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Abstract

Soil-steel composite bridges (SSCBs) use the surrounding soil and the culvert’s flexible
corrugated steel thin plates to support vertical loads above the culvert. Existing codes
use empirical equations based on field measurements and full-scale tests for small
and ordinary span SSCBs to estimate the arching process and how it distributes verti-
cal stresses on the culvert walls. The empirical equations then compute the design
straining actions. Recent developments in construction technology and urbanization
have led to a significant increase in typical spans of SSCBs. This paper investigates
large span SSCBs and the associated induced arching action using three-dimensional
finite element analysis (FEA). The study compares the FEA findings of straining actions
for large span SSCB case studies to the calculations of valid design codes. The com-
parison demonstrates that existing codes fail to predict the real arching mechanism
and, consequently, the resulting straining actions. In addition, the FEA results illustrate
how the arching mechanism varies as the span changes. Arching action is typically
positive for relatively small spans but becomes negative as the span increases. Finally,
results prove that current codes cannot accurately predict real arching, leading to inap-
propriate design straining actions. For large span SSCBs, these codes require modifica-
tions for the arching factors and the profile aspect ratio factors.

Keywords: Soil-steel composite bridges (SSCB), Large span culverts, Corrugated
steel plates, Arching mechanism, Induced straining actions, Profile aspect ratio, Finite
element model

Introduction
The corrugated metal flexible culverts’ first usage was for sewage and drainage design.
They were deeply buried and had small diameters. With time, their development and
utilization were to serve as pedestrian and vehicular underpasses with shallower covers
and larger diameters. The ease and speed of installation, the inherent strength of cor-
rugated steel, sustainability, and esthetics all contribute to the widespread usage of this
style of culverts. They present a viable alternative to bridge infrastructure, which is a
considerable contributor to greenhouse gas emissions because of the massive raw mate-
rial and energy consumption during their whole life cycle [1].

Soil-steel composite bridge (SSCB) main characteristic is a unique method of provid-
ing the load bearing capacity as opposed to ordinary culverts. The surrounding soil for
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ordinary concrete, stone, and brick culverts is regarded only as a way of transmitting
loads. However, for SSCBs, the surrounding soil plays a significant role in sustaining
the loads with the culvert, known as soil structure interaction. Therefore, the arching
mechanism takes place. The arching is the pressure or load transfer between the backfill
soil layers above the culvert that arises from the culvert walls’ flexibility. As a result, the
design of buried culverts entails identifying the best culvert cross-section and the sur-
rounding soil properties [2].

Arching plays a prime role in SSCB performance. Arching may be positive or nega-
tive. Positive arching occurs when the backfilling soil around the culvert has the poten-
tial to disperse the load away from the culvert. That is because the majority of the load
disperses across soil layers. Consequently, the induced normal forces in the culvert
cross-section are less than in the case of no arching. Negative arching occurs when the
culvert is stiffer than the backfilling soil, so more load transfers to the culvert. Hence, the
induced normal forces increase. Thus, the arching mechanism must be well-estimated
during the design of SSCBs.

Various countries have released design manuals/codes for SSCB design and construc-
tion specifications. These codes give empirical equations based on field and laboratory
experiments for small and regular span SSCBs. In general, the design codes concentrate
on two main design concepts. These are the geotechnical features of steel culvert con-
struction, such as excavation, filling, cover depth, and installation, as well as the struc-
tural aspects, such as profile, corrugation depth, deformations, straining actions, and
bolted connections.

Ring compression is the prime design requirement in some design codes. Ring com-
pression force is the main straining action for designing a culvert with a small span and
high soil cover. However, when the span increases, the soil cover decreases, or using
deep corrugated cross-sections, deformations and bending moments develop due to the
cause of backfilling construction loads and traffic loads acting over the shallowly buried
soil steel structure. Therefore, it is crucial to carefully evaluate the bending moments and
displacements for large span SSCBs. Most available design manuals can assist in estimat-
ing the straining actions acting on the SSCB under specific situations. These manuals
govern the minimum cover depth, backfill properties, corrugated steel plate properties,
and culvert profile aspect ratio. However, to keep up with the rapid rise in the usage of
large span SSCB, these design manuals need to be updated [3-5].

Many previous numerical studies investigated SSCBs in several topics, while they were
for SSCBs with spans up to 18 m. Recently constructed SSCBs have spans larger than 18
m. The Ostréda SSCB in Poland has a 25.5 m span [3]. As well as the Shammal Bridge
in UAE has a 32.66 m span [6]. Therefore, this paper investigates large span SSCBs with
spans up to 32.66 m with deep corrugated steel plates and explores the effect of a large
span on the induced arching mechanism. It presents a study on six large span field case
studies using three-dimensional finite element model analysis. FEA output soil move-
ment contours investigate the effect of span increase on the induced arching mecha-
nism. In addition, FEA results of induced straining actions due to backfilling loads are
compared to the corresponding calculated values using two different design codes. The
study highlights the factors for each code responsible for estimating the SSCB arching
mechanism and influencing the accuracy of the calculated values. The study aims to
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check these codes’ validity for estimating the real arching and reasonable design strain-
ing actions for large span SSCBs.

Overview of the Canadian and Swedish design concepts for SSCBs

Nowadays, two of the most popular and used design codes for designing SSCBs are the
Canadian highway bridge design code CHBDC [7] and the Swedish soil-steel composite
bridges SDM [8]. Each code defines parameters and factors with some design limitations
to calculate straining actions induced in corrugated steel plate cross-section. Herein,
the paper highlights the approaches each code adopts and how these approaches could
affect the prediction of large span SSCB performance.

First, the CHBDC [7] design provisions are based on the Ontario Highway Bridge
Design Code (OHBDC) with some updates to be applicable across Canada [9]. CHBDC
includes section #7 (buried structures), which presents the design of SSCB structures
with spans>3 m, where the design is based on ultimate state principles. The design
equations were derived firstly for shallow corrugated plates 152 x 51 mm (pitch by
depth), and then they were adapted for application to all corrugation sizes [9]. The code
defines a minimum cover height requirement to guarantee that the culvert design is
influenced only by normal forces while neglecting bending moments [10]. The minimum
permitted cover height is based on the culvert profile, effective span (D), and effective
rise (D,). However, the code allows shallower cover heights, not less than 0.6 m, with
deep corrugated plates as long as considering bending moments in the design.

Maximum normal force (7)) equation (Eq. 1) considers the factor (A) and the relative
axial stiffness (C,) into account for computing the maximum normal force acting on the
culvert wall from the initial stage of construction. The A value depends on the effective
span (D,), effective rise (D,), and cover height, where the code estimates the value of As
for a range of 0.6 <D;/D, <1.6. Then, the arching factor is defined as (1—0.1C,) A and
multiplied by half the applied soil load (0.5*W).

Tp = 0.5(1 — 0.1C)Ar W 1)

Meanwhile, the bending moment (M) equation (Eq. 2) has two portions, one calculat-
ing the moment generated by side backfilling (M) and the other calculating the moment
generated by top backfilling (Mjy). In general, side backfilling causes a higher bending
moment, as adding additional side backfilling layers increases the bending moment.
Then, adding the top backfilling layers reverses the induced bending moment direction
and decreases the overall bending moment. Therefore, the design should consider the
higher bending moment. The bending moment due to side backfilling (M;) equation
(Eq. 3) includes factors K);; and Rg. K is a function of the relative bending stiffness
(Np), while Ry is a function of the profile aspect ratio (D,/2D,,).

Mp = My + Mp (2)

Mi = KyiRpy Dy® 3)

Next, SDM [8] is also known as the Pettersson-Sundquist design method. SDM cal-
culations are based on fundamental theories that were compared and calibrated with
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full-scale field tests [11]. SDM includes a set of limitations and assumptions concern-
ing culvert profile geometry, backfilling soil type, and relative stiffness (1)) between
the backfilling soil and the steel culvert (100§)Lf§ 50,000). Additionally, it specifies
a minimum cover height of 0.5 m for road bridge culverts and 1 m for railway bridge
culverts. Minimal cover aims to reduce the possibility of local failure under concen-
trated loads. The SDM design process considers normal forces and bending moments
generated on corrugated steel plates for all corrugation types.

The SDM normal force equation (Eq. 4) has two portions: one for the normal force
generated by side backfilling and one for the normal force generated by top backfill-
ing. The SDM, unlike CHBDC, does not include the impact of the relative axial stiff-
ness component in its equation. Also, it considers the arching effect (S,,) only for the
part calculating normal force due to top backfilling.

Ny = 020 D* 4+ (o9h oshH) D? (4)
soil,k = V. D;Osurr ar (075 DD Pcover

However, the SDM bending moment equation has two portions in the same manner
as CHBDC. The bending moment due to side backfilling (M,,; ;) equation (Eq. 5) con-
siders the factors f, .., fi, and f;. f, ., is a function of the relative bending stiffness
(1)), while f; and f; are functions in the profile aspect ratio (H/D).

Mioit = Dgpsurrflf?z]CZ,surr (5)

In general, neither the CHBDC nor the SDM design approaches spell out the maximum
span for SSCB. However, both codes specify limitations on the proposed equations’ param-
eters based on small and regular span SSCBs [5]. Table 1 summarizes a comparison between

both codes regarding the limitations and the parameters used in calculating straining actions.

Methods

Finite element analysis (FEA) description

The author uses the multipurpose finite element program PLAXIS 3D [12] to study
the behavior of large span SSCB. The FEA results are used to evaluate the effect of

Table 1 CHBDC and SDM comparison

CHBDC SDM
Span limitations Not exist
Profile limitations R/R;<5 R/R,<4
Minimum cover height 0.6m 0.5 m (road bridges)
1 m (railway bridges)
Soil steel relative stiffness limitation Not exist 100 <A¢< 50,000
Maximum normal force equation Function of: Function of:
« Profile aspect ratio « Profile aspect ratio
« Soil cover height « Soil cover height
« Backfill soil density and « Backfill soil density
Young's modulus and friction angle

- Steel section axial stiffness

Maximum bending moment equation Function of:
- Profile aspect ratio
« Backfill soil density and Young's modulus
- Steel section bending stiffness
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span on the induced arching mechanism. Then, they are compared to CHBDC and
SDM calculations to check the capability of these codes to estimate reasonable design
straining actions.

The study includes six SSCBs with spans between 9.5 and 32.66 m. The culverts are
double radii open arched profiles with deep corrugated steel plates. Figure 1 shows
their schematics with detailed dimensions. They have shallow cover heights, where
the /D equals 0.09 for all cases. In addition, Table 2 summarizes each culvert profile
and cross-section data. The backfill soil for all SSCBs is assumed to be medium sand
verged with silty sand layered each 0.3 m. The backfill properties are according to the
values reported by Korusiewicz [13]. It has 50 MPa Young’s modulus, 18.54 kN/m?
dry density, and 35° friction angle.

Figure 2 illustrates the finite element (FE) model used to simulate the investigated
open-arched SSCBs consisting of the culvert and the surrounding soil medium. The
choice of the material models for the backfilling soil and the corrugated steel plates is
based on previous research that specifies the appropriate models defined in FE simu-
lation for the backfilling soil and corrugated steel plates. PLAXIS 3D library allows

Fig. 1 Schematic of the modeled field case studies (all dimensions are in meters)
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Table 2 Geometry of the SSCBs case studies

Span D (m) 9.5 10.99 14.14 17.7 255 32.66
Rise H (m) 37 4.24 6.5 55 9 9.68
Cover height h (m) 0.9 1 13 16 22 2.81
Corrugation (mm) 381x140 500x237
Plate thickness (mm) 7 9.65 12
- — —
A

: Backfill soil

Rise = \ S
p Culvert profile X
/ | L x

_‘;‘ —
' 5
o >

Span

Fig. 2 Soil-steel composite bridge FEA model

soil simulation using the hardening soil (HS) material model that can simulate the soil
stress-dependent stiffness considering the effect of compaction-induced loads from the
soil to the culvert [14, 15]. On the other hand, the use of orthotropic plates for simulat-
ing corrugated steel plates was approved by previous research to provide reliable results
[14, 16]. Using orthotropic elastoplastic plates allows for the reduction of the required
number of elements in the FE model. They are a subset of anisotropic materials,their
properties vary depending on the measurement direction. As a result, they have three

planes/axes of symmetry and a poisons ratio of zero (v,,, ). Their properties are calcu-

equ.
lated according to the method developed by Orod and SiZVash [17]. Tables 3 and 4 sum-
marize the values used in FEA for the HS backfilling soil model and the orthotropic steel
plates, respectively.

The boundary conditions are fixed in both directions at the model base and horizon-
tally fixed at the edges. The mesh size is medium for the whole SSCB FE model, and the
mesh coarseness is refined for the culvert plates and the soil next to the culvert walls.
The reason is to account for the close spacing between the backfilling soil model and the
culvert model steel plates and to save time during analysis by minimizing the number of

FE model elements.

Construction stages and compaction loads simulation
SSCB construction in situ is staged construction. The staged construction starts with
installing the corrugated steel plate to form the culvert profile. That is followed by plac-
ing the compacted backfilling soil layers on both sides of the culvert equally to ensure
contact between the plates and the soil.

PLAXIS 3D finite element program can simulate the construction stages through a
series of phases. The model’s initial phase presents the state before construction (i.e.,
no geometry is active). Then, the model’s first phase presents the installation of the
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Material model

Hardening soil

Material type Drained
General properties Yunsa (KN/m?) 18.54
Ysae (kN/m3) 1854
Stiffness E,.r (kN/m?) 50,000
E,eq (kKN/m?) 48,000
E,, (kN/m?) 150,000
m 0.5
Strength Cyer (KN/m?) 0.02
o° 35°
ye 5°
Interfaces strength (R;;.,) 0.8

Table 4 Orthotropic steel plates parameters used in FEA

Corrugated plate dimensions (mm) 381x140x7  500x237x9.65 500x237x12
Equivalent thickness (m) 0.1676 0.2766 0.2770
Equivalent unit weight (kN/m?3) 4273 3.985 4950
Equivalent Young’s modulus (longitudinal) (E,) (kN/m?) 15,300 8915 17,030
Equivalent Young’s modulus (circumferential) (E,) (kN/m?) 11,360,000 10,592,260 13,160,000
Shear modulus in plane (G12) (kN/m?) 160,400 118,188 182,000
Shear moduli out of plane (kN/m?) G13 5886 3429 6551

G23 4,369,000 4,073,950 5,060,000

corrugated steel plates forming the culvert profile by activating the corrugated steel
plates and their interfaces. Next, the following model phases present the soil backfill-
ing stages by activating each backfilling layer with its accompanying compaction load
through sequential phases till reaching the road level. The compaction load is simulated
as vertical surface loading equal to 20 kN/m? for side backfilling [18], then its value is
reduced for the top layers of backfill until the ground level. Figure 3 presents a sample
FEA model simulation of the backfilling stages with corresponding compaction loads.

Regarding the reported case studies, there is no information about groundwater on-
site. Therefore, the water table is assumed to be below the foundation level.

FE model verification

The Wildlife overpass SSCB field measurements are compared to the FEA results to ver-
ify the FE model. The Wildlife overpass has a 17.7 m span, a 5.5 m rise, and a 2 m cover
height [13]. Figure 4 proves that the FEA results are reasonable compared to field meas-
urements. However, the normal force values of FEA results are higher than field meas-
urements. The reason can be that some measuring sensors suffered high temperatures
in the field, which resulted in false readings, especially for measurements due to side
backfilling. Korusiewicz mentioned that the measured normal forces changed errati-
cally at different points [13]. Maximum field measurements for normal force and bend-
ing moment were recorded as — 610 kN/m and 52 kNm/m, respectively. Meanwhile, the
FEA results for both straining actions are — 690 kN/m and 53 kNm/m.



Soliman et al. Journal of Engineering and Applied Science (2024) 71:46 Page 8 of 20

i
!
i
l
|
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(b) During backfilling (Intermediate)
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(c) At end of backfilling (Final)

Fig. 3 FEA staged construction

Results and discussion

PLAXIS 3D models are calculated, and the results are used to investigate the effect of
span increase on arching mechanism, deformations, and induced straining actions.
Then, the FEA results are compared with the corresponding calculated values using
available design codes.

Arching mechanism

The arching mechanism has a master role in transferring the loads to the culvert cross-
section. As mentioned, an arching mechanism may be positive or negative depending
on the relative stiffness between the backfilling soil and the culvert’s corrugated steel
cross-section.

The arching mechanism can be presented numerically by the movement contours
of the soil concerning the culvert. Therefore, Fig. 5 plots the soil movement contours
generated by PLAXIS 3D output to illustrate the type of induced arching mechanism
at the end of backfilling for the case studies. The figure clarifies that an increase
in span greatly influences the arching mechanism type. It shows that for spans up
to 10.99 m, the contours prove the occurrence of positive arching. Then, for larger
spans, the arching is inverted to be negative. In addition, the soil wedge supported
on the culvert walls expands as the span increases, which is the main reason that the

straining actions increase significantly with the span increase.
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Fig. 4 Wildlife overpass field measurements and FEA results: a maximum normal forces (kN/m) and b
maximum bending moments (kNm/m)

Accordingly, the studied culverts are classified into two groups as follows: positive
arching SSCBs (i.e., culverts with spans equal to 9.5 and 10.99 m) and negative arch-
ing SSCBs (i.e., culverts with spans equal to 14.14, 17.7, 25.5, and 32.66 m).

Deformations

Results show that the span increase and corresponding induced arching mechanism
influence the maximum vertical deformations (U,,,,,). The positive arching SSCBs
maximum vertical deformations are 6.4 mm and 14 mm for spans 9.5 m and 10.99 m,
respectively. The negative arching SSCBs maximum vertical deformations are 49 mm,
78 mm, 125 mm, and 275 for spans 14.14, 17.7, 25.5, and 32.66, respectively. Results
prove that as the arching mechanism changes from positive to negative when the span
changes from 10.99 to 14.14 m, the maximum culvert vertical deformation increases

Page 9 of 20
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(a) Span=9.5m (b) Span =10.99 m

(c) Span = 14.14 m (d) Span=17.7m

(e) Span=25.5m

(f) Span = 32.66 m
Fig. 5 Surrounding soil movement at the end of backfilling for the six case studies

by 3.5 times (i.e., (U, 1414/ Uy ax) 10,00 =49/14 = 3.5). In addition, maximum defor-
mation results illustrate that the deformation value for span 32.66 m increased by 43
times more than that for span 9.5 m.

Regarding the design codes, the CHBDC states that any upward or downward
deformations should not exceed 2% of the culvert rise. On the other hand, the SDM
does not mention a vertical deformation limit. Thus, the maximum vertical deforma-
tion to rise ratio is computed for each culvert and compared with the CHBDC limit.

Figure 6 demonstrates each culvert maximum vertical deformation to rise ratio
7
span. The figure shows that the maximum vertical deformation to rise ratio for span
32.66 m exceeds the CHBDC limit. Therefore, large span SSCBs with negative arching
should be carefully monitored during construction to avoid excessive and undesirable

/H). The deformation ratios change from 0.17 to 2.84% with the increase in

max

deformations.

Straining actions

The culvert cross-section is subjected to different straining actions. The two main strain-
ing actions are the normal force and the bending moment induced about the cross-sec-
tion strong axis (circumferential direction). The normal force maximum value occurs at
the end of backfilling. On the other hand, the maximum bending moment value occurs
when the backfilling layers reach the crown point. Figures 7 and 8 plot the FEA results
due to dead loads only (backfill soil load) for normal force and bending moment distri-
bution along the culvert’s span, respectively, for both the positive and negative arching
SSCBs. The figures represent the culvert length by unity for all case studies to plot dif-
ferent span culvert results. Both figures confirm that span and corresponding induced
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CHBDC limit

15

Uz/Rise %

u 9

0
9.50 10.99 14.14 17.70 32.66
Span (m)
Fig. 6 Maximum Vertical deformation to rise ratio with different spans
--9.5 --10.99 14.14 17.7 —+-255 —-32.66
Left Right
support kN/m support
O

-1800

-2000 -
Fig. 7 FEA Normal force distribution along each culvert span at the end of backfilling (kN/m)

arching mechanism type greatly influence the induced straining actions, as they are
directly proportional to the span increase. Besides, Fig. 7 shows that the normal forces
for positive arching SSCBs slightly vary (i.e., spans 9.5 and 10.99 m). However, for nega-
tive arching SSCBs, there is a significant change in the values of the normal force by span
increase. That is because of the soil wedge increase supported on the culvert wall.
Regarding the location of maximum straining action, Fig. 7 clarifies that the maximum
normal force location does not vary as the span increases. It occurs within a quarter of
the span on both sides near the supports. Similarly, Fig. 8 illustrates that for the different



Soliman et al. Journal of Engineering and Applied Science (2024) 71:46 Page 12 of 20

—--9.5 —--10.99 14.14 17.7 —-25.5 -+-32.66

320 +kNm/m

240 +

Left
support

Right
support

-320 -
Fig. 8 FEA Bending moments distribution along each culvert span at the end of backfilling (kNm/m)

spans, maximum bending moments frequently occur at the crown and shoulders, with
about the same values but in opposing directions.

FEA results vs design codes calculated values

Existing codes propose equations based on small and ordinary span SSCBs. Hence, the
CHBDC and SDM are used to calculate the straining actions acting on the corrugated
steel plates for both the positive and negative arching SSCBs studied cases. Then, cal-
culated values are compared with the corresponding FEA results. Figures 9 and 10 plot
the normal forces and bending moments, respectively, calculated by both codes and
the maximum results from FEA. A general conclusion from both curves is that calcu-
lated values are not mostly compatible (overestimated or underestimated) with FEA
results for large span culverts.

Since the span increase has a direct influence on the arching mechanism type. There-
fore, overestimated/underestimated calculated straining actions are a reason for the
failure of codes to estimate the true arching mechanism that takes place between back-
filling soil and the large span culvert. As a result, they estimate that the culvert supports
either more or less of the original applied loads. In addition, some codes’ equations do
not account for the impact of relative stiffness between the backfilling soil and the corru-
gated steel plates, which consequently affects the results. Therefore, each code equations
are thoroughly investigated to identify their imperfections regarding large span SSCB
design.

Normal forces codes equations

Regarding normal forces, Fig. 9 illustrates that normal forces calculated by CHBDC are
always less than those calculated by SDM. In addition, CHBDC provides mostly well-
estimated normal forces compared to FEA results. The CHBDC calculations range
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Fig. 9 Code calculations and FEA results for maximum normal force (kN/m)
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Fig. 10 Code calculations and FEA results for maximum bending moment (kNm/m)

between 0.75 and 1.14 times the FEA results. On the contrary, SDM calculated values
are always more than FEA results, ranging between 1.32 and 1.54 times the FEA results.

Even that Fig. 9 shows that CHBDC normal force equation sometimes can estimate
close values to FEA results, the figure also illustrates that the same equation cannot esti-
mate appropriate values for some cases. Calculated normal forces for positive arching
SSCBs are compatible with FEA results, while for negative arching SSCBs, calculated
values vary from FEA results. Therefore, the discussion will highlight the arching fac-
tor defined by the code’s equation. CHBDC presents the arching factor by the following
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1.40
B(1-0.1Cs)Af - FEA
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(1-0.1C)*A;

0.60

0.40

0.00

14.14 17.7 25.5 32.66
Span (m)

Fig. 11 FEA and CHBDC arching factors ((1 —0.1C,) A) for the negative arching SSCBs

Eq. (1-0.1C) A This code assumes that the arching effect starts from the beginning of
the backfilling stages, as it is multiplied by the whole soil load surrounding the culvert.

Figure 11 plots the arching factor calculated by CHBDC and recalculated from FEA
results for the negative arching SSCBs. The figure shows that the code estimated arching
factor is less accurate, especially when using a small corrugated steel cross-section (i.e.,
381*140*7 mm). For example, for the culvert with a span of 17.7 m and corrugated plates
381*140*7 mm, the arching factor calculated by the code is 25% less than that recalcu-
lated from FEA results. Also, for the culvert with a span of 32.66 m and corrugated plates
500*237*12, the arching factor calculated by the code is 14% less than the recalculated
value from FEA results. This notable difference between the arching factor calculated by
CHBDC and recalculated from FEA results for both mentioned spans can be due to A,
curves, as they are limited to 0.6 <D, /D, < 1.6 only, where the D,/D, for spans 17.7 and
32.66 are 1.6 and 1.687, respectively. Therefore, the CHBDC should modify the arching
factor equation/parameters for large span culverts.

Next, the SDM design code presents the arching factor S,,, which is a function of the
cover soil friction angle, cover height, and culvert span. SDM normal force equation has
two portions, one to calculate the normal force due to side backfilling and the other for
that due to top backfilling. The S, factor is considered only for the portion calculating
normal force due to top backfilling. Figure 12 plots the calculated and resulting normal
forces divided according to that induced due to side backfilling only and top backfill-
ing only. That is to find in which portion the problem of overestimating the calculated
normal force occurs. The figure clarifies that the SDM overestimates the normal force
due to side backfilling load where the values reach up to 90% more than FEA results
that increases the total estimated normal force due to dead load. On the other hand,
the calculated values due to top backfilling are well-estimated compared to FEA results.
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Therefore, the SDM should modify the normal force equation due to side backfilling for
large span culverts by considering the arching factor effect and the relative axial stiffness
effect between soil and steel plates.

Bending moments codes equations

Regarding bending moments, as the maximum value occurs when backfilling reaches the
crown level, therefore the equation portion evaluated in both codes is only concerned
with calculating moments induced by side backfilling. The study considers the absolute
bending moment because steel has the same bending stiffness in both directions, so the
moment direction does not influence it.

Figure 10 illustrates that both codes’ calculated values vary between well-estimated
and overestimated values. CHBDC overestimated values reach up to 48% more than
FEA results, while SDM overestimated values reach up to 83% more than FEA results.

Regarding the CHBDC, the bending moment equation depends on two main factors
K, and Rp. K, is a function of the relative bending stiffness between the soil and the
steel plates (Np), while Ry is a function of profile aspect ratio (D,/2D,). Table 5 summa-
rizes the D, /2D, for each culvert, the corresponding calculated Rz, and the ratio between
the code calculated values and FEA results. The table shows that for culverts with pro-
file aspect ratios 0.2 <D,/2D;, <0.35, the calculated bending moments are significantly
higher than FEA results, where the difference is 48% for the culvert with a span of 32.66
m. For culverts with aspect ratios 0.35<D,/2D;, <0.5, the calculated bending moment
values are more than FEA results with an acceptable difference of less than 10%. Fig-
ure 13 plots the R calculated by the code and the recalculated from FEA results. The fig-
ure illustrates that the R; equation for 0.2 <D, /2D, <0.35 should be modified to reduce
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Fig. 12 Normal forces divided due to side and top backfilling FEA results and SDM calculations
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Table 5 CHBDC R; factor and the ratio between maximum calculated bending moment to FEA

result
Span D (m) 9.5 10.99 14.14 17.7 255 32.66
D,/2D,, 0.39 039 0.46 031 035 03
Ry= 0.67+087[(D,/2D,) —0.2] for  0.85 0.85 095 0.77 080 075
02<D,/2D, <035
0.8+1.33[(D,/2D;) — 0.35] for
035<D,/2D, <05
D,/D,, for D,/2D;,>0.5
(CHBDC/FEM) 2y bending mornent 1.10 1.08 1.07 137 142 148
1
ERB
0.9

ERB - recalculated

Profile aspect ratio factor

0.30 0.31 0.35 0.39 0.39 0.46
(span 32.66) (span 17.7) (span 25.5) (span 10.99) (span 9.5) (span 14.14)

D,/2D,
Fig. 13 Profile aspect ratio calculated by the CHBDC (Rg) and recalculated from FEA results (Rg.ecarcuiated)

the calculated Ry value. For the case study with a 32.66 m span and 0.3 profile aspect
ratio, the Ry value shall be reduced by 33%.

On the other hand, the SDM equation calculates bending moment due to side backfill-
ing depending on three main factors f, ..., f;, and f3, where f, ;. is a function of the rela-
tive stiffness (1)) between the soil and the steel plates. The other two factors are function
of the profile aspect ratio (H/D). Generally, the SDM equation is similar to that CHBDC
equation but multiplied by an additional factor f;. Table 6 summarizes the H/D for each
culvert, the corresponding calculated factors (f; and f;), and the ratio between code cal-
culated values and FEA results. The code equation has a problem in estimating the arch-
ing mechanism for large span culverts with profile aspect ratios (H/D) greater than or
equal to 0.35. The overestimated calculated values reached up to 83% of the FEA results.
The product of aspect ratio factors (f;*f;) is recalculated from FEA results for each SSCB.
Then, they are plotted versus the code calculated values, as shown in Fig. 14. The figure
clarifies that for the case study with a span of 14.14 m and H/D=0.46, the factors shall
be reduced by 27%. Therefore, f; and f; equations require modifications for large span
SSCBs with corresponding rise to span ratios equal to or greater than 0.35.
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Table 6 SDM f; and f; factors and the ratio between maximum calculated bending moment to FEA

result
Span D (m) 9.5 1099 14.14 17.7 255 32.66
H/D 039 039 046 031 035 03
fi= 0.67 +0.87[(H/D)—0.2] for 0.2 <H/D <0.35 085 0.85 0.95 0.77 080 0.75
0.8+ 1.33[(H/D) —0.35] for 0.35<H/D <0.5
2 H/Dfor H/D>0.5
f,=6.67(H/D)—1.33 127 127 1.74 074 1 0.67
(SDM/FEM ),y bencing moment 160 159 18 102 146 096
1.8 Bf1*f3
16 B f1*f3 - recalculated
1.4

1.2

1.0

Profile aspect ratio factor

0.30 0.31 0.35 0.39 0.39 0.46
(span 32.66) (span 17.7) (span 25.5) (span 10.99) (span 9.5) (span 14.14)
H/D

Fig. 14 Profile aspect ratio calculated by the SDM (f,*f;) and recalculated from FEA results (f,*fs_ecaicurated)

As a result of the prior discussion, codes’ equations that calculate arching factors and
profile aspect ratio factors should be modified for large span culverts. The codes should
consider the arching impact from the beginning of backfilling and the relative stiffness
between backfilling soil and corrugated steel plates (i.e., axial stiffness and bending stiff-
ness). Hence, the culvert and the backfilling soil interact during the construction stages.

Conclusions

Recent developments in construction technology and urbanization have led to a sig-
nificant increase in typical spans of SSCBs. Therefore, this paper illustrates a numeri-
cal analysis study that explores the effect of large spans on the arching mechanisms
around the SSCB. Finite element analysis demonstrates the limitations of the existing
calculation methods in CHBDC and SDM.

The study investigates six SSCB field case studies using PLAXIS 3D. The SSCBs
have open arched culverts with spans 9.5 m up to 32.66 m. Firstly, FEA results for
the Wildlife overpass [13] are verified using field measurements. Then, the study
evaluates the FEA results for the associated soil movement representing the arching
mechanism and the induced vertical deformations. Next, normal forces and bending
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moments FEA results are displayed. Lastly, using CHBDC and SDM, normal forces

and bending moments are calculated and compared to FEA results. The investigation

yields the following conclusions:

The arching mechanism is significantly affected by span and profile aspect ratio.
For case studies with spans of 9.5 and 10.99 m, the FEA soil movement contours
prove that positive arching occurs. On the other hand, the FEA soil movement
contours show that negative arching takes place for larger spans. Moreover, the
contours show that the area of the supported soil wedge is significantly affected by
the profile aspect ratio and the span.

As the span increases and negative arching occurs, the maximum vertical defor-
mation relative to the culvert rise ratio increases significantly. In the case of nega-
tive arching SSCB with a span of 32.66 m, for example, the (U/,,,,/rise) ratio is
2.84%, which exceeds the CHBDC limit (2%). As a result, it is crucial to monitor
large span culverts for deformations during construction to avoid any undesired
deformations.

Induced straining actions are significantly affected by span since their values
increase as span increases.

FEA results prove that normal forces for positive arching SSCBs slightly vary with
the change in span. On the contrary, for negative arching SSCBs, there is a signifi-
cant change in the values of the normal forces by span increase. That is because of
the soil wedge increase supported on the culvert wall.

The calculated normal forces by CHBDC for large span culverts fluctuate between
well-estimated for positive arching SSCBs and far estimated in case of negative
arching SSCBs. The explanation is that the CHBDC arching factor equation can-
not present the real arching mechanism. In addition, the A, factor curves are lim-
ited to 0.6 <D,/D, < 1.6 only, while for spans 17.7 and 32.66 m the D,/D,>1.6. On
the other hand, SDM always overestimates the calculated normal forces. The rea-
son is that the SDM equation neglects the effect of relative axial stiffness between
the backfilling soil and the corrugated steel plates. Also, it ignores the arching
influence in the equation portion calculating normal force due to side backfilling.
Consequently, the calculated normal forces due to side backfilling exceed the FEA
results by ratios up to 90%, reflected in the total calculated normal force value.
Both codes cannot accurately estimate the maximum induced bending moment
due to side backfilling of some investigated case studies. The reason is common
for both codes, which is the improper proposed equations for calculating the pro-
file aspect ratio factors for large span culverts. This results in overestimated calcu-
lated bending moments up to 48% for CHBDC and 83% for the SDM.

For large span SSCBs, the CHBDC and SDM equations should be modified to cap-
ture their actual performance and offer well-estimated straining actions for their
design.

Abbreviations

Dy, [m] Effective culvert span @ CHBDC
D, [m] Effective culvert rise @ CHBDC
Tp [kN/m] Maximum thrust in a conduit wall per unit length due to dead loads @ CHBDC

Ar

Factor for calculating dead normal force @ CHBDC
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C Relative axial stiffness @ CHBDC

W [kN/m] Dead weight of the soil column above a culvert per unit length @ CHBDC

Mp [kNm/m] Moment in the wall of a soil-metal structure due to a dead load @ CHBDC

M; [kNm/m] Moment in a soil-metal structure resulting from fill to the crown level @ CHBDC

Mg [kNm/m] Additional moment in the wall of a soil-metal structure due to a height of fill above the crown @
CHBDC

K Factor used in calculating moments due to side backfilling only in soil-metal structures @ CHBDC

Ne Relative bending stiffness @ CHBDC

Rg Profile aspect ratio effect @ CHBDC

A Relative stiffness between the backfilling soil and the steel culvert @ SDM

y [kN/m?] Unit weight of soil @ CHBDC

Nyoix [KN/m] Normal force due to soil load @ SDM
Oy [KN/m?] Weight density of the soil material up to the height of the crown @ SDM
Oeover [KN/M?] Weight density of the soil material above the height of the crown @ SDM

Sar Arching factor @ SDM

Mo, [KNm/m] Moment due to soil load @ SDM

fyand f; Profile aspect ratio factors @ SDM

D [m] Culvert span @ SDM

H[m] Culvert rise @ SDM

hm] Backfilling soil cover height for open arched profiles supported on concrete footings @ SDM
Ry [m] Arched profile side radius

R, [m] Arched profile top radius
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