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Abstract: Corrugated steel structures buried in the surrounding soil are currently used worldwide in road
and railway engineering as culverts, pedestrian and animal crossings, tunnels and bridges. The need of large
span corrugated steel structures is rapidly growing however their behavior analysis is still understudied.
There is also a lack of discussion about the impact of additional strengthening elements for the behavior of
corrugated steel structures. This study analyses the influence of rational steel mesh layout on the behavior
of a large span deepest corrugation steel structure. The numerical two-dimensional model of two-radius
17.5 m span profile with corrugation of 237 mm depth and 500 mm pitch was developed to replicate the
ongoing project in Lithuania. Originally the stiffness of the structure from both sides was increased by six
layers of steel meshes as lateral support. Nevertheless, the current study was looking for rational steel mesh
layout. Also, the influence of different layouts of steel mesh on corrugated steel plate utilization to buckling
failure in the peaking, dead load and in the most unfavorable live load location phase was analyzed. The
finite element model results indicated that steel meshes could be used to control structure deformations
and internal reactions. Vertical displacement of the crown of the structure could be reduced by 45% in the
peaking phase when using proper steel meshes layout. Furthermore, steel meshes could be a decisive factor
for the bearing capacity of corrugated steel structure in a positive sense.
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1. Introduction

Almost 200 years passed when corrugated steel plates were used in construction for the very
first time. Henry Robinson Palmer (1795-1844) was a British civil engineer who was credited as
the inventor of corrugated metal roofing [1]. Although it was originally made from the wrought
iron it proved to be light, strong, corrosion-resistant, and easily transported. Today corrugated
steel plates are made by highly automated production process of a roll forming and they are
used in various applications of construction of civil and road engineering. Corrugated steel
pipes and structures in road and railway engineering are currently used worldwide as culverts,
pedestrian and animal crossings, tunnels and bridges under all types of variable live loads (LL).
Corrugated steel structures (CSS) already proved their advantages because of an interaction with
surrounding soil, but development of the technology is far from stopping. The demand of large
span CSS is growing very fast while their behavior analysis is still not studied in detail and not
fully covered in Canadian Highway Bridge Design Code (CHBDC) [2], American Association
of State Highway and Transportation Officials (AASHTO) [3] or Swedish Design Method
(SDM) [4-6] design manuals. Steel plate properties, corrugation and soil parameters in most
of the cases are decisive for the CSS bearing capacity. However, in some of the cases large span
CSS strength utilization requires additional strengthening elements [7] and the lack of in-depth
investigation of such combined system makes the design process even more complicated.

For the past decade CSS behavior was extensively studied by monitoring its performance
under dead and live load influence [8—17]. A few full-scale destructive tests were performed
to investigate the causes of collapse with the aim of improving calculation methods [8, 18-22].
A significant amount research for various purposes simulated CSS performance in a two-
dimensional or three-dimensional space numerically [19,23-29]. Nevertheless, only a small
proportion of the research was conducted comprehensively considering the impact of different
strengthening elements for CSS behavior [7, 28, 30-34]. Moreover, none of the investiga-
tions evaluated the influence of the reinforcement materials as a possibly better performance
alternative to the increase of thickness of the steel plate to attain CSS global stability.

The effectiveness of lateral reinforced steel mesh and circumferential steel stiffeners were
analyzed for the world’s largest span CSS of 32.40 m and vertical height of 9.57 m [7]. Field
measurements were employed to validate three-dimensional finite element model (FEM) which
was later used to evaluate the influence of strengthening techniques for buried steel structure.
FEM results revealed that steel meshes reduced the induced straining actions in CSS up to 50%.
In addition, it was concluded that the circumferential steel stiffeners could be used to control
crown vertical deformations less than 0.5% of the structure rise during and after construction.
However, steel mesh properties and configuration same as the layout was not investigated in
detail with respect to the steel mesh resistance to tension and to steel mesh influence on CSS
bearing capacity. Moreover, the effect of the variable live load was not in the scope of the study.

Continued research by the same authors was performed investigating bevel-ended world’s
largest span CSS [30]. The study is related to the fact that buried steel structures encounter
beveling slopes as per design requirements although it is an extremely complicated configuration
of CSS for the empirical evaluation. However, the stability of buried steel structure shell
is critical because of lateral soil pressure where the steel plates do not consist of full
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ring. The results of the research indicated that the significant longitudinal bending moment
induced in the steel plates which were not supported by the full ring. Longitudinal bending
moment increased significantly by increasing the slope of the beveled ends. Finally, it was
concluded that steel meshes around CSS reduce circumferential axial stresses by up to 30%.
Nevertheless, the concrete collar compared to other strengthening techniques controlled the
design and demonstrated the greatest influence reducing the longitudinal bending moment.
Notwithstanding, the influence of the different steel mesh layouts was not investigated in the
study. Rational steel mesh layout and concrete collar parameters in respect to the steel plate
utilization were not considered in the study too.

In the current study numerical model of a large span deepest CSS interaction with
a surrounding soil mass and different layout of the steel meshes as additional strengthening
material were analyzed. The study seeks to investigate the corrugated steel plate interaction
with different layout of the steel meshes not focusing on the influence of the soil different
properties (study does not focus on the geotechnical limit state). The main objective of this
investigation is to present the influence of different layouts of the steel mesh on the CSS plate
utilization. Moreover, this study presents the setup of rational steel mesh characteristics and
their rational layout. To achieve these objectives a two-dimensional nonlinear finite element
model was generated with the help of Plaxis 2D software [35]. Two-radius CSS profile with
a span of 17.5 m was chosen for a numerical simulation considering it as one of the most
commonly applicable profile in the east European countries over the two lanes road. The study
examines structural response in the three phases: peaking, full dead load (DL) of 1.4 m soil
cover above the crown of the structure and most unfavorable position of LM1 live load model
according to the EN 1991-2 standard requirements.

2. Description of the structure

The two-radius CSS profile with a span of 17.5 m and a rise of 5.2 m in the axis were
designed in Lithuania above Kaunas city bypass in 2022. Such a profile was chosen as the
most suitable profile to keep the clearance box of 10 m width and 5.2 m height as per national
regulation requirements for the two lanes highway with a possibility to extend the road adding
one additional line in perspective. A road above CSS of 9 m width between guardrails including
two opposite direction lanes of 4 m width was designed in the project. However, the design task
requested longer CSS of 22 m in axis for road network development in perspective. CSS ends
were cut vertically with a posibility to install reinforced concrete retaining walls in the future.
As per design, the deepest corrugation profile (500 mm pitch X237 mm depth) of 8.0 mm steel
plate was necessary for the 1.4 m soil cover and LM1 live load model. To increase the stiffness
of CSS the six layers of steel meshes were introduced as a lateral support. The steel mesh
reinforcement of 10 mm steel bars spaced every 200 mm were situated in the longitudinal
direction and the secondary reinforcement of 8 mm steel bars spaced every 800 mm were
connected to the main reinforcement in the transverse direction. The vertical distance between
steel mesh layers was not equal and ranged between 800 mm and 400 mm as presented. The
first layer of steel mesh was placed at 2.0 m distance measuring from the top of the concrete
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foundation. Anchoring length of all steel mesh layers was 5.2 m measuring from CSS support
point. Steel meshes were connected to CSS at the places of bolted plate connections. The
structure was supported on 10 m long 800 mm diameter reinforced concrete piles spaced every
1.0 m. On the top of the piles 1.5 m width and 2.25 m height solid pile heads were necessary
by the design. The concrete class of C30/37 was designed according to the EN 206 standard
requirements to support vertical and horizontal reactions redistributed by CSS. According
to the design steel structure will be backfilled with the granular soil material of sand-gravel
mix with less than 5% fines. Unit weight of backfill soil should be 21.50 kN/m?> and effective
friction angle of 33 degrees. The sieve curve of backfill soil should present the uniformity
coefficient C,, > 6 and the curvature coefficient C, in a range between 1 and 3. According
to the triaxial test results deformation modulus Es( for backfill material should be close to
35 MPa when o3 = 100 MPa. The backfill aggregate must be compacted every 300 mm thick
layers up to 98% of standard Proctor test. Figure 1 presents a transverse view of the CSS and
steel meshes layout designed in the project.

6th level

639

%

5th level
4th level
3rd level
2nd level

K7 ‘7003

1st level

2000 |788| 4 ZL ‘

©10c200 (trons. dir.
98¢800 (long. dir.

ﬁQ
N
<
2 | 5200

/7
7/ s
777 ////
% 7
DBOOmM  diameter
10m long piles

Fig. 1. Transverse section of CSS of Kaunas city bypass (all dimensions in mm)
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3. Numerical model

A two-dimensional nonlinear finite element plane strain model was generated using
Plaxis 2D software [35]. Taking into account the main objectives of the article and the location
of the 9 m width road above the CSS (when LL is far enough from the ends of the CSS) it
was not necessary to build a 3D model to achieve the results and draw the conclusions. CSS
profile cross section in the position of road longitudinal axis was analyzed in the article and
the impact retaining wall on the edges of the structure was neglected. Nevertheless, the results
of 2D problem idealization of a plane strain model concept could be compared with 3D model
results, but it is not a part of this article. Figure 2 presents the transfer section of the structure
developed in a software.

The boundary conditions of the model were limited accordingly: horizontally five times of
the span of the steel structure and vertically below foundations one and a half times of the pile
length. Steel structure, concrete piles and pile heads were modeled as plate elements. Steel
meshes were modelled with a use of geogrid elements without any additional constraints. The
soil elements were simulated as 15-node triangles. Separate soil regions were introduced for



RATIONAL STEEL MESH LAYOUT INFLUENCE ON PLATE UTILIZATION OF LARGE SPAN... 565

LLe=185,2 kPa

ix s f |
Six layers of steel meshe: N ! ® ® L4=9 kPa

Fig. 2. Numerical model details and dimensions in mm (soil layers numbering conform to Table 1)

native soil, foundation backfill, engineering backfill, embankment and road superstructure.
Engineering backfill envelope was assumed according to the AASHTO [3] regulations. Interface
elements were introduced between soil and all plate and geogrid (steel mesh) elements. The
interface resistance factor was assumed as 0.8 for non-cohesive soils [36]. Numerical model
finite element mesh is shown in Fig. 3.

ANAVAVA

Fig. 3. Numerical model finite element mesh

Equivalent stiffness and unit weight values were determined in the 2D software for plate
elements to meet corrugated steel cross section and concrete foundation parameters. Equivalent
stiffness of geogrids representing steel meshes were calculated according to the layout of
longitudinal steel bars. It was assumed that transfer steel bars were used only to build the
meshes and their influence on the results is negligible. Table 1 shows plate element and geogrid
material properties used in this paper.

Mohr—Coulomb soil model was assumed for simulating the performance of the native
soils and backfill materials. Linear elastic soil model was set for asphalt layer while steel
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Table 1. Summary for soil and structure material properties

. Unit Elastic | Poisson’s . Friction | Yield
. . Material . . Cohesion
No | Identification weight | modulus ratio angle | stress
model type
kN/m3 | MPa - kPa | Degrees | MPa
1 Subsoil Mohr- 215 120 0.20 1 30 -
Coulomb
Foundation Mohr—
2 —
backfill Coulomb 212 80 0.23 ! 2
Engineering Mohr-
3 —
backfill Coulomb 215 3 0.20 0 33
4 | Embankment | MOP™ 212 30 0.23 1 29 -
Coulomb
5 | Road subbase | oM 23.0 400 0.23 1 43 -
Coulomb
6|  Asphalt Linear 23.0 400 0.40 - - -
elastic
7 | Foundation | p) i 216 | 30000 | 020 - - -
concrete
g | Corrugated Elastic 785 | 210000 | 030 - - 420
steel shell
g | Geogridsas | by e 785 | 210000 | 030 - - 500
steel meshes

plate, concrete foundation elements and geogrids — elastic type of material. Table 1 shows
soil properties assumed in the current study which were based on the properties specified
in the design project also considering geotechnical survey of native soil, national regulation
requirements and engineering experience in the design of CSS. Current study seeks only to
analyze corrugated steel plate behavior because of the impact of steel meshes regardless of
the influence of different soil properties. However, geotechnical consideration is certainly
an important aspect in the design process of CSS [37].

Twenty-two phases representing different backfill heights around the CSS were analyzed to
repeat as much as possible realistic construction stages on the site. The thickness of backfill
layers was increased up to 60 cm as the lower layer thickness did not have significant influence
on the results. During calculations one soil layer difference at the sides of CSS was considered
to evaluate an influence of unsymmetrical loading. Soil compaction load was not simulated
evaluating the usage of only light compaction equipment.

According to EN 1991-2 the tandem system of LM1 live load model (dynamic amplification
included) was placed on different positions over the CSS to find most unfavorable location. Thirty
additional phases were created simulating LL. movement above the structure in perpendicular
direction to CSS axis. In each phase LL was moved by 1.2 m starting from the position of 9.5 m
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measuring from the foundation axis. Influence of LL position further from the foundation
was neglectable small. Figure 4 represents LL position straight above the CSS crown. Most
unfavorable position of LL is shown in Fig. 2.
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Fig. 4. Live load model LM1 layout in a position above the CSS crown
(soil layers numbering conform to Table 1)

Because of 2D problem idealization of a plane strain model only two wheels were introduced
in the model. LL distribution in transverse plane direction of the road axis was calculated
according to AASHTO [3] recommendations since LL footprint in that direction is confined to
a unit slice. The Reduced Surface Load (RSL) procedure is used for correcting 2D plane strain
model where the surface pressure is reduced by reduction factor [38]. According to Ad-hoc
method specified in AASHTO [3] regulations such reduction factor for the interaction of two
wheels on a single axis in transverse plane direction of the road axis could be calculated by the
equation Eq. (3.1) which is already adopted to LM1 LL in this article.

ag1 - Qu/2 +aga - Qu/2
(S+Wo+2tan@-H)-Wy

2W,
(3.1)  LLg = r(H)Py = TO +Wo+2tan6 - HPy =

~0.8-150+1.0- 100
a 3.121-04

=176.2 kPa

where: LLp — live load model LM1 pressure of two wheels interaction on a single axis
(according to Fig. 4 section A—A minimal distance of 1.0 m is between first line wheels
and second line wheels, so such interaction will generate highest pressure and the rest LL
axles can be neglected), r(H) — surface pressure reduction factor according to AASHTO [3]
Ad-hoc method, Py — actual service pressure on the footprint, Wy — footprint width (equal to
0.4 m according to Fig. 4 section A—A), S — minimal spacing between wheels (equal to 1.0 m
according to Fig. 4 section A—A), 8 — load distribution angle (equal to 40° for asphalt layer and
to 30° for all other soil layers according to Fig. 4 section A—A), H — height of cover (equal to
1.4 m), ap1 and ag> — live load adjustment factor for first and second lane (equal to 0.8 for
first lane and 1.0 for second lane according to EN 1991-2), Q1 and QO — axle load for first
and second lane (equal to 300 kN and 200 kN according to EN 1991-2).
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To consider wheels loading in the transverse plane direction of the road axis 185.2 kPa
pressure under two 0.4 m width wheels was defined in Plaxis FE model as presented in Fig. 2.
Wheels pressure also includes uniformly distributed load of 9 kPa which is also placed on the
whole asphalt surface according to EN 1991-2. In the longitudinal direction of the road axis
the increasing footprint length as soil depth increases is correctly simulated by the 2D model.

Structural response of the three main stages was examined in the study: peaking (16), full
dead load (22), and most unfavorable position of live load (39). Peaking stage is a stage where
maximum upward displacement of the crown point of the structure occurs. Usually, peaking
stage occurs when the backfill reaches the crown point of the structure. Full dead load stage is
usually the last stage when all soil layers are activated. The tandem system of LL at the most
unfavorable position (as shown in Fig. 2) is a stage when interaction of axial force and bending
moment has the highest influence on CSS plate utilization.

4. Numerical modeling results and discussion

In order to investigate what is the influence of steel meshes to CSS and does rational steel
mesh layout will allow to reduce CSS plate thickness it was decided: firstly, to find rational steel
mesh parameters and their rational layout concerning mesh resistance to tension and secondly,
to analyze results of the steel plate utilization to buckling failure according to AASHTO [3]
and Eurocode (EC) [39] in combination with SDM [6] regulations. Respectively the following
principal equations Eq. (4.1) and Eq. (4.2) were used for plate utilization calculations.

Buckling failure according to AASHTO [3] regulations:

(4.1) Ro=1,2¢,Co(Ep 1) *(0s MsKp)** Ry

where: R;, — nominal axial force in culvert wall to cause general buckling, ¢, — resistance
factor for general buckling, C,, — scalar calibration factor to account for some nonlinear effects
(equal to 0.55), E, — modulus of elasticity of pipe wall material, I, — moment of inertia of
stiffened culvert wall per unit length, ¢, — resistance factor for soil, My — constrained modulus
of embedment, K, = (1 — 2v)/(1 — v?), v — Poisson’s ratio of soil, Rj, — correction factor for
backfill geometry R, = 11.4/(11 + S/H), S — culvert span, H — depth of fill over top of culvert.
Development of plastic hinge in the crown of the structure according to SDM [6]:

Nga My Eq
+ kyy <10
XyNRi My Ric
YM1,steel YM1,steel

4.2)

where: Ngg and My, g4 — design value for axial force and bending moment, y, — reduction
factor for flexural buckling xy = Nc,/N,, N, —buckling load for a buried pipe, N,, — normal
force capacity of a fully plasticized cross-section, k, — interaction factor, Ngx and My gk
— resistance for axial force and bending moment Ngx = fyA and My gy = f,W, f, — steel
material yield stress, A — cross-sectional area, W — section modulus, s siee] — material partial
coefficient for steel.
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It is important to mention that both standardized approaches mentioned above are not
dedicated for the CSS reinforced with steel meshes buckling to failure calculations. A more
detailed analysis considering “bracing effect” is necessary to present the influence of steel
meshes for the CSS structural behavior.

Three criteria were considered looking for rational steel mesh parameters and layout:
diameter and spacing of main longitudinal reinforcement, quantity of steel mesh layers and steel
meshes length (anchorage length). All iterations were done for § mm steel plate thickness of CSS.
Results of steel plate utilization were compared with a model without any steel meshes same for
8 mm and 7 mm steel plate. In addition, one more iteration was generated for 7 mm steel plate
with rational steel mesh layout to compare the results. In total 16 numerical models (iterations)
with different layouts of steel meshes as presented in Table 2 were analyzed in this paper.

Table 2. Number of iterations of different layouts of steel meshes analyzed in the study and their utilization
to maximum tension force according to FEM results

Iteration Steel mesh layout to i:;iliﬁlelf: ;ﬁg;)iﬁi;tce
It1 t-8, no steel meshes —
It2 t-8, d10c200, 6ly, L-5.2 0.692
1t3 t-8, d10c250, 6ly, L-5.2 0.772
It4 t-8, d6¢250, 6ly, L-5.2 1.344
1t5 t-8, d14c200, 6ly, L-5.2 0.485
It6 t-8, d8c200, 6ly, L-5.2 0.855
It7 t-8, d8c200, 11y2l, L-5.2 0.683
1t8 t-8, d8c200, 11y51, L-5.2 1.151
It9 t-8, d8c200, 2ly2151, L-5.2 1.155

It10 t-8, d8c200, 3ly215161, L-5.2 1.034
It11 t-8, d8c200, 31y214151, L-5.2 0.969
It12 t-8, d8c200, 31y214151, L-3.9 0.970
It13 | t-8, d8c200, 31y214151, L-1.9_21, L-2.7_4151 0.971
It14 t-8, d8c200, 31y214151, L-0 0.927
It15 | t-7, d8c200, 31y214151, L-1.9_21, L-2.7_4151 0.994
It16 t-7, no steel meshes -

where: t-8 — CSS steel plate thickness of 8 mm; d8c200 — steel mesh longitudinal steel bar
diameter of 8 mm and spacing between bars of 200 mm; 31y214151 — in total three layers (3ly)
activated in the model at 2nd, 4th and 5th level (see Fig. 5); L-1,9_2I — second level steel mesh
anchorage length of 1.9 m (see Fig. 5).
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Fig. 5. Rational steel mesh layout as assumed in iteration No 13 presented in Table 2 (all dimensions in mm)

4.1. Rational steel mesh layout

In the first iteration of FE model with steel meshes (iteration No 2) diameter and spacing
of longitudinal steel bars was set to 10 mm c/c 200 mm accordingly. Six steel mesh layers and
steel mesh length of 5.2 m measuring from CSS support point was set as a default in the first
iteration as per initial project requirements (see Fig. 1). The ultimate tension resistance of
such steel mesh layout was utilized to 69.2%. The highest percentage of utilization of 85.5%
was received only with 8 mm diameter spaced every 200 mm longitudinal steel bars (iteration
No 6). It was the most accurate approximation considering maximum tension force of 90 kN/m
from FE model results. The diameter and spacing of main longitudinal reinforcement were the
first criterion of steel mesh rationalization. Steel mesh utilization results also for intermediate
iterations are presented in Table 2.

The second criterion of steel mesh rationalization was the quantity of steel mesh layers. It is
important to mention that every next iteration was done with the same layout of longitudinal
steel bars of 8 mm c/c 200 mm. Originally the six steel mesh layers on every side of the
structure were designed in the project. However, according to the results 2nd, 4th, and 5th layers
were most significant and took over the highest tension force values with utilization of 96.9%
(iteration No 11). The second layer of steel mesh experienced the highest tension force in the
peaking phase of the structure while the 4th and 5th layers — during the combination of the full
DL and LL phase. All other layers (1st, 3rd and 6th) took over only the part of tension force from
neighborhood layers and as later results will show their influence on CSS behavior was minor.

The last steel mesh rationalization criterion was the steel mesh anchorage length. In the
project steel mesh length from support point was equal to 5.2 m and it was in the range of
engineering backfill (see Fig. 1). During a few iterations with the different steel meshes length
it was noticed that anchorage length according to FEM results had very small influence on the
utilization of steel mesh by itself. However, as the following results will show, even a very small
steel mesh length (0 m from the support point) had influence on the behavior of CSS. Such
FEM results are questionable considering embankment over the structure settlements because
of deformations of the structure. Soil area straight above the structure could be assigned to the
active zone as per instructions of mechanically stabilized earth (MSE) wall calculations listed in
the British standard [40]. Without reinforcement the active zone is unstable and tends to move
outwards and downwards with respect to the resistant zone. Considering what was said, FEM
with small anchorage length results could be justified or rejected by the field test. Nevertheless,
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it was decided to calculate steel mesh anchorage length according to the British standard [40]
resistance of reinforcing element adherence equation Eq. (4.3) and to set such steel mesh length
as rational for the further analysis. According to the calculations anchorage length of the 2nd
layer of steel mesh should be 1.9 m and 2.7 m for 4th and 5th steel mesh layers. Utilization
of such steel mesh layout as in iteration No 13 presented in Table 2 is 97.1%. It is assumed
that such steel mesh layout is rational with respect to resistance to maximum tension force.

T:
PJ Z ! ’ ’

MLei(frsyihj + frws) . a; c'Lej

fl’f" fmsfpfn

where: P; — total horizontal width of the top and bottom faces of the reinforcing element
at the jth layer, 7; — maximum tensile force rom FEM results, u — coefficient of friction
between the fill and reinforcing elements, L.; — length of reinforcement in the resistant zone
outside failure wedge, at the jth layer of reinforcements, fr, — partial load factor applied to soil
self-weight, h; — depth of the elements below the top of the structure, f; — partial load factor
applied to surcharge dead loads, wy — surcharge due to dead loads only, f,, — partial factor
for reinforcement pull-out resistance, f, — partial factor applied to economic ramifications of
’

failure, a be = adhesion coefficient between the soil and the reinforcement, ¢’ — cohesion of
the soil measured under effective stress conditions, f;,s — partial material factor.

4.3)

4.2. Steel mesh influence on CSS

Below results present direct influence of rational steel meshes layout to CSS in peaking,
DL and in the most unfavorable location of LL phase. CSS crown total displacements u,, are
mostly affected by steel meshes in the peaking phase (see Fig. 6).

6000,

Y - coordinate, mm

-9000 -7000 -5000 -3000 -1000 1000 3000 5000 7000 9000
X - coordinate, mm

Undeformed shape It1. Peaking (16). t-8, no steel mesh
1t13. Peaking (16). t-8, d8c200, 3ly214I5l, L-1.9_2I, L-2.7_4I5] = - = [t1. DL (22). t-8, no steel mesh

— = =1t13. DL (22). t-8, d8c200, 3ly2I4I5, L-1.9_2I, L-2.7_4IS| — - =It1. DL+LL (39). t-8, no steel mesh
— —1t13. DL+LL (39). t-8, d8c200, 3ly2145l, L-1.9_2l, L-2.7_4l5I

Fig. 6. CSS displacements u, (mm, scale 1:50) for structure without and with rational steel mesh layout
in peaking (16), DL (22) and in the most unfavorable location of LL (39) phase
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Displacements are reduced by 45.7% from 13.86 mm to 9.51 mm what generally allows to
control structure deformations during soil backfilling on the sides. Meanwhile vertical crown
displacements in DL and DL+LL phase is slightly higher for structure with the steel mesh
because deformations were already restricted in the peaking phase. However, displacements are
higher only by 13.6% in the DL and by 4% in the DL+LL phase accordingly. In addition, the
steel mesh unifies structure cross section deformations because of unsymmetrical loading. It is
important to mention that displacements are corrected by the mean settlement of the supports.
Steel mesh influence on support settlements is minor and up to 1.5% higher.

Figure 7 shows axial force distribution in the cross section of the structure with and without
steel meshes.

Y - coordinate, mm
N o
BN

[
I !
Il . P

-13000 -11000 -9000 -7000 -5000 -3000 -1000 1000 3000 5000 7000 9000 11000 13000

X - coordinate, mm

Undeformed shape It1. Peaking (16). t-8, no steel mesh
t13. Peaking (16). t-8, d8c200, 3ly214ISI, L-1.9_2I, L-2.7_4I5| = + = It1. DL (22). t-8, no steel mesh
— — —1t13. DL (22). t-8, d8200, 31y214I5|, L-1.9_2I, L-2.7_4I5| — - =ItL. DL+LL (39). t-8, no steel mesh

— — It13. DL+LL (39). -8, d8c200, 31y214IS|, L-1.9_2I, L-2.7_4I5|

Fig. 7. CSS axial forces (kN/m, scale 1:5) for structure without and with rational steel mesh layout in
peaking (16), DL (22) and in the most unfavorable location of LL (39) phase

According to FEM results rational steel meshes layout works in the favor of the crown of the
structure because axial force value in the crown is lower by 34.2% in the peaking phase and by
5.7% in the DL+LL phase. However, calculated axial force in the support point is opposite and on
the left side of the structure it is higher by 21.7% in the peaking phase and by 4.3% in the DL+LL
phase of the structure with steel meshes. Figure 7 also shows a few peaks of redistribution
of axial force at the points where steel mesh is connected to the barrel of the structure. Such
points could be critical for CSS global stability and must be considered during the design.

Bending moment in the cross section of the structure is visualized in Fig. 8.

Steel mesh influence on CSS is obvious. Bending moments are reduced by steel meshes
in the crown and haunches of the structure during the peaking phase. While in the full dead
load bending moments are unified by steel meshes and accordingly increased in the crown
and reduced in the middle point of the haunches. Almost the same behavior of distribution of
bending moments is in the DL+LL phase. The impact of steel meshes is significant and could
be utilized to control internal reactions of the structure when necessary. Nevertheless, constraint
of CSS by steel meshes should be done responsibly in order not to limit its bearing capacity.
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Y - coordinate, mm
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Fig. 8. CSS bending moments (kNm/m, scale 1:30) for structure without and with rational steel mesh
layout in peaking (16), DL (22) and in the most unfavorable location of LL (39) phase

4.3. Steel plate utilization

Steel plate utilization was calculated evaluating only the nature of steel plate buckling
failure according to the Eurocode [39] and AASHTO [3] regulations in the ultimate limit state
(ULS). Utilization results for all calculated iterations are presented below. According to the
peaking phase results by the Eurocode [39] presented in Fig. 9 steel mesh layer closer to the
foundation has a higher influence than layers closer to the crown of the structure.
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Fig. 9. Utilization of cross section buckling capacity acc. to Eurocode and AASHTO regulations in
peaking (16) phase
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In iteration number 7, when only one steel mesh layer is activated in the second level
utilization is lower than in iteration No 8 with one steel mesh layer at the fifth level. Such results
could be explained considering that structure’s crown in the peaking phase moves upward
because of the side backfilling pressure and active steel mesh layer at the second level constrain
CSS deformations. While one steel mesh layer at 5th level does not have same effect and
utilization is higher but still a little bit lower compared with a structure without any steel mesh
layers as in iteration No 1. Taking into consideration such steel mesh influence on CSS the
positive effect of using steel meshes could be reached when peaking phase is the most critical
phase for bearing capacity of the structure. Steel meshes could be used to control excessive CSS
deformations, internal forces, and utilization in the peaking phase. Unfortunately, as shown
in Fig. 7, steel meshes increase the value of axial forces closer to foundations, so calculation
results according to AASHTO [3] shown in Fig. 9 do not present any positive effect for the
behavior of CSS.

Calculation results demonstrated in Fig. 10 are prepared in the full DL phase.
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Fig. 10. Utilization of cross section buckling capacity acc. to Eurocode and AASHTO regulations in full
DL (22) phase

Contrary to the results in the peaking phase the most significant steel mesh layers are closer
to the crown of the structure as shown in iteration No 8 while steel mesh layers which are
closer to the foundation lose their advantage. Like during the peaking phase, the crown of the
structure moves upward, so under soil backfilling pressure over the crown structure starts to
deform inwards and consequently steel mesh layers at the sides of the structure are relaxed
and experience potential compression. If peaking phase is not an issue for CSS stability, then
steel mesh layers closer to the foundation are not so necessary. In any case, the buckling of
steel meshes could be neglected because as results show the steel meshes which experience
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compression never return to tension stage in the following phases. Nevertheless, according to
EC [39] calculations rational steel mesh combination as in iteration No 13 has very low positive
influence on CSS utilization compared with a result of the structure without any steel mesh
layers. Moreover, according to AASHTO [3] results plate with active steel meshes utilization
is again higher.

Figure 11 presents CSS global stability results from the most unfavorable position of
DL+LL loading.
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Fig. 11. Utilization of cross section buckling capacity acc. to Eurocode and AASHTO regulations in
most unfavorable location of LL (39) phase

The main objective of these results was to understand does steel meshes will increase
bearing capacity of the structure sufficiently to reduce its plate thickness. If to analyze iteration
No 13 results CSS behavior is similar as in the DL phase. Utilization under EC [39] regulations
is slightly lower, however, steel meshes have negative influence on cross section buckling
capacity calculated according to AASHTO [3] requirements. If bearing capacity because of
the influence of steel meshes does not exceed the limit, then steel meshes still could be used
to control CSS behavior when necessary. In specific case, for example as shown in iteration
No 15 and No 16, steel meshes could be a decisive factor for CSS bearing capacity. Structure
profile analyzed in this study with plate thickness of 7 mm would not satisfy cross section
capacity without an impact of steel meshes according to EC [39] approach. While at the same
time buckling capacity according to AASHTO [3] would be still in the limit. In addition, Fig. 9,
Fig. 10 and Fig. 11 show steel mesh type, quantity, and anchorage length influence on CSS
behavior and so redistribution of internal forces because of steel mesh could be generalized in
contrast to the results shown in Fig. 6, Fig. 7 and Fig. 8.
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5. Conclusions

In the current study, a two-dimensional numerical model of a large span deepest CSS
interaction with a different layout of steel meshes were analyzed to present their influence on
CSS behavior. All in all, 16 numerical models (iterations) were studied based on nonlinear
finite element model of 17.5 m span structure with deepest corrugation of 500 X 237 mm. Two
radius profile buckling capacity was calculated according to Eurocode [39] and AASHTO [3]
regulations and compared in the peaking phase, DL phase and in the most unfavorable
location of LL phase. Conclusions which could be made from the presented results are
listed below:

CSS crown vertical displacements are mostly restricted by rational layout of steel meshes
in the peaking phase. Displacements were reduced by 45.7% allowing to control structure
deformations during soil backfilling on the sides of the structure. Moreover, steel meshes
unify structure cross section deformations because of unsymmetrical loading.

Axial force in the crown of the structure could be reduced using rational steel mesh
layout from 34.2% in the peaking phase to 5.7% in the most unfavorable position of LL
phase. Nevertheless, almost by the same amount axial force is increased at the supports
of CSS when steel meshes are activated.

According to the presented results steel meshes could be a decisive factor for CSS
bearing capacity. Following EC [39] approach the profile with 7 mm plate analyzed in
this study would lose its stability without constraint of steel meshes. While buckling
capacity according to AASHTO [3] would be still in the limit. Cost analysis of equivalent
technical solutions (the use of steel mesh or just thicker plate) could be the main objective
for future research.

Steel meshes could be utilized to control internal reactions of the CSS. On the other
hand, constraint should be well estimated to avoid negative influence on bearing capacity
of the shell of the structure.

According to FEM results even a very small steel mesh anchorage length (located
only in the active zone) had an influence on CSS behavior. Such FEM results are
questionable considering embankment over the structure settlements because of struc-
ture itself deformations. Such behavior could be justified or rejected by the field
test results.

If the peaking phase is not an issue for CSS plate utilization, steel mesh layers closer
to the foundation could be neglected. In addition, according to EC [39] calculations
rational steel mesh layout has very low positive influence on CSS global stability under
soil pressure in the DL phase. Moreover, CSS with steel meshes plate utilization is even
higher according to AASHTO [3] calculation results.

The quantity of steel mesh layers and anchorage length have minor influence on their
utilization to maximum tension force. The diameter and spacing of longitudinal steel
bars controls steel meshes resistance to tension. However, according to the results steel
mesh layers which experienced the highest tension force were at the level of highest
CSS displacements accordingly in the peaking and in the most unfavorable location
of LL phase.
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