mechanical contact of the coating
with stiffening ribs are performed on the lines Eq. (3).

To determine the stress-strain state of the coating and stiffening
ribs, the Eqs (5-8) and relations of the theory of elasticity are used. The
equilibrium equations of the elementary volume of the bodies under
consideration are as follows:

Jo, n 100, +80ﬂ N o,—0,
or r Oy 0z r

Jo, 1 acw 80@ 20,, -
b LT,
or r 0¢ 0z r

rité
Corrugated profile

Metal rod

ri—¢

Figure 4. Scheme to the description of the mathematical model of the task
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where o;; (I, j = 1, ¢, zZ) - components of the stress tensor.
Components of deformation tensor g; (I, j = 1, ¢, z) and displacement
vector u; (i =r, @, z) relate to correlations Eq. (6):

3 _ o, e =y —l—au“’ 3 _ou,
S VR S A VN R Yl
1{10u, Ou, u,
=42 __2| 6
Ere 2lr o Or r] ©)
1{0u, 10u, 1(0u, Ou,
€ = =| =L+ ——Zle, =] ==+ —L|
#2100z rde| " 200r Oz

Stress o; and deformation g; relate to correlations of Hooke Law,
which take the form:

O‘ﬂ :ZG €rr + Ue )
1-2v
vo
Ow =2G Ew + 1_2]}}
OZZ :2G €ZZ + Ue )
1—-2v

(7)

o =2Ge _,o0_=2Ge _,o0_ =2Ge_,
ry ry Yz $z rz rz
where 0 =€, + €4, + £,,; G - displacement modulus; v - Poisson coefficient.
The periodicity conditions of the stress-strain state of the coating and
the stiffening ribs relative to coordinate ¢ is be presented in the form:

o,le= 0 =0,

p=21-0"

ow |kp =0 :ow |¢:2ﬂ*0’

O |9=0=0_|, s o
ule=0=u/|_,
u, |@ =0= Uy | o=2n-0"
U, |p= 0= U, | o=2n-0" (8)
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Conditions of the ideal mechanical contact of considered bodies take
the form Eq. (9):

o, (n+e=0,0.2,)=0,(rn+c+0.0.7,)
o, (n+e—0.p.2,) =0, (r+e+0,p2,)
0. (n+e—0.p.2,)=0,(n +e+0,p2,)
u, (1 +e=0.9.2,, ) =1, (1 +e+0,0.2,,)
u,(r+e—0,0.z,)=u,(r+e+0,p7,)
u,(r+e—0,p,2,, )=u_(r +c+0,p.2, ). (9)

Let S be the union of the surface §; and the surfaces of the stiffening
ribs from which the lines Eq. (3) are taken. In this case, the conditions at
the boundary of the coating and the stiffening ribs take the form:

(0,n, +0.n)|s=0, (0 n —|—0@an) =0,(0,.n +o_n_)|;=0  (10)
(oﬂnr +G,z"z> s = P(w)r (ownr +0an) 5, =0,
(orzn, + ozznz) =P, (kp,z),
O-rz z=+Il :0’ O—gpz z=+Il :0’ Gzz z==l :O'

where n,, n, - directing cosines of vectors of a single external normal to
the surfaces of the considered bodies.
The surfaces S; correspond to the values
=ty = EOC050Z (11)
A A
and surfaces S, values
n :i,nz _ _Eacosaz (12)
A A
In expressions (11) and (12), the value A is determined by the
Eq. (13):

A= 1+(€0¢coso¢z)2. (13)
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Those parts of the surfaces of the stiffening ribs described by the Eqs

(14) and (15)
r=r+ m ’ (14)

correspond to directing cosines

2
n = \'R2_<;_Z0n) n = Z_ZOn

R

(15)
and the parts of surfaces of stiffening ribs described by the Eq. (16)

S (16)

correspond to directing cosines (Eq. (17))

__\/RZ_(Z_ZOn>2 " _z—2z,,
= 2 n, = .

R

n

r

(17)

Then, in agreement with the above method, the stress-strain state of
the construction with CMS reinforced with stiffening ribs is investigated.

13.23

Bic MI'K

150

72

1.52

<€
41480
1.85

0.50 023 0.50
10.23 1
13.83

0.50

Note: units in m.
Figure 5. Cross-section of the construction with corrugated metal structures



3. Stress-deformed state modelling and analysis

Consider the construction designed for road and railway transport
passage. The horizontal diameter of the construction is 9.23 m, and the
vertical diameter is 8.12 m (Figure 5).

The soil backfill above the CMS at a length of 13.23 m is reinforced
with metal stiffeners arranged in three rows vertically.

The construction metal sheets are made of corrugated structures
of Multiplate MP 150 type, the corrugation wavelength of 150 mm, the
height is 50 mm, and the thickness is 6 mm. The modulus of elasticity of
the CMS and the stiffening ribs are taken to be equal to E=2.10-10° MPa,
and the Poisson coefficients of CMS and stiffening ribs are v=0.25.

The soil backfill has the following physical parameters: bulk density
p=1.90 t/m? specific density p,=2.65 t/m? the bulk weight of the
backfill soil y.,=19.00 kN/m?® internal friction angle ¢, ,=41.90° It is
accepted that the degree of compaction of the soil backfill is 0.98, and its
modulus of elasticity E; = 24.00 MPa. The backfill height above the arch of
the CMS is 2.00 m.

The static load on the structure was set from the locomotive series
2M62 with the following operating parameters: static weight 116 t, load
from one axle of wheel pair 98 kN, the distance between among axles
of wheel pairs 2100 mm, the distance among carts 8600 mm and total
length of locomotive 17.55 m (Figure 6).

The loading of the rolling stock is expressed in so-called equivalent
loads that consider the static and dynamic properties of rolling stock,
train velocities, the superstructure and the subgrade properties.
Nevertheless, the train and track dynamic interaction and, therefore, the
sleeper loadings are subjected to many factors like the variable stiffness

98 kN 98 kN 98 kN

98 kN 98 kN 98 kN

L2100 L2100 ] L2100 {2100 |

4400
17 400

A

<
[l

Note: units in mm.
Figure 6. Scheme of a three-axle locomotive of the series 2M62
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Equivalent forces, kN

a o«
S =)
é Il
v

=

1S

=

v

™)

=)

N

3

Length, m

—0O-The equivalent forces value from the locomotive 2M62 with the parameters
of railway track irregularity: length - 5.7 m; height - 44.7 ; slope - 16.5%

—>—The equivalent forces value from the locomotive 2M62 without track irre-
gularities

Figure 7. Equivalent forces while 2M62 locomotive passage along the track
under sub-base elastic modulus 92.10 MPa

of the subgrade in the CMS zone or the sleeper-ballast interaction.
Considering the factors like in the studies (Kurhan et al., 2016, 2020;
Orosz et al., 2020; Shvets et al., 2020) could potentially decrease the
uncertainty of the estimation of the equivalent loads. The distribution
of equivalent loads (Figure 7) on sleepers along the track was obtained
based on the track calculations for strength in consonance to the value of
a sub-base elasticity modulus equal to 92.10 MPa.

Figure 6 shows that on the length of the railway track S = 25.00 m, the
maximum equivalent force is 423.60 kN for the possible irregularities
formed during the operation of the transport structure like Multiplate
MP 150.

Further, calculating the stress-strain state of structures reinforced
with transverse stiffening ribs is performed.

a) stress distribution b) deformation distribution

Figure 8. Stress-deformed state of a transport construction made
of corrugated metal structure reinforced with stiffening ribs



4, Assessment of the stress-strain state
of a corrugated metal structure reinforced
with stiffeners

Consider the option of CMS reinforcement with a 16 mm diameter
rod built into the waves of this corrugated structure. The wall thickness
of the structure is 6 mm. The finite element model consists of 453 917
nodes and 146 586 finite elements. The results of stress and strain
distribution in the CMS are shown in Figure 8.

Parabolic elements with intermediate nodes on the sides were used in
the finite element modelling of the reinforced CMS. On the one hand, such
elements better model the geometry of curved surfaces of parts. On the
other hand, it reduces the number of finite elements and simultaneously
increases the approximation of the functions of deformations stresses.

The metal pipe is modelled with flat finite elements 2D of the
Plate type, and the space of the soil in the corrugated sinuses is filled
with tetrahedra, and then with the distance from the shell, the soil is
modelled with hexahedra. The concentration of the finite element grid
was performed in the places of possible stress concentration and in the
areas of contact of contacting bodies “soil backfill-metal structure“. Near
the corrugations, the dimensions of the finite elements were chosen
smaller, and the rest of the area was divided into elements of larger
dimensions.

The boundary conditions at the surface “soil-metal shell“ correspond
to the complete coincidence of nodal points of finite conjugate
elements. The mentioned consideration is based on the assumption that
corrugation increases the adhesion of the metal with soil.

The simulation of nonlinear structures using a perfectly plastic
model, namely for plastic deformation in the corrugated metal
construction in the settlements, uses von Mises criterion. In this case,
to the parameters of elasticity: modulus of elasticity and Poisson ratio
and density are completed with the yield strength of the CMS metal
structure.

Six constants were set for ideal-plastic soil models such as
Moore-Coulomb and Drucker-Prager: two elastic characteristics -
the deformation modulus and the Poisson ratio; density; three
characteristics of plasticity — the internal angle friction, the coefficient of
adhesion and the angle of dilation.

In the nodes of the lower part of the soil, fixed hinges are used,
making it impossible to move the structure in the vertical and horizontal
directions linearly. In the nodes of the elements of the side faces,
a fixation of horizontal movements is introduced.
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The stresses in the CMS of 6 mm thickness, reinforced with additional
stiffeners, are three times less than in the corresponding non-reinforced
structure. The maximum stresses in the CMS wall are 23.55 MPa, and the
maximum deformations are 2.92 mm.

A comprehensive indicator of the effectiveness of the design solution
is used that takes into account the technical characteristics of the
reinforced structure and its economic components to evaluate the
effectiveness of the proposed structural solution. Eq. (18) determines it:

e=o,+E, (18)

where o, is a technical indicator of the effectiveness of the design
solution, %; E. is a coefficient, which considers the cost of the basic
technical solution and the volume of construction works to increase and
their cost, %.

Eq. (18) determines the technical indicator of the effectiveness of the
design solution:

o,= ﬂ, (19)

where [o] is the elastic limit of the CMS; o, is the maximum stress
obtained by the proposed design solution.

The integrated approach allows considering several factors, which
influence the effectiveness of the proposed technical solution. These
factors include the change in the cost of construction materials, the
increase of construction costs due to additional materials, the increased
complexity due to the additional volume of construction works.

The coefficient E, is determined by the Eq. (20):

_ C
© C+c’

E (20)
where C is the cost of CMS of the basic technical solution, Euro; c is the
cost of additional materials for structural reinforcement, thousand Euro.

Determination of the coefficient of increase in the cost of E,
construction is made based on data on the average cost of structures
and materials of domestic manufacturers of CMS. These values are
given in Table. It is assumed that the cost of a corrugated sheet of 1 mm
thickness, which corresponds to the basic technical solution, is 235.00
Euro/t.

With a given level of loads on the transport construction, the stress
in a noncorrugated metal structure with a thickness of 6 mm and a CMS
with a thickness of 2 mm equals 361.60 MPa. It exceeds the permissible
limit of elasticity of a metal, which is equal to 235.00 MPa. In other



design variants, the normal stresses of CMS in the cross-sections is lower
than the steel yield strength; thus, each of these variants effectively
increases the bearing capacity of CMS and prevents the transformation
of a CMS into the plastic state.

With the reinforcement of CMS with additional stiffening ribs -
annular rods - the efficiency coefficient is the highest and is equal
to 10.96%. If the thickness of CMS is 6 mm, then the stress without
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reinforcement is 64.15 MPa, and in the case of reinforcement with roctores
transverse stiffeners equals 23.55 MPa.

The calculation of the load-bearing capacity of CMS of 6 mm thickness
showed that the stresses in corrugation are 64.50 MPa and without
corrugation equal to 286.00 MPa. Therefore, corrugation increases the
load-bearing capacity of CMS more than four times.
Table. Technical and economic indices of design solutions
Technical solution thliw::m Omaxs et ¢ < Ee o
echnical solutions ckness, MPa % Euro Euro % %
mm
Without sheet corrugation
. . 6 286.00 0.82 223.33 - 1.00 1.82

with a thickness of 6 mm

Sheet thickness of 2 mm 2 361.60 0.65 472.00 - 1.00  1.65

Sheet thickness of 4 mm 4 126.10 1.86 943.00 - 1.00 2.86

Sheet thickness of 6 mm 6 64.15 3.66 1415.00 - 1.00 4.66

Sheet thickness of 8 mm 8 39.99 5.88 1887.00 - 1.00 6.88

Sheet thickness of 10 mm 10 28.50 8.25 2358.00 - 1.00 9.25

Reinforced with annular

6 23.55 9.98 148.00 28.24 0.98 10.96

stiffening ribs

Conclusions

Based on the studies of the bearing capacity of corrugated metal

structures, the following conclusions are suggested.

1. Under corrugated metal structures reinforcement with annular
rods, technical and economic efficiency coefficient is the highest
and equals 10.96%. If the thickness of a corrugated structure is
6 mm, then the stress without reinforcement is 64.15 MPa, and in
the case of reinforcement with annular rods equals 23.55 MPa.

2. The stresses in CMS with the thickness of 6 mm and corrugation
are 64.15 MPa and without corrugation equal to 286.00 MPa.
Thus, corrugation increases the load-bearing capacity of the
corrugated metal structure more than four times.
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3. The proposed method of installing annular transverse stiffening
ribs allows the restoration of the load-bearing capacity of
damaged transport structures made of corrugated metal
structures and increasing their service life. Compared to double
corrugation, the main advantage of this method is the ability to
perform structural reinforcement during construction operation
without interrupting transport traffic.

4. The research has determined that the most expedient installation
of the stiffeners is in the central part of the structure. The
reinforcement zone of the structure is 50% wider than the width
of the carriageway or railway track.

The advantage of the proposed method of increasing the load-bearing
capacity of corrugated metal structures is rationally distributing
the material by setting the stiffeners in the most loaded sections of
corrugated metal structures.
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