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Abstract

The limit state design of large-span soil-steel composite bridges (SSCB) entails that understanding their structural behaviour
in the ultimate state is as much needed as their performance under service conditions. Apart from box culverts, the largest
loading-to-failure test was done on a 6.3-m span culvert. More tests on larger spans are believed essentially valuable for the
development of the design methods. This paper presents the numerical simulation efforts of an 18.1-m span SSCB pertaining
to its ongoing preparations for a full-scale field test. The effect of the different loading positions on the ultimate capacity is
investigated. Comparisons are made between three-dimensional (3D) and two-dimensional (2D) models. The results enabled
to realise the important role of the soil load effects on the ultimate capacity. It is found that the failure load is reduced when
the structure is loaded in an asymmetrical manner. A local effect is more pronounced for the live load when the tandem load
is placed closer to the crown. The study also illustrates the complex correlation between 3D and 2D models, especially if

one attempts to simultaneously associate sectional forces and displacements.

Keywords Flexible culvert - Soil-steel composite bridge - Corrugated steel - Finite element model - Ultimate limit state -

Failure test - Large-span

Introduction

The design methods for soil-steel composite bridges (SSCB)
are generally based on both theoretical and experimental
tests. The ring compression theory developed by White and
Layer [1] entails that flexible culverts are simply designed
for a prevailing normal force in the wall conduit. Later, this
was seen inadequate as SSCBs became bigger and the design
demanded for heavier concentrated loads under shallow
depths of soil cover. Thereafter, the soil—culvert interaction
(SCD) [2, 3] has considered the flexural capacity of SSCB,
where design calculations involved bending moments as
well as normal forces. The SCI work was mainly based on
2D finite element method models (FEM) where the load
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effects from the soil and the live loads are analysed. In addi-
tion, the research work presented by Kloppel and Glock [4]
has also investigated the load carrying behaviour of flexible
embedded pipes.These efforts are considered bases for dif-
ferent design methods such as the Swedish design method
(SDM) [5, 6] and the Canadian Highway Bridge Design
Code (CHBDC) [7]. Both SDM and CHBDC have used the
research output from different field/lab tests in the develop-
ment process [5, 8]. Furthermore, AASHTO [9] considers
the concept of the ring compression theory for the relatively
small span structures but have also design specifications for
large spans. The recommended specifications for large-span
culverts in the AASHTO were based on the research output
from a field testing of a 9.5-m span metal arch together with
FEM [10, 11]. It is no secret that the majority of these design
methods are continuously being developed to meet new mar-
ket challenges (larger spans/shallow covers) and to keep up
to date with the new technologies in terms of production
techniques and new corrugations.

Limit state design requires design verifications in the dif-
ferent states which may include serviceability, fatigue, and
ultimate state design. Thus, the calculation of load effects
should realistically reflect any behaviour differences for the
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various states of design. For a SSCB, there is a high level of
nonlinearity mainly due to the soil [2, 12] and the interac-
tion [3, 13—15] between the two materials. The nonlinearity
of the soil certainly relates to the structural performance of
SSCB for the different limit states. Despite being expensive,
different field/lab tests were done studying the backfilling
phase [16, 17], the dynamic response [18-22], the fatigue
[23], the service performance [24-33], and the ultimate
limit state [4, 34—-38]. These tests were seen essential as they
provide vital information about the performance of these
composite structures for the different conditions of loading.
Furthermore, the various efforts of computer simulations [2,
3, 11, 13-15, 17, 19, 39-53] have allowed for more exten-
sive analyses and performance predictions. The few ultimate
field tests in the literature dealt with closed profiles [4, 35,
36, 38] up to 6.3-m span and box culverts up to 14-m span
[34, 37, 46, 54]. Despite the several field tests on SSCB in
different conditions, there is still a need to do more tests
on a regular (not a box culvert) large-span structures (more
than 15-m span). This is particularly needed to compare the
relevancy of the different design approaches for large spans.
The understanding of behaviour of large-span SSCB in the
ultimate state is as much needed as their performance under
service conditions. The different configuration of load mod-
els in the different design standards entails further investi-
gations of critical load positions particularly in the case of
large-span structures.

FEM can be a valuable tool in the preparation process of
any full-scale field test. It provides beforehand information
regarding the structural behaviour under different loading
schemes and helps a great deal in establishing an efficient
instrumentation plan for the structure. An ambitious plan
has been initiated to perform a full-scale field test on a large-
span structure. The initiative involves performing field meas-
urements including service and ultimate load testing for a
two-radius arch of an 18.1-m span. The paper presents part
of the ongoing test preparations where FEM is used for the
performance prediction of the structure. Extensive 3D FEM
is presented for the prediction of the ultimate capacity for
different loading schemes using a standard load model. The
study also highlights differences between 2D and 3D mod-
els for the case. Although the paper is based on numerical
simulations, the modelling methodology itself is similar to
an earlier investigation of a calibrated case study [13]. Fur-
thermore, the study is believed to provide important insights
regarding performance analyses and predictions of large-
span corrugated steel bridges.

Aim and Scope
This investigation aims to present the numerical simula-

tion efforts of a two-radius high profile SSCB pertaining
to the ongoing preparations of a full-scale field test for the
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case. The study seeks to analyse and discuss the structural
ultimate limit state performance taking into consideration
different loading positions for a standard load model. While
the study does not really focus on the geotechnical limit
state (e.g. soil failure due to excessive displacement under
the load, global soil instability), geotechnical consideration
is surely an important aspect in the design process. In that
context, soil displacements under the live load are briefly
highlighted in “Load—displacement curves”. The anticipated
structural response from the backfilling is also included and
linked to limited field measurements of a comparable case.
In addition, the study examines the structural response by
comparing differences between 3D and 2D simulations.
Discussions regarding critical load position, mechanism of
failure, and the distribution of load effects are presented. The
simulations are based on a certain depth of soil cover being
700 mm, and a standard load configuration that is normally
used for the design of bridges in Europe. The study does
not involve model calibration because it is conducted for
a performance prediction of the studied case ahead of its
field testing. However, the modelling methodology itself is
similar to an earlier investigation of a calibrated case study
[13]. It is seen purposeful to present these results ahead of
the test for their conceptual relevance and novelty. While the
article is believed to provide valuable insights regarding the
anticipated performance of a large-span SSCB, the results
will be also used in deciding particulars of the upcoming
field test. These include the instrumentation plan, loading
scheme, the anticipated magnitude and distribution of the
sectional forces (i.e. stress resultants) in the structure.

Case Study and Load Model

The selection of the case study was initially based on hav-
ing a similar overall stiffness/geometry with a recently
built structure in Poland [55]. The 25.8-m span structure
was a two-radius profile arch made of steel corrugations
500 mm x 237 mm. Since the plan was set to test a SSCB
with steel corrugations 381 mm X 140 mm, the corre-
sponding span with a similar overall stiffness (soil modu-
lus x span’/bending stiffness, E,; x D*/E,x I,) would be of
about 16 m. Eventually, the selection was made on a stand-
ard profile shape [56] of a two-radius arch having an 18.1-m
span and a total height of 5.6 m (Fig. 1). The thickness of
the steel corrugation was set to 7 mm. The steel thickness
was selected based on maximum standard steel thicknesses
for this corrugation size. The ratio between the top to side
plates radii is equal to 4.

Road bridges are generally designed for standard load
models that are defined in accordance with the respective
country’s specifications. These load models can be different
in their configuration and magnitude [7, 9, 57]. Previous
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loading-to-failure tests on SSCB have used load details that
were meant to represent applicable load models at the place
of the tests [34, 35, 37, 38, 46]. One may compare the differ-
ent definitions of the road load models in the different codes.
For instance, the standard tandem traffic load in Europe [57]
(load model 1, LM1) comprises of two 300-kN axles sepa-
rated by a 1.2-m distance (Fig. 2). The magnitude of the axle
load can be different depending on county’s specific national
annexes. On the other hand, the general truck definition for
CHBDC [7] (truck CL-625) consists of five axles with a
total load of 625 kN. The 2nd and the 3rd axles have 1.2-m
distance, and each has 125-kN axle load. The 4th axle is the
heaviest with 175 kN located at 6.6 m from the 3rd axle.
Although the total load of these two load models is almost
the same, their load configuration would normally result in a
different design outcome for SSCB. This is a consequence to
the fact that design methods normally use the increase of the
vertical soil pressure at the crown from the live loads for the
calculation of live loads effects, and the magnitude of this
pressure is largely dependent on the live load configuration
at the soil surface.One may also compare AASHTO HL-93
design truck [9], which has three axles of 35 kN, 145 kN,
and 145 kN for the 1st, 2nd and 3rd axle loads, respectively.

The distance between the rear axles varies between 4.3 and
9 m and the 1st axle is 4.3 m away from the 2nd. Since
the test primarily aims to evaluate large-span SSCB per-
formance in Europe, the simulations will principally use
the standard tandem load model 1 (LM1) as defined by EN
1991-2 [57] for road bridges in Europe (Fig. 2). To study
the effect of different load positions, six different locations
were simulated, and they are designated by the distance of
the tandem centre to the crown line of the structure (Fig. 2).
The 700-mm soil cover was chosen to practically allow to
bring the structure to failure at the test site.

Numerical Simulation

Since the study deals with SSCB performance under live
loads, it becomes natural to utilise 3D FEM where the
load distribution and the orthotropic behaviour of the cor-
rugated steel plate can be reasonably captured. Therefore,
the study not only will focus on results from 3D FEM but
also compares main differences with 2D simplified models.
The investigation was performed using the FEM program
Abaqus [58].

3D Model

The 3D model was constructed by assuming that the test will
be performed on a 5-m-wide arch segment which is close to
previous full-scale tests with a comparable load width and
corrugation [34]. One should keep in mind that in a real
design project case, the structure can have a wider width,
including details of the end treatment, which may affect the
3D structural response. In the present work, and to reduce
the size of the model, half of the structure was modelled
due to the symmetry in one plane (Fig. 3). Six load posi-
tions were investigated to study changes in the structural
behaviour and to seek for critical load position for the ulti-
mate load test (Fig. 2). The use of full models (without sym-
metry) for two load positions was also discussed in “Effect
of using symmetry and interface modelling choice”. The
selected tandem load of LM1 was applied using displace-
ment control of two 50-mm-thick steel plates on the soil
surface. Each plate had the dimension of the wheel footprint
being 0.4 m X 0.4 m, which are the standard dimensions of
LMI1. The extent of the soil volume around the steel arch
was assumed based on minimum requirements in SDM [6].
The orthotropic behaviour of the steel arch was modelled by
including the corrugation geometry itself in the constructed
model. This is believed important where a previous study
[46] showed that equivalent orthotropic analysis might not
be accurate especially for the case of the ultimate load. The
soil was modelled using a Mohr—Coulomb material model
with an elastic soil modulus E_;; =60 MPa and a peak

soi
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Fig.3 View of 3D and 2D
models

friction angle ¢ =45°. The cohesion for the soil was set to
5 kPa except for a 0.1-m-depth surface layer which had a
higher cohesion value of 10 kPa (Fig. 3). The reason for this
was to avoid a premature calculation termination at low load
due to a soil failure at the surface. The dilation angle y of the
soil was assumed to follow y=¢ — 30° [59]. To allow for
relative movements at the interface between the soil and the
steel arch, the interface was basically modelled assuming a
frictional contact with a friction coefficient 4 =0.4. Given
the nature of the study (a performance prediction ahead of
field testing), the assumed friction coefficient was based on
a general suggested value for the interface between steel
and gravel-sand mixtures [60]. A highlight on the effect of
a tied interface is also discussed. Poisson’s ratio for both the
soil and steel was set to 0.3 and the soil density was set to
2000 kg/m®. Geometric nonlinearities were considered in the
simulations by taken into consideration second-order effects
from large deformations.

The soil was modelled using quadratic tetrahedral solid
elements of type C3D10 and the steel arch corrugation was
modelled using linear quadrilateral shell elements of type
S4R with finite strain shell element formulation. The global
mesh size for the steel arch was 10-cm with 2-cm mesh
refinement along the corrugated curves. The global mesh
size for the soil was 1 m with 40-cm refinement for the soil
surrounding the arch. A local mesh refinement was used
along a soil ring (0.15-m mesh size) around the arch and a
mesh refinement of 0.1 m for soil volume near the loading
pads. The different mesh sizes were chosen based on the
convergence of the results and the calculation time. Sym-
metry boundary condition was applied of the vertical soil
surface in Y direction and all the other vertical soil surfaces

@ Springer
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were restrained in the horizontal normal direction. This is
under the assumption that the horizontal movements—in the
normal direction—of the soil due to the live load is minimal
at that distance from the applied load. This was checked by
running a full elastic model (E; =30 MPa) with no hori-
zontal restraints on the backfill soil side (the side where there
is no symmetry plane). In addition, for instance, a live load
distribution (2V:1H) through the soil cover is not violated
by the presence of the restrained vertical soil surface. Sym-
metry boundary conditions were applied to the corrugated
steel shell on the side of the symmetry plane. The remaining
side of the shell was left free from any restraints (Fig. 3).
The movement of the bottom soil surface was restrained
in all three directions. The yield strength of the corrugated
steel was set to 355 MPa defined as von Mises yield criteria.
This is a standard steel grade for this corrugation size [56].
In reality, the forces in the steel arch are transferred to the
bedding soil through some kind of foundations (normally
concrete footing). However, footings were not included, and
both ends of the steel arch were pinned to a rigid base. In a
way, displacement constraints were applied to the centroid
of the corrugated section to allow for a free in-plane rotation.

2D Model

The 2D model had the same configuration and input parame-
ters regarding the soil (Fig. 3). The corrugated steel arch was
modelled as 2D beams with a rectangular section using an
equivalent thickness 7, and an equivalent Young’s modulus
E,. The section properties in the circumferential direction
of the corrugated plates were used. The longitudinal direc-
tion of the corrugation is not applicable in a 2D model.The
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equivalent 2D parameters (7., and E,) were calculated using
Egs. (1) and (2) by equating the circumferential bending and
axial stiffnesses of the corrugated plate to the equivalent
bending and axial stiffnesses of the 2D rectangular beam.
The input parameters for the 381 mm X 140 mm corrugation
were used being thickness ;=7 mm, cross-sectional area
A,=9.05 mm?/mm, and moment of inertia 1,=20,997 mm?/
mm. The Young’s modulus of steel was assumed E,=210
GPa. The width of the model was 1 m.

121
fog = A = 167 mm, €))]
12E 1
E,= 5 = 11.39 GPa. Q)
€q

Knowing that the 2D model may not be specifically suf-
ficient in capturing failure loads, it would be interesting to
look at the different failures for the different load positions.
Hence, the equivalent yield stress fj., was calculated using
Eq. (3) by assuming that the elastic moment capacity of the
corrugated and the 2D sections is the same. This was cal-
culated using the elastic section modulus of the corrugation
W,=285.7 mm?>/mm, the elastic section modulus of the 2D
equivalent beam W, =4640.4 mm?/mm and the assumed
yield strength of the steel being f, =355 MPa.

A
Frea =7 )

eq

The soil was modelled using quadratic triangular ele-
ments of type CPE6M and the steel arch beam was modelled
using linear beam elements of type B23. The mesh size for
the steel arch was 10 cm and the global mesh size for the
soil was 1 m with 40-cm refinement for the soil surrounding
the arch. A local refinement of 0.15-m mesh size was used
along a soil ring around the arch and a similar refinement
was used for the loaded edges of the soil surface. The live
load was applied using displacement control of two strips of
40 cm each representing the one-side dimension of the load
footprint (Fig. 2). The steel arch was pinned at both ends.

Backfilling of Soil

The induced stress state in the arch by the backfilling pro-
cess plays an important role in defining the ultimate capacity
of the structure.Therefore, these stresses were predicted by
applying a prescribed displacement on the soil ring around
the arch (Fig. 4). The magnitude and the distribution of this
displacement were approximately derived from a simplified
equivalent 2D model using a multilayer backfilling model
similar to the method used in earlier 2D studies [49, 50].
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Fig.4 Distribution of the prescribed horizontal displacement to simu-
late the stress state from the backfilling
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Fig.5 Soil load effects based on the 3D model

This displacement was applied at once after the completed
soil and then deactivated in the next analysis step prior to
applying the tandem load increments. This technique was
used in an earlier study [13] and believed to be effective
in achieving the desired stress state in the arch prior to the
application of the live load. The predicted forces from the
backfilling were judged comparable to limited measurements
of a close-size structure [61] as it will be seen in “Soil load
effects”.

Results and Discussion

Soil Load Effects

The use of the prescribed displacement explained in “Back-
filling of soil” resulted in a similar structural response for
both the 2D and the 3D models. For instance, and based on
the results of the 3D model, the crown point had an upward
displacement of 68 mm and a maximum negative bending
moment of — 56 kNm/m (Fig. 5). The normal forces had
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small variations along the arch and a maximum positive
bending moment was observed at about 6-m x-distance from
the crown line. These results are believed realistically close
if one compares values from a comparable size structure
(17.7-m span) reported by Korusiewicz and Kunecki [61].
Obviously, the used method in the model does not predict the
maximum response (bending moments and displacement) of
the arch during the backfilling, which is normally occurring
when the backfill level is at the crown. However, if one uses
the method described by Wadi et al. [49, 50], the method
will predict a maximum vertical displacement of the crown
of around 85 mm (0.5% of the span) and a maximum nega-
tive bending moment of — 67 kNm/m both occurring when
the backfill level reaches the crown. This is again considered
realistic compared to the 17.7-m span tested structure [61],
where it had a maximum negative bending moment and a
deflection of — 54 kNm/m and 80 mm, respectively.

Load-Displacement Curves

Load—deflection curves can provide valuable information
regarding the overall stiffness of the structure and the failure
load for the different load positions. Figures 6 and 7 show
the different load—displacement curves for both 3D and 2D
models. The applied tandem load was back-calculated from
the reaction forces of the applied displacement (in this case,
at a controlled node). It is worth mentioning that total load
in Fig. 7 represents the overall applied load for the two load
strips. Both Figs. 6 and 7 show similar trends in terms of
critical load positions and the overall structural stiffness.
Obviously, the structure tends to be stiffer when the load is
applied away from the crown and at the same time these load
cases represent critical load positions for the failure load.
The resulted load—displacement curves from the 2D mod-
els need to be somehow linked to the applied tandem loads
from the 3D models. One may try to find the corresponding
total load in the 2D model that leads to the same overall
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Fig. 6 Load—displacement curves for the different load positions as
extracted form 3D models
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Fig. 7 Load—displacement curves for the different load positions as
extracted form 2D models

displacement in both models. It is found that the same total
displacement is taken place when the ratio between the total
2D load/3D tandem load is in the range of 0.24-0.26. For
instance, and for the case of having the tandem load at 4.6 m,
the total 2D load and the 3D tandem load at 48-mm displace-
ment are about 161 kN and 644 kN, respectively (a ratio of
0.25). Figure 8 also shows the live load vertical displace-
ment of the arch where two selected models (2D and 3D) are
compared at the same load ratio mentioned earlier. Figure 8
shows slightly lager vertical displacement values for the 2D
case. On the other hand, if one uses Boussinesq’s theory [62]
and calculates the ratio between the total 2D load (two strips
with 0.4-m width each) and the 3D tandem load which leads
to the same vertical stress at 0.7 m, that ratio would be about
0.485. Additionally, design methods [5, 7] normally use an
equivalent line load (calculated according to Boussinesq’s
theory) to represent the surface truck load, and for this case,
the 2D equivalent line load will be about 0.25 times the 3D
tandem load. In a way, the whole 3D tandem load is trans-
ferred to a single equivalent line load, where if used in the
2D model, it would lead to larger displacement values than
the one presented here. In terms of the so-called live load
spreading factor (LLDF) [9, 63, 64], for this case, if one
uses Petersen et al. [63] method for the tandem loads with
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Fig.8 Live load vertical displacement of the arch extracted at a load
ratio of 0.25 between selected 2D and 3D models
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Fig.9 Deformed shapes at failure for the different load cases of the
3D models (scaled up 20 times)

LLDF=1.15 (load distribution at one vertically to 0.575
horizontally), the calculated 2D equivalent line load will
be about 0.21 times the 3D tandem load. More reflections
regarding sectional forces differences between 2D and 3D
models are also discussed in “Sectional forces”.

The total deformed shapes at failure loads were also
extracted for the different load cases as illustrated in Fig. 9.
For instance, about 160-mm (180-mm load penetration at
the surface) downward displacement at the crown area was
needed to bring the structure to failure for the case of having
the symmetrical tandem load and similar magnitudes of dis-
placement were also observed for the other loading cases. In
addition, one may also note that about 90-mm (100-mm load
penetration at the surface) crown downward displacement
was needed to find the first yield area at 900-kN tandem
load for the case of symmetrical loading. These levels of
displacement are regarded high considering the presence of
road superstructures on the top, but at the same time provide
important indications regarding the ductility of these struc-
tures. It is worth mentioning that the deformed shapes in
Fig. 9 were extracted based on an arc section directly located
under the wheel load. The distribution of the displacement
in the transverse direction can be different for the different
load cases. While a local distribution of the displacement
under the loading pads is observed for the symmetrical load-
ing case (Fig. 10), the displacement is seen more uniformly
distributed in the transverse (Y direction) when the tandem
load is located at 3.6 m from the crown (Fig. 11). It is worth
noting that Figs. 10 and 11 do not share the same colour bar.

Yield and Failure Loads

Although Figs. 6 and 7 provide information regarding failure
load for the different positions of the tandem load, it is also
interesting to investigate and look at the evolution of yield
loads for the different load cases. For all the loading cases,
the failure has occurred after having several plastic hinges
in the arch. Figure 12 presents the 1st yield, 2nd yield and

U, Magnitude
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+9.196e-03
+0.000e+00

Fig. 10 Deformed shape at failure for the case having the tandem
centred at crown (scaled up 10 times). Results are mirrored for better
realisation

U, Magnitude

Fig. 11 Deformed shape at failure for the case of having the tandem
at 3.6 m (scaled up 10 times). Results are mirrored for better realisa-
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Fig. 12 Summary of Ist yield, 2nd yield and failure loads as extracted
from 3D models

failure loads for the different load cases as extracted from the
3D model. The results show that the first yield load (i.e. the
load at which the first appearance of yield area in the steel
arch occurs) is decreasing when increasing the distance of
the tandem load away from the crown. This is believed due
to the initial stress state of the arch from the soil (i.e. back-
filling) where this is further discussed later in “Sectional
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forces” and “Stresses in the arch”. It is also interesting to
highlight that the 1st yield occurs at about 85% of the failure
load for the symmetrical loading case and it occurs at 71%
of the failure load when the tandem load is located at 4.6 m
from the crown.

Sectional Forces

Normal forces and bending moments were calculated from
the 3D models for the different load positions at loads just
before yielding of the steel. These sectional forces presented
in Figs. 13 and 14 were calculated based on the circumfer-
ential stresses (extreme top and bottom of the corrugation)
of the steel arch just under the wheel pads. The calculated
bending moments shown in Fig. 13 were seen consider-
ably affected by the different load positions. Although
that bending moments were depicted at different loads in
Fig. 13, maximum values were captured when the tandem
is centrically placed at crown. The same can be said for the
calculated normal forces shown in Fig. 14. For instance,
if one compares the maximum bending moments for the
cases of the symmetrically placed tandem and when tan-
dem is located at 4.6 m, a 25% reduction of the tandem load
(from 883 kN to 659 kN) produces more than 50% reduction
of the maximum positive moment. Similarly, normal forces
are reduced way more when the two loading cases are com-
pared as shown in Fig. 14. Despite this, the contribution of
bending moments from the soil makes that the first yield of
the steel is seen at a lower load when the tandem is located
away from the crown. This significant influence of the soil
load effects directly affects the evolution of yield in the steel
arch and the subsequent formation of the failure mechanism.
Figure 14 also shows a significant reduction of live load cir-
cumferential normal forces at foundation level particularly
when the tandem is located around the crown area.

The circumference sectional forces shown in Figs. 13
and 14 were calculated based on a steel arc located directly
under the loading pads, which represent the peak values. The
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5 4 —- - =Tandem at 0 m (883 kN) — = -Tandem at 0.6 m (857 kN)
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Fig. 13 Soil and live load bending moments extracted at tandem
loads just before the first yield of the steel material as calculated from
the 3D models
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Fig. 14 Soil and live load normal forces extracted at tandem loads
just before the first yield of the steel material as calculated from the
3D models

distribution of live load sectional forces across the width of
the arch can also provide valuable insights on how forces are
distributed in the transverse direction. For instance, Fig. 15
shows the distribution of sectional forces as calculated at
646-kN tandem load for two selected loading cases. While
the local effect of the tandem load is clearly seen for the cen-
trically loaded case, this effect is less observed for the asym-
metrical loading case. This is also connected to the deformed
shapes presented earlier in Figs. 10 and 11. Additionally,
Fig. 16 shows the average normal force over a 1.14-m width
of the corrugation (representing three pitches of 0.381 m)
calculated for the centrically loaded case. This can be com-
pared with the same loading case in Fig. 14 where one may
note that the maximum values of live load normal forces are
reduced by 30% when they are calculated as an average of
a 1.14-m width of the corrugation. This could be useful if
one uses 3D simulations for designs, particularly in terms
of bolted connections and applied forces on foundations.
On the other hand, Fig. 17 shows the live load sectional
forces from both 3D and 2D models plotted for selected
loading cases at a load ratio of 0.25 between the total 2D
load and the 3D tandem load (see “Load—displacement
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Fig. 15 Transverse distribution of sectional forces under loading pads
shown for two loading cases extracted at about 646-kN tandem load
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Fig. 16 Average normal forces calculated over a 1.14-m width of the
corrugation for the case of centrically placed tandem
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Fig. 17 Live load sectional forces of the arch extracted at a load ratio
of 0.25 between selected 2D and 3D models

curves”). It is clearly seen that although the load ratio of
0.25 represents a good correlation between 2D and 3D mod-
els in terms of live load displacements (Fig. 8) and bend-
ing moments (Fig. 17), this ratio is still far from being true
when looking at the live load normal forces as illustrated is
Fig. 17. At 0.25 load ratio, the live load normal forces from
the 2D models were not matching the corresponding ones
from the 3D models especially in the arch areas under the
loads (Fig. 17). Indeed, there can be different results if one
attempts to compare in other ways and taking into considera-
tion the different approaches/assumptions in converting 3D
loads into 2D. This clearly shows the complexity of having
equivalent 2D models for the estimation of live load effects
specially taking into consideration the proper idealisation of
3D loads into a 2D simulation environment. The same was
concluded in previous studies [11, 52] where it was seen that
two-dimensional analyses will clearly require the use of dif-
ferent 2D line loads (also in terms of LLLDF) for calculations
of deflection, moments, and axial force.

Stresses in the Arch

To visualise the yield areas for the different loading posi-
tions, one may look at the total circumferential stresses

extracted at yield loads (Fig. 18). The Ist yield areas in the
steel arch for the two selected cases were observed when the
top corrugation reaches the yield stress of steel in compres-
sion. Both loading cases had their 1st yield areas under the
centre of the tandem load. Obviously, the asymmetrical load-
ing case yielded at a lower tandem load mainly because of
the fact that the bending moments from both the soil and the
live load had the same sign (positive) at the 1st area of yield
(see also Fig. 13). Of course, the yield of steel is a result
from both normal forces and bending moments with more
pronounced effects of the latter especially for the asymmetri-
cal loaded cases.

Figure 19 also shows the different locations of the yield
areas in the steel arch as extracted at failure loads for the
different loading cases. The 1st yield area of the steel arch is
located directly under the tandem load expect for the 1.6-m
and 2.6-m tandem location cases. These cases had their first
yield area at a location where the live load negative bending
moment occurs (see Fig. 13). At these locations, the live
load negative bending moment is added to the soil negative
bending moment (plus normal force) causing the Ist yield
of steel by compression for the bottom of the corrugation.
One may also observe form Fig. 19 that at failure load, yield
areas are formed over the full section width of the arch for
the extreme asymmetrical loading cases compared to their
local nature for the less asymmetrical loading cases.

Effect of Using Symmetry and Interface Modelling
Choice

So far, results were presented based on an assumed frictional
interface between the backfill soil and the steel (see “3D
model”). Apart from soil input parameters, a previous study
[13] has showed that a tied interface (i.e. no-slip) was needed
to reasonably reach a calibrated model of a studied case with
the field measurements. Of course, the current study does
not involve model calibration because it is conducted for a
performance prediction of the studied case ahead of its field
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Fig. 18 Total circumferential stress along the arch for two selected
loading cases as extracted at first yield loads of the steel (3D model)
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Fig. 19 Location of yield areas at failure for the different loading cases (based on von Mises stresses)
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Fig.20 Load—displacement curves comparison for different interface
choices and the effect of using symmetry shown for two selected 3D
models

testing. Yet, it is still interesting to get an idea on the effect
of having a tied interface on the results.

Figure 20 shows a comparison of using a tied interface
in terms of the load—displacement curves for two selected
load positions. The results obviously show an increase of
the failure load for both cases, and this increase is about
8% and 6% for the centrically loaded and the 3.6-m tandem
distance cases, respectively. The calculated 1st yield loads
also increased by about 8% and 3% for the centrically loaded
and the 3.6-m tandem distance cases, respectively (compare
Fig. 12). A study was also made to see if using the symmetry
in the built model of any influence on the results. Two load
positions were chosen where full models are analysed with-
out the use of symmetry. Figure 20 clearly shows that the
use of symmetry has no influence on the structural response;
also values of yield and failure loads remained unchanged.
A comparison of live load bending moments also shows that
at about 650-kN tandem load, using a tied interface reduces
the maximum bending moment by 11% and 23% for the
centrically loaded and the 3.6-m tandem distance cases,
respectively (Fig. 21).
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Fig.21 Live load bending moments comparison for tied and fric-
tional interface choices shown for two selected 3D models at about
650-kN tandem load

Conclusions

In this study, FEM has been utilised to predict the ultimate
capacity of a large-span SSCB pertaining to the ongoing
preparations of a full-scale field test for the case. The effect
of different load positions for a standard load model has been
investigated. Although a 3D simulation is the natural way to
go for the topic, 2D models were also included for compari-
son and limitations discussion. The effect of the backfilling
process was also included as believed essential for a proper
prediction of the ultimate capacity. The simulations were
based only on a 700-mm soil cover, where this should be
kept in mind when reading the following conclusions.

e The predicted response to soil loads (i.e. backfilling)
was seen reasonable when linked to a comparable size
tested structure.

e At a certain ratio between the 2D total load and the
3D tandem load, the structural response of the 2D and
3D models were similar in terms of live load bending
moments and displacements. The same could not be
said for the live load normal forces.
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e Naturally, 3D modelling is the proper way for the analysis
of SSCB especially for the cases where live loads are
governing the design. 2D models can lead to poor estima-
tion of the live load effects, and thus should be used with
care.

e For reasons believed to the soil loading effects, the load—
displacements curves showed that it is more critical for
the ultimate load when the tandem load is asymmetri-
cally placed away from the crown.

e Live load bending moments and normal forces were max-
imised when the tandem load is centrically placed at the
crown.

e For the first steel yield to occur, the calculated live load
vertical displacements of the arch were about 90 mm and
40 mm for the symmetrical and the 4.6-m asymmetrical
loading cases, respectively.

e The local distribution of live load effects was more pro-
nounced when the tandem load is placed closer to the
Crown.

e The use of the tied interface caused a stiffer structural
response compared to the models with the frictional
interface.

e Although that the 3D simulations predicted a failure load
of at least 1.5 times the characteristic standard tandem
load (i.e. 2 X300 kN), these values are still based on the
model assumptions specially the soil parameters, the
interface, and the predicted structural response to soil
load (i.e. backfilling). Nonetheless, the results them-
selves are believed to be conceptually true in terms of
their prediction insights concerning the performance of
a large-span SSCB. The instrumentation plan and the
interrelated preparations for the planned full-scale field
test will be mainly based on the findings of this article.
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