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Abstract

Serviceability criterion

Recently, soil-steel bridges have become more commonly used as railway-highway crossings because of their
economical advantages and short construction period compared with traditional bridges. The currently developed
formula for determining the minimum depth of covers by existing codes is typically based on vehicle loads and
non-stiffened panels and takes into consideration the geometrical shape of the metal structure to avoid the failure
of soil cover above a soil-steel bridge. The effects of spans larger than 8 m or more stiffened panels due to railway
loads that maintain a safe railway track have not been accounted for in the minimum cover formulas and are the
subject of this paper. For this study, two-dimensional finite element (FE) analyses of four low-profile arches and four
box culverts with spans larger than 8 m were performed to develop new patterns for the minimum depth of soil
cover by considering the serviceability criterion of the railway track. Using the least-squares method, new formulas
were then developed for low-profile arches and box culverts and were compared with Canadian Highway Bridge
Design Code formulas. Finally, a series of three-dimensional (3D) finite element FE analyses were carried out to
control the out-of-plane buckling in the steel plates due to the 3D pattern of train loads. The results show that the
out-of-plane bending does not control the buckling behavior of the steel plates, so the proposed equations for
minimum depth of cover can be appropriately used for practical purposes.
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Introduction
Soil-steel bridges are categorized as composite structures
and are composed of corrugated steel plates buried in
engineered soil materials. One of the failure modes for
these bridges can be initiated by shear or tension failure
in the soil cover and can result in structural buckling
due to an inadequate depth of soil above the metal
structure. This mode of failure is often avoided in the
design codes by specifying a minimum depth of soil cover.
The minimum depth of soil cover that has been used
for soil-steel railway bridges by various codes such as
the California Transportation System (S/5) CALTRANS
(2000), British Design manual (S/5) DMRB (2001),
American Iron and Steel Institute (S/4) CSPI and AISI
(2002), and American Association of State Highway
and Transportation Officials (S/5) (AASHTO Highway
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Bridges 2000) was originally empirical and defined by a
fraction of the bridge span (S). Additionally, ASTM
A796 introduced the minimum depth of cover, H,;,, as
Hmin = 0.5558+/(AL)d/EI, which depends on the S, axle
load (AL), eccentric distance (d), elastic modulus (E),
and the moment of inertia (I) of the corrugated steel
plates (ASTM 1982). The Australian Rail Track Corpor-
ation (ARTC 2005) also recommended specific values
for the minimum depth of cover for different classes of
railway tracks.

However, in the OHBDC (1992), the empirical formu-
las for the depth of cover were modified based on the re-
sults of a finite element (FE) analysis that considered the
geometric shape of the metal structure and the axle load
of a truck (Hafez and Abdel-Sayed 1983). Furthermore,
the minimum required depth of cover H,;, in the third
edition of the OHBDC (1992) and in the current
Canadian Highway Bridge Design Code (CHBDC 2006)
has been specified as the greater of 0.6 m or D,/6 ((D,/
D,)%®) with a maximum of 1.5 m, where D;, and D, are
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the effective span and rise of the metal structure, re-
spectively CSPI and AISI (2002; CHBDC 2006). This
empirical-based formula is commonly used to calculate
the depth of cover for highway and railway bridges
(Abdel-Sayed and Salib 2002; Hafez 1981). An analytical
formula has not yet been established specifically for the
minimum cover depth of railway bridges although sev-
eral structural studies have been done on dynamic and
static behaviors of soil-steel structures (Flener et al.
2005; Flener and Karoumi 2009; Manko and Beben
2005; Manko and Beben 2008).

The minimum depth of cover criterion was fundamen-
tally developed to avoid problems associated with soil fail-
ure above the crown of a soil-steel bridge (Mohammed
et al. 2002). Although this criterion may be sufficient for
the serviceability of highway bridges, some revisions may
be essential for railway bridges (due to heavier axle loads
and relevant dynamic effects), especially for long-span
conditions (Peck and Peck 1984). On the other hand, the
serviceability and the riding comfort criteria for railway
bridges have remarkable importance compared with high-
way bridges. From the structural design aspect of long-
span railway bridges, the critical sections must be stiffened
either by stiffening metal sheets or by utilizing sandwich
panels as concrete-filled metal sections. The serviceability
criteria of the soil-steel railway bridges with spans larger
than 8 m that use stiffened panels have not been previ-
ously examined and are the main subject of this paper.
Therefore, for this study, the CHBDC (2006) equations for
minimum cover depth were modified to define the mini-
mum required cover depth for railway bridges based on
the two-dimensional (2D) and three-dimensional (3D) FE
analysis results using the well-known PLAXIS codes for
the aforementioned cases.

Regarding the special serviceability criteria for railway
bridges, for computing the minimum depth of cover, the
permissible settlement of the railway track and the buck-
ling of the conduit walls in different sections along the
longitudinal axis of the bridges in 3D analyses were con-
trolled. For these cases, the spans from 8.07 up to 13.46
m of box culverts and 14.13 up to 23.40 m of low-profile
arches using stiffened and non-stiffened deep corrugated
panels have been considered.

This study assumes that all the metal structures are
buried in well-graded gravel (GW) as engineered backfill
material. The material nonlinearity of the soil and metal
structure as well as the stage construction effects were
accounted for in the numerical analyses, and the railway
load model LM71 CEN (2002) has been applied.

The purpose of this study is to reexamine the equations
of minimum cover depth of soil-steel railway bridges
based on best-fitted curves of the numerical results of the
2D FE analyses. Thereafter, the results are compared with
the values obtained from the CHBDC (2006) method.
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Methods

The primary subject of the current study is to introduce
a new set of minimum soil cover equations for long-span
railway bridges based on the numerical interpolation of
the results of the 2D FE analyses. These equations relate
the minimum depth of cover to the relative stiffness of
backfill and the culvert structures and effective span of the
railway bridges.

To determine the variation trend of the minimum
depth of cover along with its governing parameters
(geometry, length of span, and the panel stiffness) through
numerical analyses, the permissible settlement of the
track, metal structure buckling, and soil body failure cri-
teria have been checked initially for each bridge structure
for a 0.6-m depth of cover (the minimum limit of cover
depth specified by CHBDC). When all of the defined cri-
teria have not been fulfilled simultaneously, the depth of
soil cover above the crown was increased, and the analyses
were then restarted for a new depth of cover. The mini-
mum depth of cover in which all of the criteria were sim-
ultaneously fulfilled was chosen as the minimum depth of
soil cover for a specific bridge structure.

In this manner, the results of the 2D FE analyses
present specific patterns for the calculation of the mini-
mum depth of cover for box culverts and low-profile
arches. In order to check the applicability of the pro-
posed equations for minimum depth of cover in prac-
tical problems, a series of 3D finite element analyses
with more realistic idealization of the railway superstruc-
ture components and the lateral slope of bridge embank-
ment were carried out to control the out-of-plane
buckling in the steel plates.

The concept of using 2D and 3D FE analyses to deter-
mine the pattern of the minimum depth of cover for
soil-steel railway bridges is shown in the flowchart of
Figure 1.

Procedure of the numerical modeling

In this section, the numerical modeling specifications
and the assumptions used in the analyses will be
explained in detail. This explanation details the various
aspects of numerical modeling such as the model geom-
etry and boundary conditions, material properties, load-
ing pattern, and monitoring of the desired results.

Model geometry and boundary conditions

Because the box and low-profile arch geometries of soil-
steel railway bridges are commonly used for road or
highway underpasses Planning and Budget Organization
(1985), for this study, the geometry with four various
spans were selected for the 2D and 3D analyses. The
goal was to model the actual shape of the soil-steel rail-
way bridges. Detailed dimensions of the bridges are
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Figure 1 The procedure of finding the pattern of minimum covers depth for soil-steel railway bridges.
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shown in Table 1 and Figure 2 Planning and Budget
Organization (1985).

Two-dimensional idealization

Two-dimensional idealization was initially used wherein
a transverse slice of unit length of the structure was as-
sumed to be in a state of plane strain. In a plane-strain
idealization, deformations perpendicular to the plane of
the idealized structure are assumed to be zero.

The continuum media around the structure were ex-
tended to a triple distance of the outer side of the foun-
dations in width for each side of the structure and four
times of the total height of the structure by considering
the minimum depth of cover beneath the structure.
Standard fixities were applied as boundaries to the outer
surfaces of the continuum media (see Figure 3). The ver-
tical displacements are not fixed in vertical boundaries,
but all displacements and rotations are fixed in the bot-
tom boundary. These boundaries were specified after
several analyses to minimize the effects of the boundar-
ies on the results and geostatic pressures.

Because a large number of calculations (considering
geometry and panel types, different depth of cover, axle
loads, and loading patterns) were required to determine
the preliminary new pattern of the minimum depth of
cover, a 2D idealization was initially used to reduce the
computing power and time required to perform the ana-
lyses. A 3D idealization was then used to control the
out-of-plane buckling in the corrugated steel plates, to
check the applicability of the 2D-based equations of
minimum cover in practical 3D problems.

Three-dimensional idealization

As in practice, the train loading pattern has a 3D nature,
so the derived values of minimum depth of soil cover based
on 2D finite element analyses should be rechecked to
consider the relevant 3D effects. These effects remarkably
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relates to the realistic load distribution pattern in railway
superstructure as well as substructure components and the
out-of-plane buckling modes of the steel plates. Conse-
quently, the 3D numerical modeling of the selected struc-
tures was taken into consideration.

To reduce the computational costs in the 3D ideal-
ization, only half of the structure was modeled, which
takes advantage of the symmetry of the railway cross
section and loading pattern. Considering the assumed
depth of the soil cover (1.5 m of covering material in-
cluding the ballast and embankment layers) and a slope
of 1 vertically to 1.5 horizontally of the ballast shoulders,
the longitudinal dimension of each bridge was modeled.
The 3D mesh was created using railway cross-sectional
segments along the longitudinal axis of each structure.

For the 3D model, the boundaries were defined as 60
m in width from each side of the centerline of the struc-
ture and 60 m in depth from the underneath of founda-
tion (see Figure 3). As in the 2D idealization, standard
fixtures were applied as boundaries to the outer surfaces
of the continuum media, and the boundaries were speci-
fied after several analyses to minimize the effects of the
boundaries on the results and geostatic pressures.

The sequence of placing the engineering fill layers was
presented in the 2D and 3D models. Therefore, each
layer of the FE mesh was constructed sequentially. Be-
cause the actual number of layers employed in the place-
ment of the backfill in a typical soil-steel bridge is too
large to be conveniently used in the FE analyses, a
smaller number of layers were used in the simulation of
the construction process Abdel-Sayed et al. (1993).

Types of elements

To analyze the soil-steel railway bridge as a soil-
structure interaction problem, two types of elements
were defined in the solution process. The first group that
deals with the structural elements such as the conduit

Table 1 Categories of the dimensions and use of the clearance boxes under low-profile arches and box culverts

Box culvert Low-profile arch
8.07 m x 3.06 m 1413 m x 537 m
(Common for two-line local roads with minimum (Common for two-line roads without
width) considering the future development with ideal width)
1051 m x 355 m 1652 m x 533 m
Span X Rise (Common for two-line local roads with ideal width) (Common for two-line main roads with considering the
(Use of the future development with minimum width)

clearance box under
the structure)

11.02 m X 324 m

(Common for two-line roads without considering the
future development with minimum width)

1346 m X 349 m

(Common for two-line roads without considering the
future development with ideal width)

2095 m x 6.64 m

(Common for developed four-line main road with
minimum width)

2340 m x 644 m

(Common for developed four-line main road with
ideal width)
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Figure 2 Clearance boxes under (a) box culverts and (b) low-profile arches.

walls and foundation system was introduced as beam el-
ements and plate elements for the 2D and 3D FE model-
ing. The rails, which were idealized only in the 3D FE
analysis, were modeled using plate elements.

For the second group that was used to idealize the
engineered backfill, natural ground, and ballast material,
15-node triangular isotropic elements were used in the 2D
analysis to have more accuracy results in the evaluation of
stress and strain. On the other hand, for the 3D analysis,
15-node wedged elements were used to model the soil en-
vironment as well as the ballast and sleepers.

Full-bonded conditions are considered between mate-
rials in 2D and 3D FE analyses which cause more conser-
vative results due to greater stresses induced in metal
structures. On the other hand, the studies performed by
Duncan (1979), MacDonald (2010), and Peterson et al.
(2010) demonstrated that, in most cases, the effects of slip
between the metal structure and the backfill is ignorable.

Material properties

Because of the serviceability and the riding comfort criteria
for railway bridges, the critical sections are often stiffened
either by stiffening metal sheets or by utilizing sandwich

panels as concrete-filled metal sections. Because of obvious
difference between the geometrical shape of the box and
low-profile arch (LPA) types of the bridges, the initial ana-
lysis results show that for box and LPA, the critical sections
are in the haunches and in the midspan, respectively.

The rigidity effects of the panels on the minimum
depth of cover were examined using non-stiffened and
stiffened panels of deep corrugations (Figure 4) for each
of the structures. The panels were idealized as elasto-
plastic beams or plates for the 2D and 3D FE idealiza-
tions. For the special case of the composite panel type
VI, the cracked moment of inertia of the section was
considered in the numerical calculations. The equivalent
parameters of the beam which represents the corrugated
profile are calculated based on the model of El-Sawy
(2003). A summary of the parameters such as the axial
stiffness (EA), the flexural rigidity (EI), the Poisson's ra-
tio (v), the plastic moment capacity (M,), and the com-
pressive strength (P,) for various types of panels are
shown in Table 2 (Abdulrazagh 2009).

The behavior of the soil-steel bridge foundation and
pedestals was idealized as elastic beams for the 2D ana-
lyses and as elastic plates for the 3D FE analyses, which

B e e

Figure 3 Finite element models (2D and 3D).
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was used to maintain the elastic characteristics under
load. This was assumed because the initial studies on
the behavior of the foundation system demonstrated
that, for the design specifications of the foundation sys-
tem and under the conditions used for this study, the
foundation and pedestals did not exhibit a considerable
amount of nonlinear behavior. Therefore, to reduce the
computational time, the foundation system was assumed
to have an elastic characteristic. The parameters used to
idealize this type of material model such as the concrete
compressive strength (f;), axial stiffness (EA), flexural ri-
gidity (EI), unit weight of concrete, and Poisson's ratio
(v) per unit length of the foundation system are shown
in Table 3 (Abdulrazagh 2009).

To eliminate the effects of subgrade soil types and
the slope of the trench walls on the analytical results
of the minimum depth of cover, GW with a minor co-
hesion was selected for the engineered backfill from
the soil group I of the CHBDC soil classifications
CHBDC (2006) as a continuum media around the
metal structures. A 0.3 m thick layer of ballast was
also considered for both the 2D and 3D models.
Therefore, in this study, the definition of minimum
depth of cover also includes the depth of the ballast
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layer. In other words, the vertical distance between the
lower level of sleepers and the crown is defined as the
depth of cover. The behavior of the soil and ballast
layers was defined as a nonlinear material based on
the Mohr-Coulomb criterion. The soil and ballast
specifications such as the type of material behavior,
unit weight of soil (y), Young's modulus (E,.f 2.07 x
10* to approximately 3.00 x 10* kN/m?), Poisson's ra-
tio, friction angle (¢), and cohesion (c¢) are shown in
Table 4 (Abdulrazagh 2009).

The railway superstructure (rails and sleepers) was not
idealized for the 2D analysis to simplify the calculations;
however, it was idealized in the 3D analysis using
PLAXIS 3D code because of its particular capabilities for
modeling the longitudinal dimension of the structures
and to obtain more accurate results by taking the lateral
stiffness of the superstructure into account. To idealize
the rail and sleepers in the 3D analyses, the properties of
the UIC 60 rail type and the mono-block concrete
sleepers were specified for the plate and soil type ele-
ments of the railway superstructure model, respectively
(see Tables 5 and 6; Abdulrazagh (2009)). The rails and
sleepers were modeled as linear elastic materials to elim-
inate the undesired behavior of the superstructure for

400 4:1:

(a) Panel 1
R
400

(b) Panel I1

(c) Panel 111

Figure 4 Types of conduit wall panels with dimensions in millimeters. (a) Standard 400 mm X 150 mm corrugation with 6-mm thickness,
panel I. (b) Standard 400 mm x 150 mm corrugation with 7-mm thickness, panel Il. (c) Standard 400 mm x 150 mm corrugation with 8-mm
thickness, panel lll. (d) Stiffened corrugated panel with 4.3-mm corrugated plate, panel IV. (e) Stiffened corrugated panel with 8-mm corrugated
plate, panel V. (f) Stiffened corrugated panel with concrete filling, panel VI.

%5
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Table 2 Element specifications of conduit wall panels (corrugated steel plates)

Material Panel EA El Poisson's m, P,

model type () (kNmimz) ratio (taum) ()

Elasto-plastic I 165 x 10° 4,630.80 03 11730 247800
Elasto-plastic I 193 x 10° 5414.20 03 137.07 2,892.00
Elasto-plastic Il 218 x 10° 6,151.80 03 155.67 3,270.00
Elasto-plastic Y 281 x 10° 20,846.29 03 22671 4,218.00
Elasto-plastic v 436 x 10° 33,061.56 03 33061 6,540.00
Elasto-plastic Vi 185 x 10° 125,864.65 03 33061 6,540.00

the determination of the minimum depth of cover for
each analysis.

Loading model and loading pattern

The railway standard static loading pattern LM71 CEN
(2002) that was used in the 2D and 3D FE analyses is
shown in Figure 5. This loading pattern is also com-
monly used to design traditional railway bridges.

The factored loading diagram, which was directly ap-
plied to the 2D and 3D models, included the half magni-
tudes of those shown in Figure 5a,b (as a wheel load
quantity). The longitudinal distributed loading model of
LM71 (see Figure 5a) was selected for the 2D analysis to
simplify the investigation of the moving effects of the
railway load on the structure through a large amount of
calculations in the numerical procedure. As an example,
the factored strip loads of the 2D models are shown by
AA and BB in Figure 6. The BB strip loads in Figure 6
for the 2D analyses were extended to boundaries.

Because the location of the railway moving load varies
along the bridge, it is important to investigate the effects
of the maximum lateral pressures, centric and eccentric
loads on the foundation system, and crown and conduit
walls. Therefore, the defined loading patterns in the 2D
and 3D FE analyses were located in three critical loca-
tions as follows: (1) the right corner of the factored AA
strip load for the 2D analysis (or the first right factored
concentrated load for the 3D analysis) was located in
line with the left foundation wall to study the stability of
the structure against overturn moments and conduit
wall buckling (Figure 6a, location 1); (2) the factored
railway loading pattern was located symmetrically at the
midspan to control the creation of a plastic hinge at the
crown and at the conjunction points of the crown and

Table 3 Element specifications of foundations and pedestals

haunches (Figure 6b, location 2); and (3) the right corner
of the factored AA strip load in the 2D analysis (or the
first right factored concentrated load in the 3D analysis)
was located in line with the right foundation wall to in-
vestigate the eccentric loading effects on the analytical
results (Figure 6c, location 3).

The initial measurements of the 2D and 3D idealization
show that the railway location at the midspan defined by
location 2 produced the maximum thrust in box and low-
profile bridges. These measurements also show that the
extension of the strip loads to the four sleepers adjacent to
the outer sides of the spring line for location 2 in the 3D
analysis results in a reasonable effective length for the lon-
gitudinal idealization of the railway track and consider-
ation of the load effects (see Figure 7).

Definition of minimum cover governing criteria

For this study, the minimum cover for all of the cases in
the numerical analysis is known as the cover depth, which
creates three major modes of serviceability failure. First,
by setting the minimum cover criterion, excessive uneven
settlements in the railway bridge, which control the pas-
senger comfort criteria, will be prevented (Neidhart 2005).
Second, it prevents buckling in the various structural
components. Once the settlement of the railway track
does not exceed the permissible vertical deflection of the
railway bridge, a buckling of the conduit wall, which re-
sults in soil tensile stresses, will not occur; however, the
latter criterion was also checked by assigning nonlinear
material properties to the wall conduits (Abdel-Sayed and
Salib 2002). The third mode of failure, which controls the
bearing capacity of the system as a type of foundation, is
the soil local collapse. The mechanism of control for this
type of failure was included in the numerical analysis by

Material Material f. EA El Unit weight Poisson's
model P X KN.m2 K ratio
(=) () () (=)
Pedestal Elastic 35,000 224 % 10° 119,466.67 25 0.1
Foundation Elastic 35,000 112 % 10° 1493 x 10° 25 0.1
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Table 4 Element specifications of soil and ballast

Material Soil model 1% Eret Poisson's () Cref
K K ratio X
() () ()

Soil Mohr-Coulomb 22 Increases 0.5 x 10° with every 0.2 40° 7

1-m increase of depth
Ballast Mohr-Coulomb 20 207 x 10* 02 40° 0

assigning the Mohr-Coulomb criterion to the soil mater-
ial. These criteria will be discussed in more detail in the
following subsections.

Permissible settlement of the railway track

For a soil-steel railway bridge, the minimum depth of
cover must be defined in such a way to prevent the un-
even settlements. In railway bridges, the criterion which
restricts the settlement is related to speed of passing
trains. According to CEN (2001) and the studies by
Neidhart (2005), the settlement of the railway track &
satisfies the comfort criteria as:

12
§<0.625—,
Vi

tr

(1)

where V|, is the running speed of the trains (in meters
per second), and / is the distance between two points
along the railway track where the differential settlement is
desired (in meters). This equation results in a maximum
allowable settlement (for a passing speed of 120 km/h) of
about 62 mm at a distance equal to / (span/2) = 10.473 m.
The permissible settlement for each of the predefined
structures at a speed of 120 km/h (33.33 m/s) is shown in
Table 7 (CEN 2001).

For this study and for the case of the railway bridge,
the relative settlements between the spring line and
midspan were checked for various depths of cover at dif-
ferent sections along the longitudinal axis of the bridge
in the 3D FE analysis (at the sections of the embank-
ment heel d5p, ballast heel dcp, sleeper edge Jgp outer
edge of rail dgp, and axis of the railway track &y for the
3D analyses (see Figure 8) was compared to Equation 1.
A similar approach was used in the 2D FE analysis to
check the relative settlements between the spring line
and midspan at the x and y plane (Jap).

To satisty the serviceability of the railway bridge, the
vertical deformation of analytical bridge should be less
than the permissible settlement defined in Table 7. In
other words, if a specific soil cover depth satisfies all of

Table 5 Element specifications of rails

the aforementioned relative settlements at the same
time, then it is defined as the minimum depth of soil
cover for a specific structure. This depth was checked
for each of the structures.

Buckling control in the conduit walls

The strength required for the service life of the soil-steel
bridge to avoid the buckling of the conduit wall is con-
trolled by the combined bending moment and axial
thrust as follows (CSPI and AISI 2002):

() [
a=|— —
Py Mg

where P and M are the axial thrust and bending mo-
ments due to the dead load and railway load in conduit
walls, and they are calculated using the 2D or 3D FE
analyses. P, and M, are the compressive strength and
plastic moment capacity of the predefined conduit wall
sections, respectively, and are shown in Table 2 and
Figure 4.

This criterion was automatically controlled by defining
an elasto-plastic behavior for the conduit walls as beam
elements for the 2D FE analysis. As the dead and live
loads in the 3D FE analysis cause axial thrusts and bend-
ing moments at both the x-y plane (P;; and M;;) and
the x-z plane (P, and M,,;) so Equation 2 should be
controlled in both directions. More details of the buck-
ling control in both planes are presented in the following
sections. However, the initial investigations of the differ-
ent 3D models revealed that the axial thrusts and
bending moments at the x-y plane (cross section) are
dominant to the x-z plane values, so they control the
buckling of the structures.

<1,

(2)

Control of the soil body failure

For the soil-steel bridges, the soil above the conduit is
prone to shear failure if the embankment is subjected to
loads that are eccentric with respect to the conduit axis.
An insufficient depth of cover results in a local soil

Material Material E EA El Unit Poisson's
model () (1) (kN,mz) weight (&) ratio
m?2 m m
Rail Elastic 20 % 108 1,517,400 6,110 0.6034 0.25
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Table 6 Element specifications of concrete sleepers

Material Material 1% Eres Ko Poisson's
| Rati
mode (%) (%) atio
Sleeper Elastic 25 28 x 107 - 0.1

failure, which fundamentally arises in the presence of
tensile or shear stresses over the maximum allowable
stress defined by the Mohr-Coulomb criterion (Abdel-
Sayed and Salib 2002; Lee 2002; Beben 2009; Flener
2010). This type of failure was a ‘non-converged deform-
ation’ during the reconstruction of elasto-plastic stiffness
matrix which was automatically controlled by the soft-
ware as the soil body failure during the setting of the ac-
ceptable soil cover on the structure in the numerical
analysis.

Results and discussion

Numerical results

In this section, the 2D and 3D FE numerical results are
discussed, and the developmental procedure of the
interpolation equations is described.

Results of the 2D finite element analyses
A comparison between the results of the 2D analysis for
box and low-profile arches is shown in Figure 9.

As a result of the various numerical analyses and satis-
fying the aforementioned criteria, the minimum depth of
cover was evaluated against the span of railway box and
low-profile arch bridges using various panel types (stiff-
ness) and with respect to the permissible settlement
criterion. A brief review of these data demonstrates that
the trends of the minimum depth of cover for box brid-
ges differ from that of the low-profile arches. This is due
to the different structural geometry of the boxes which
results in a different mechanism of behavior under load.
Thus, to ease the process of finding the new pattern of
minimum depth of cover, the data have been separately
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categorized for boxes and low-profile arches in the fol-
lowing step.

Regarding the power trend type of the CHBDC for-
mula of minimum depth of cover D,/6((D,/D,)*?) and
the trend of changes in the cover depth for the boxes
and low-profile arches versus the span, exponential,
polynomial, or power trend lines were assumed to prop-
erly fit to the data of 2D results. Therefore, two types of
exponential, one type of polynomial, and one type of
power trend line were examined as follows: (1) exponen-
tial trend line as a function of the effective span (Dy,); (2)
power trend line as a function of the effective span (D,,);
(3) exponential trend line as a function of D,/D, (D, ef-
fective rise of the structure); and (4) polynomial trend
line as a function of D,/D,. A comparison of the R?
values of the trend lines shows that the exponential and
power functions of D, represent a more accurate estima-
tion of the data. However, due to the dimensions of the
formulas for calculating the minimum depth of cover
that must be in meters, an exponential function (D)
was chosen to describe the change in the minimum
depth of cover versus the effective span.

In order to account for moment of inertia and length
of span which are the representative of relative stiffness
of backfill and culvert structure and the geometry of
metal culver structure, the basic form of the minimum
depth of cover resulted from 2D analysis for the railway
boxes and high-profile arches is introduced as follows:

Humin = a(Nf)ﬁeﬂDha (3)

where the dimensionless ratio Ny is defined by the fol-
lowing:

_E.Dy?
- EL

Ny (4)
in which E; is the secant modulus of the backfill, which
depends upon the quality and compaction of backfill
and the depth of cover; E is the modulus of elasticity of
the corrugated plates; and [ is the moment of inertia of

(@)

156kN/m 250KkN 230KN  250kN 250kN
80KkN/m 80KN/m 80KN/m ] S80KN/m
T ‘
1t l##!il (] ' vtivi'#“““ltl tIvHII
6.40m ‘ 1.60m | 1.60m ' 1.60m

Figure 5 Eurocode model LM71 railway bridge loading diagram. (a) Longitudinal distribution of the unfactored axle loads used in 2D FE
models. (b) Unfactored loading diagram used in 3D FE models (CEN 2002).

0.8m 0.8m

(b)
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Figure 6 Location of factored railway load. (a) The right corner of factored AA strip load in 2D analysis located in line with the left foundation
wall (location 1). (b) The factored railway loading pattern located symmetrically on midspan (location 2). (c) The right corner of factored AA strip
load in 2D analysis located in line with right foundation wall (location 3).
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Figure 7 Effective length for longitudinal idealization of railway track in 3D FE analyses.

the conduit wall per unit length of the bridge. Variables
a, 3, and p in Equation 3 are unknown constants. These
constants were calculated separately for the boxes and
low-profile arches using the least-squares method to de-
termine the function of best fit. The final set of parame-
ters is listed below:

a =0.0139 a =0.0139

=025 BOX B =0.25 LPA.
1 1

“w= 3 “= 3

By substituting the above parameters into Equation 3,
the equations for the minimum depth of cover are given
by Equations 5 and 6, assuming that all the metal struc-
tures are buried in GW with 24 MPa of secant elasticity
modulus as an average value in the mid-height of the
structure:
Hpin = 0.0139N,2%¢" /s R2
= 0.90 for boxes, (5)

Hoin = 0.0100N,°%¢" /7 R
= 0.87 for low — profile arches. (6)

As shown in the above equations, the R* values are
close to 1.0, which represents the considerable accuracy
of the interpolation function with minimal divergence
from the 2D FE numerical results. Regarding the main-
tenance operations, buckling criterion, and AASHTO
and CHBDC limits, a recommended minimum of 0.6 m
and maximum of 1.5 m must be maintained for the
depth of cover using the following expressions:

1.5m

) 0.6 m 0.25
Hpin = ming - Eth3> : eDh /4 for boxes,

H =0.0139 (=
( EI

(7)

1.5m
0.6m

max

3\ 025 1
H pmin = min Dy > e "/ (8)

E;
H = 0.0100
< EI

for low — profile arches,

The results of the 3D finite element analysis for control of
buckling

Checking the applicapability of the 2D-based equations
of minimum cover in practical three-dimensional prob-
lems, a series of three-dimensional FE analyses were car-
ried out to control the out-of-plane buckling in the steel
plates due to three-dimensional pattern of the train

Table 7 Permissible settlement at speed 120 km/h

Structure type Span (m) I (m) Gpermissible (MM)

Box culvert 8.074 4.035 9.00
10.514 5.255 15.00
11.023 5511 17.00
13456 6.728 25.00

Low-profile arch 14.130 7.065 28.00
16518 8.259 38.00
20.946 10473 62.00
23405 11.702 77.00
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x-y plane and (b) along the longitudinal dimension of the bridge.
-

Figure 8 Points to be studied in tension of spring line and mid-span. It is for the measurement of relative settlements in box bridges: (a) at

J

loads. In this regard, the combination of thrusts and
bending moments are checked using Equation 2 at two
different sections (under rail and in the middle of track)
in the midspan (points G and I in Figure 8b) and at in
tension of spring line (points H and ] in Figure 8b). The
results of buckling control () for panel VI are illustrated
in Figure 10. This figure shows that the combination of
thrusts and bending moments in both planes (a,., and
a,.;) are quite smaller than the maximum limitation of
®allowable = 1.0. Also, this figure shows that a,._, is always
greater than a,, which means that the out-of-plane
bending does not control the buckling behavior of the
steel plates. The comparison between Figure 10a,b
shows that the buckling under the rail and in the middle
of track has almost similar values.

As can be seen in Table 8 for the structures with wall
stiffness less than those of panel VI, in order to with-
stand under railway loads, the height of cover has

significantly increased. To make a decision on the best
alternative for bridge construction from the design as-
pect, a technical and economical comparison should be
made between two different cases: the bridges with the
small stiffness and high depth of cover and the bridges
with the high stiffness and shallow depth of cover con-
sidering the limitation of the vertical project level (for
optimizing the earth work in the project). However,
none of the cases show an a value greater than 1.0.

In summary, the results of Figure 10 and Table 8 show
that the out-of-plane bending (a,.,) does not control the
buckling behavior of the steel plates. Thus, the proposed
equations for minimum depth of cover can be appropri-
ately used for practical purposes.

Discussion
The results of the 2D FE analyses are compared to the
standard codes, and the newly proposed equations as
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Figure 9 The comparison of 2D results for (a) box bridges and (b) low-profile arches.

well as the validity limit of these formulas are discussed
in the following subsections.

Validity range of the derived equations
The results of the 2D FE analyses are compared to the
values of the proposed box equations (referred to as the

formula in the legends) and the AASHTO limit are shown
in Figure 11. There is good agreement between the 2D FE
results and the values of Equation 5. The conformity of
Equation 5 with the 2D results was evaluated using an R
value that was calculated using R = 1 — SSE/SST, where

SSE = (; — ¥,)” and SST = (£ ¥?) - ((£Y)*)/n. The R*
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Figure 10 Control of buckling for structures with panel VI: (a) Under the rail. (b) In the middle of track.

1.20
1.00
=&==Alpha x-y Plane
s 0.80 —=— Alpha yz Plane
% _ { Alpha max

g8 10 12 14 16 18 20 22 24
Span (m)
Point H
1.20
1.00
—ee Al DA Xy Plane
E 0.80 —m— Alpha yz Plane
% — { Alpha max

14 16 18 20 22 24

Span (m)
PointJ

J

value for this equation was calculated to be 0.90, which
demonstrates a reasonable agreement with the 2D results.

It should be noted that an equation is not given in the
CHBDC and AASHTO for the minimum depth of cover of
box culverts. Only a minimum of 0.3 m and a maximum of
1.5 m are specified in the CHBDC (2006) and AASHTO

Highway Bridges (2000), respectively. By accounting for the
buckling criterion of the railway box bridges, a minimum of
0.6 m (called the bending limit) was obtained for the depth
of cover, which is indicated by the dashed lines in Figure 11.

Figure 11a shows that panels IV and V with a span of
8.07 m and panel VI for all of the spans follow the

Table 8 Control of buckling for the structures with profiles other than panel VI

Span Points G and | Points H and J
(mm) Panel | Panel llI Panel IV Panel V Panel | Panel llI Panel IV Panel V
Box 807 6.0 m? 6.0 m?
0.157° 0153 0689° 0687
1051 - 65 m? 65 m?
0297° 0294° 0730° 0719
11.02 - 65 m? 65 m°
1118 0.105° 0873° 0857°
1346 - 65 m° 65 m?
0.134° 0.131° 0984° 0976
LPA 1413 06 m? 06 m?
0543°  0540° 0490°  0485°
16.52 15 m? 15m?
0333° 0279 0.829° 0821°
2095 20m? 20 m?
0490° 0434 0552°  0506°
2340 65 m? 65 m?
0494° 0491¢ 0903° 0887

2 Depth of cover; ° Ay € Ay
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Figure 11 Results of 2D FE analyses in comparison with two values. (a) Box formula and the AASHTO limit. (b) LPA formula and the

19.5
Effective Span (m)

(b)

21.5

AASHTO max limit. The figure also presents that the
agreement between the 2D FE results and the values of
Equation 5 is good for all panels (R’ = 0.90) specially
panels IV to VI. The results of 2D FE analysis for panels
I to III are not shown in this figure because of the high
value of minimum depth of cover. In these cases, usually

stiffer panels are used to reduce the required minimum
cover depth.

The results of the 2D FE analysis are compared to the
values of the proposed low-profile arch equation (re-
ferred to as the formula in the legends), and the CHBDC
max limit and the bending limit (0.6 m for the low-
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Table 9 The R? values for 2D equations for all spans

Panel type Box LPA
I 091 0.83
Il 0.92 087
M1l 093 0.88
% 0.98 0.97
\ 0.96 0.98
\Y - -

profile arches) are illustrated in Figure 11b. The R* value
of 0.87 for Equation 6 demonstrates a reasonable agree-
ment with the 2D FE results.

The values of the minimum depth of cover specified by
the CHBDC are also shown in Figure 11b. The CHBDC
recommends using the greater of D,/6((Dy/D,)*?) and 1.5
m for non-stiffened panels Hafez and Abdel-Sayed (1983).
A comparison between the CHBDC formula and the
resulting data shows that the minimum depth of cover
specified by the CHBDC is much higher than those
obtained from 2D FE analyses (without considering the
0.6-m limit). This difference may refer to the recommen-
dation of more conservative values by the standards, so
the recommended values should be applicable for all prac-
tical conditions. Figure 11b shows that the panel IV with
the span of 16.52 m, panel V with the span of 16.520 and
20.95 m, and panel VI for all of the spans follow the
CHBDC max limit.

The overall conformity of the newly established equa-
tions obtained from the 2D FE analysis was discussed in
the previous section. However, to investigate the validity
of the newly established formulas with respect to the
panel types, the R* value was calculated separately for
each type of panel. The R? values are shown in Table 9.

From the results shown in the table, the equations are
applicable for panels I to V for boxes and low-profile
arches because the R” values are greater than 0.85. It is
recommended to use the equations conservatively for
panel VI or to use the minimum value of 0.6 m for the
depth of cover. The results of the 2D FE analysis for
panel VI represented a depth of cover less than 0.6 m. A
minimum of 0.6 m must be maintained for the CHBDC
minimum (bending) limit.

Conclusions

The minimum depth of cover requirements given by dif-
ferent codes are typically based on vehicle loads, non-
stiffened panels, and only the geometrical shape of the
metal structure to avoid the failure of soil cover above a
soil-steel bridge. In this paper, the effects of spans larger
than 8 m (using stiffened panels under railway loads) are
investigated using an FE analysis. For this study, 2D and
3D FE analyses of four low-profile arches and four box
culverts with spans larger than 8 m were performed to
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develop new patterns for the minimum depth of soil
cover. Using the least-squares method to adopt the best-
fit equation of the numerical data, two new sets of for-
mulas were recommended. Based on the numerical re-
sults, the primary research findings are summarized as
follows:

1. The minimum depth of cover increases
exponentially along with an increase in the span of
boxes and low-profile arches.

2. The increase of rigidity of the wall panels
significantly decreases the depth of cover required
above the bridges. The efficiency of the stiffened
panels is more pronounced for large spans.

3. Different trends of the minimum depth of cover
were determined for box bridges and low-profile
arches. This difference is due to the various
structural geometries of the boxes that resulted in a
different mechanism of behavior under load.

4. Exponential forms of the minimum depth of cover
for railway boxes and low-profile arches were
developed as a function of the span and relative
stiffness of the backfill and the culvert structure,
which exhibited good conformity with the 2D FE
analysis results (R? > 0.85).

5. A survey on the validity limit of the new formulas
established from the 2D FE analyses demonstrated
that the equations are appropriate to calculate the
minimum depth of cover for all of the boxes and
low-profile arches with spans greater than 8 m with
stiffened and non-stiffened panels. However, a
minimum depth of cover of 0.6 m must always be
maintained.
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