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Abstract 

Although the construction of flexible culverts involves simplicity in comparison to similar 
concrete structures, the complexity of the beneficial interaction between soil and steel 
materials requires good understanding for their composite action and performance. Current 
design methods have certain validity limitations with regard to applicable slopes above the 
structures. Given the short construction time of flexible culverts, there is an urge to explore 
the feasibility and the constructability of such as cost-effective structures in sloping terrain, 
where they may function as an avalanche protection structure for a given road, a culvert under 
a ski slope, or even as a protection canopy for tunnel entrances. 

This report compiles the efforts carried out toward gaining knowledge about the different 
factors that may affect the behaviour of flexible culverts in sloping environment. The report 
includes an extended summary of the investigation, which is mainly presented in two 
appended papers. The study involved numerical simulation of three case studies to investigate 
their performances with regard to soil loading and avalanche loads as well. The height of 
cover, surface slope intensity, slope stability, soil support conditions, and avalanche 
proximity, were studied and discussed. 

The study results allowed realizing the susceptibility of flexible culverts to low heights of soil 
cover when built in sloping terrain, which is reflected in the deformation response and the 
incremental change in sectional forces, especially the bending moments. It is also found that 
increasing the depth of soil cover may feasibly improve the structural performance under 
asymmetrical soil loading and avalanche loads, where it subsequently help in reducing the 
bending moments in the wall conduit. The presence of a flexible culvert may affect adversely 
the soil stability in sloping terrain and thus need to be addressed in design. Furthermore, the 
flexural response of a flexible culvert is directly influenced by the soil support configuration 
at the downhill side of the structure. In addition, the report also attempts to highlight some 
general guidelines about the design aspects of flexible culverts in sloping terrain, and seeks to 
reflect some of the findings on the design methodology for flexible culverts used in Sweden. 

Keywords: Flexible culvert; Soil‒steel composite bridge; Sloping terrain; Swedish design 
method; Finite element model; Slope stability; Avalanche load; Snowshed 
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CHAPTER  1. INTRODUCTION 

1 Introduction 

1.1 Background 

Bridges are one of the major infrastructure products of civil engineering. They employ natural 
resources in providing a feasible organized connectivity for serving different means of 
transports. The design and construction of those require good understanding to the natural 
laws such as material behaviour and flow of forces, which in return demand theoretical 
knowledge, experiments and measurements. A flexible culvert ‒ often referred to as soil‒steel 
composite bridge (SSCB) ‒ is a structure comprised of structural steel plates and engineered 
soil, designed and constructed to induce a beneficial interaction between the two materials 
serving its ultimate purpose as a bridge or a culvert [1] (compare Figure 1). Reports have 
shown that the use of SSCB has proven to be cost-effective and also an environmentally 
friendly alternative in many cases to traditional  concrete bridge structures when built under 
horizontal or near horizontal ground surface [1–3]. Although the construction of flexible 
culverts entails simplicity in comparison to similar concrete structures, the composite nature 
of the interaction between the soil and steel requires good understanding about the 
performance of the interaction between the two materials. 

 

Figure 1. A corrugated flexible culvert under a road in Lidköping, Sweden. 

Currently, there exist different design guidelines for flexible culverts that have developed 
through the years to meet market demands and new challenges. It is believed that the research 
of flexible buried structures have started as early as 1913 in Iowa State College by Marston, 
Spengler and others [1]. The concept of ring compression theory was introduced by White 
and Layer in the 1960s [4]. The Ontario Highway Bridge Design Code (OHBDC) was first 
introduced in 1979 where it included a section for the design of flexible buried culverts [5]. 
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The Canadian Highway Bridge Design Code (CHBDC) was introduced in 2001 which 
superseded OHBDC, and contained a section for the design of buried structures [1]. In 
Europe, a research report was published in 1970 [6] covering the load carrying behaviour of 
flexible embedded pipes. In Sweden, SSCB was first introduced in the mid-1950s, where the 
design was performed in a simplified manner using so-called standard drawings. Thereafter, a 
design method was presented in 2000 and further developed by Pettersson and Sundquist 
[7,8]. The Pettersson-Sundquist design method, often called Swedish design method (SDM) is 
based on several theoretical an empirical models, which are compared and calibrated to full-
scale tests. Upon design, external surface loads are converted into equivalent line loads using 
Boussinesq’s load distribution theory. The design requirements include verifying the stresses 
in the steel for serviceability conditions (SLS) together with a set of ultimate limit state (ULS) 
verifications, whereas these proofs can be performed according to relevant Eurocode. The 
SDM is already in effect in many countries in Europe especially the Nordic region [9–11]. 

In Switzerland, there are more than 350 protection galleries, inclusive of avalanche galleries 
and tunnel entrances that are endangered by falling rocks [12]. While in Norway, there are 
around 106 avalanche protection galleries (Skredoverbygg) constituting 8.2 km in length [13]. 
According to the Norwegian protection plan (2014 ‒ 2023) for roads [14], new protection 
structures will be required on various parts on the national roads and the anticipated cost for 
those is huge. Therefore, an efficient and cost-effective solution to traditional concrete 
structures will be valued and of a great importance to the stakeholders.  

Current design methods do not account for steep slopes in their procedure. In particular, SDM 
has certain validity limitation with regard to surface ground longitudinal slope being 
maximum 10% [7] and similar condition exist in AASHTO as well [15]. Hence, given the 
competitive status of flexible culverts to traditional concrete bridges, there is an urge to 
explore the constructability of SSCB in sloping terrain environment. The applications of such 
can be in the areas of avalanche protection structures or as tunnels under ski slopes. In many 
cases, the remote location of road segments that require protection from avalanches, gives rise 
to the total cost of the built structure, particularly knowing that concrete structures are perhaps 
the first conventional choice for this type application. However, there has been some use of 
relatively small avalanche protection structures flexible culverts in Norway (see Figure 2), 
where they have proven their efficiency through the years as an economical alternative to 
traditional structures [16,17]. In fact, the Norwegian document [9] endorse the use of SSCB 
as avalanche protection structures under certain limitations, which include keeping the surface 
slope below 10% at a specific length over the conduit and requiring that avalanche deviation 
forces are kept well away from the structure. 
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CHAPTER  1. INTRODUCTION 

 

Figure 2. A 6,47 m span flexible avalanche protection culvert built in 1988 in Troms, Norway 
[16]. 

The presence of steep ground slope above a flexible culvert may potentially induce an uneven 
soil loading, which in return causes asymmetrical soil support conditions. The composite 
action of flexible culverts in such asymmetrical condition adds one more complexity aspect to 
the performance of the structure. On the other hand, the development and use of finite element 
analysis in the 1970s and 1980s helped significantly into more understanding the different 
aspects of the composite interaction of the structure [18].   

The use of flexible culverts for avalanche protection requires a good understanding of the 
avalanche characteristics and the involved load cases considering the unpredictable nature of 
avalanche loads. On the other hand, there exist design guidelines where practitioners can 
quantify the avalanche loads when designing traditional concrete protection galleries. For 
instance, in countries like Norway and Switzerland design procedures are developed on how 
to account for avalanche loads [19,20]. Normally, an avalanche expert has to assess and 
communicate with the design engineer on the characterization of avalanche loads on project 
specific level and provide particulars about the magnitude, distribution and the frequency of 
the loads [19–21]. Upon design, several load scenarios have to be checked regarding the 
combination of different force sources acting on a protection gallery (see Figure 3). These 
load cases may involve for example the presence of soil or snow deposits above the structure 
in combination with the avalanche flow loads or even the possibility of rock falling. The 
Norwegian and Swiss standards provide guidelines on the different load cases for analysis and 
design [19,20]. 
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Figure 3. Some typical load types acting on a flexible protection culvert.  

The site topography and limitations may induce design and construction challenges of which 
asymmetrical soil conditions is one main concern that have performance implications when 
construction flexible culverts in hillside locations. The lack of sufficient space for the backfill 
material at the downhill side introduces another challenging factor for design. These factors 
combined with the nature of avalanche loads raise the question of how a SSCB would 
perform under these conditions. This study provides first insights of the different factors and 
criteria that influence the performance of flexible culvert when built in sloping terrain. 

1.2 Aims and scope 

This study aims to provide knowledge about the performance of flexible culverts in sloping 
terrain. The research focuses in realizing the different factors that may affect the behaviour 
when built in sloping environment. The presence of slopes above the structures induces 
asymmetrical soil loading which in return entails asymmetrical support conditions. 

This investigation is mainly based on numerical simulations in predicting the performance of 
flexible culverts using finite element program called Plaxis 2D. The idea is to introduce 
difference slopes representing various support conditions to difference cases of real structures. 
The scope includes, first a detailed study to perceive the effect of soil asymmetrical loadings 
on flexible culverts, and secondly a further investigation concerning live loads with special 
focus on avalanche loads being one major area of application for flexible culverts in sloping 
terrain.  

Generally, there are different soil support and loading cases to be considered when designing 
and constructing a flexible culvert in sloping terrain, and those are much dependent on the 
specific project under study. Therefore, the scope of this study is delimited by assuming 
certain construction and geometrical topography schemes that aim to simulate and realize the 
influence of some factors on the performance of flexible culverts in sloping environments. In 
particular, the height of cover, condition of soil support, slope gradient, and the load case of 
an avalanche are factors of concern when building SSCB in sloping terrain. 
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CHAPTER  1. INTRODUCTION 

The structural behaviour of the corrugated steel wall is the focus of this study, where sectional 
forces and deformations are explored, analysed and discussed for the different numerical case 
studies. In addition, the stability of soil around the conduit is also investigated. The study will 
also highlight some general guidelines about the design aspects of flexible culverts in sloping 
terrain and will attempt to reflect some of those on the Pettersson-Sundquist design method. 

Although this study has a limited nature being primarily based on numerical simulation, it 
however highlights principally the use of flexible culverts as a conceivable alternative to 
traditional solutions in sloping terrain, and fairly provides first insights of how a flexible 
culvert would perform in different soil support conditions and under various scenarios of 
avalanche loads. 

Construction, materials, safety aspects, and environment related issues such as drainage, 
erosion, durability, and others are not part of this discussion. Indeed, these are important 
topics and normally discussed for an optimum performance of flexible culverts in general and 
in sloping terrain in particular. However, some of these issues are highlighted in Chapter  4. 

1.3 Outline of the thesis 

This thesis is based on the work and results presented in the two appended papers. The thesis 
includes an introduction on the overall historical use, the design development and the 
potential application of flexible culverts in sloping terrain. The results of the studies are 
expressly presented in the papers. The intention of the thesis is to set the papers in the proper 
context of the overall research. The thesis also outlines the main work methodology and 
assumptions that are adopted in this study. It also provides an opportunity for some additional 
details about the work presented in the papers and how the findings be related to design 
methods.  

Details about the selected case studies and their interrelated assumptions are briefly presented 
in Chapter 2, whereas similar particulars are highlighted in the papers. Chapter 3 describes 
some of the key details that are similar to the ones mentioned in the papers, which involve the 
methodology of the numerical simulation and briefly highlights the assumptions related to the 
input parameters. Chapter 4 discusses the main findings and relates on how these can be 
reflected on current practice. Lastly, general conclusions and proposals for future work are 
presented in Chapter 5. 

The two papers of which this work is based are enclosed in appendices A and B. 

Paper I investigates the soil loadings effects of flexible culverts in sloping terrain, where 
three cases studies of real structures are numerically analysed with different slopes and soil 
cover depths. This study was published in Engineering Structures journal. 

Paper II presents the avalanche load effects on flexible culverts using two load models for 
avalanches. The study utilizes the numerical simulation technique on two cases studies with 
different loading scenarios. The avalanche deviation angle, the soil cover, the avalanche 
proximity, and the soil support conditions around the conduit are the factors that have been 
included in this particular investigation. This study was submitted to Cold Regions Science 
and Technology journal. 
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CHAPTER  2. CASE STUDIES 

2 Case Studies 

2.1 General 

The geometrical variation of flexible culverts implies different performances corresponding to 
their profile shapes. Hence, it is rather important to investigate these geometrical aspects 
when studying the structural performance of flexible culverts, whereas different design 
methods include these geometrical parameters in their design procedure to reflect their effect 
on the structural performance [7,15,22]. Therefore, and in order to realize such effects for the 
different soil support conditions and loads, three case studies of real structures (see Figure 4 
and Figure 5) were selected representing to some extent the relative changes of the 
geometrical parameters. The cases were chosen having in mind their potential area of 
applications for such structure under sloping terrain, where they can be serving as a flexible 
avalanche protection tunnel or even as a culvert for ski slope.  

Figure 4 presents the three cases that were included in the study. The high profile arch 
denoted as Case I was originally constructed using 200 × 55 × 7 mm corrugated steel plates. 
The structure was built in 2012 serving as a 100 m road tunnel under a ski slope in Karpacz 
city in Poland. The construction was made using cut-and-cover method, where one side of the 
excavation was stabilized using soil nailing. The soil cover over the crown was ranging from 
1 to 2.25 m along the structure. The structure was monitored by collecting deformation 
measurements during the backfilling process [23]. 

 

Figure 4. Geometry of the studied cases (dimension are in meters) [24]. 

The 8.9 m span pipe arch culvert was originally constructed using 150 × 50 × 7 mm 
corrugated steel plates and was meant to replace a severely corrugated concrete railway bridge 
in Poznan city in Poland. The culvert carries road traffic inside under railway traffic. It was 
backfilled with sand-gravel mix with a maximum grain size of 45 mm and was compacted to 
at least 98% standard Proctor. Deformations and stress measurements were reported during 
construction and for the structure in operation as well [25]. 
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Figure 5. Photos of the real structures for (a) Case I [26] and (b) Case II [25]. 

The third case is a smaller pipe arch with a 3.83 m span, which was built in 1981 in Newport, 
Wales. Although this culvert might be considered small for a road path, it was selected to 
realize the performance of smaller structures when built in sloping terrain. The culvert was 
built for live loads testing purposes under different soil covers and was originally constructed 
using a 100 × 20 × 3 mm corrugated steel plates. The backfill soil was of a sand-gravel mix 
compacted to 91% modified Proctor. The structure was tested extensively under different 
loading conditions and measurements of deformation and strains were reported in [27]. 

2.2 Study aspects 

It is worth mentioning that the selected case studies were not built under slopes in reality 
except for Case I, which was constructed under a ski slope of about 16% (compare Figure 5). 
The intention though was to use their geometrical shapes as bases for introducing slopes and 
loads in a simulated environment. Nonetheless, the investigation has initially used their 
reported field measurements in performing a partial calibration process before starting the 
introduction of slopes and loads to the simulated models. The calibration process was meant 
to help limiting the choice of soil parameters and to provide an idea of how close the 
proposed modelling strategy can be in capturing the real behaviours (Paper I). This was 
performed in assuming the proper soil parameters that led to close results of what was built at 
site. Having this in mind, the intention was not to entirely calibrate each model independently, 
which would have required modelling each case according to its specific site conditions. For 
instance, the models were simulated assuming the same input regarding compaction 
operations and they all had similar approach in creating the excavation pit. On the other hand, 
the original corrugation size for the first two cases was changed during the investigation since 
the use of the original size led to a calculation termination as the structures were already 
yielding before the completion of full loading (i.e. complete backfilling or surface loading). 
So it was promoted to increase the corrugation size to study the full range of behaviour for the 
introduced slopes and loads. Information regarding the study methodology is detailed in the 
appended papers and briefly explored in the next chapter.  
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3 Finite element modelling 

3.1 General 

The complexity of flexible culverts draws designers to use computer simulations in 
understanding how these structures would perform in different conditions. The empirical 
nature of design procedures for these structures may not be specifically fulfilling to predict 
their performance upon adding another challenging factor such as asymmetrical soil 
conditions. Therefore, the use of numerical simulation as a tool that could provide insights in 
understanding the general behaviour of flexible culverts and may very well contribute in 
realizing the different factors that affect their performance when built in sloping terrain. 

The numerical simulation was performed using a two-dimensional finite element modelling 
software called Plaxis 2D. Although the study aimed to foresee the structural performance of 
the simulated cases under the complete loading of soil and avalanches, it was important to 
take into consideration the construction process itself by including the backfilling operations 
into the models. The importance lies in that the construction process of flexible culverts plays 
an essential role in defining their overall performance and the stress state in the conduit 
[28,29]. 

Although details about the modelling strategy and the interrelated assumptions are well 
presented in the appended papers, some of the key assumptions will be highlighted in the 
following sections. 

3.2 Basic assumptions 

The concept of plain strain model was used as a 2D problem idealization to investigate the 
different factors that may affect the performance of flexible culvert in sloping terrain. The soil 
materials were modelled using the elasto-plasticity Mohr-Coulomb material model. The 
choice of such model was motivated knowing that its input parameters are commonly more 
accessible in comparison to higher order material models. Given the limited reported soil data 
for the case studies, the choice of this model rather than selecting a higher order model (i.e. 
hardening mode) was promoted if by doing such, any additional uncertainties in assuming 
further input parameters could be avoided. The soil parameters were assumed based on a 
partial calibration process, which helped in limiting the choice of soil parameters. The soil 
elastic modulus was set to increase linearly with depth starting from the crown point at a rate 
of 2 MPa/m. This increase is believed to be reasonable when looking at different literature on 
sandy soils [30]. Both friction angle and cohesion for the soil materials were set constant 
during the analysis. 
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The soil and concrete (i.e. foundations of case I) clusters were modelled using a 15-node 
triangular element which is compatible with the five node plate element being selected for the 
corrugated steel. The 15-node element has 12 stress points (Gauss point), while the plate 
element has four pairs of stress points [31]. A medium mesh size was adopted for all the cases 
given the convergence of the results and the calculation time. The models had standard 
boundary conditions entailing displacements fixation at the bottom and only horizontal 
restrains for the model sides. The geometrical nonlinearity was not included in the analysis. 

The interface layer between the steel conduit and the soil had the same material behaviour of 
the surrounding soil, which was considered in a realistic flexible interface [32] represented in 
an assumed strength interaction parameter Rinter being 0.8 instead of a default value of 1.0 for 
a rigid connection. The reduced Rinter implies a reduction for the interface strength parameter 
being friction angle and cohesion and the interface stiffness as well. A short study was 
reported in the first appended paper to see the effect of such parameter on the culvert 
performance. 

The corrugated steel plate was modelled by defining its bending stiffness EI and axial 
stiffness EA. Moreover, the plasticity of the steel element was included by assigning a 
maximum bending capacity Mp and a maximum axial capacity Np, where those are governed 
by a simple interaction formula as illustrated in the appended papers.  

Initially, and upon introducing slopes and loads, the use of the original steel corrugation size 
led to a calculation termination for many cases of the analysed models as the structure was 
already yielding before reaching the stage of complete loading. So it was promoted to 
increase the size of corrugation for Case I (both papers) and Case II (2nd paper) and assume a 
unified yield strength being 315 MPa for all the cases. It is worth mentioning that the bending 
stiffness Mp and axial stiffness Np were calculated based on the elastic section properties of 
the corrugation, where the intention was to study the full range of behaviour by having the 
steel conduit performing in the elastic range away from the complexity of post yielding. 

3.3 Model configuration 

Generally, the construction process of flexible culverts depends greatly on the site topography 
and layout, where different construction scenarios correspond to different volumes of 
excavation and backfilling, which are also related to the nature of soil at site. Therefore, this 
study assumes certain topography and thus construction method for all the simulated models, 
where the concept of cut-and-fill construction procedure is applied. For instance, the slopes 
were introduced by considering a slope rotation point located vertically above the crown point 
(compare Figure 6) and different slopes were introduced by maintaining a selected height of 
cover at the crown line (see appended papers). The construction procedure involved 
performing an excavation pit, followed by placing the steel conduit/arch and the backfilling 
series lifts in asymmetrical way on both sides until the final level is reached. The excavation 
pit angle was reduced being 45° for the first paper to 40° for the second paper to help avoiding 
soil stability issues upon having uphill steep slopes for the avalanche loads study. The 
compaction effects were included by simultaneously activating a defined uniform load 
associated above each layer of the activated backfill. This load was then deactivated for the 
next layer of soil and the same was repeated until reaching the final level of backfilling. 
Those uniform loads were of a 2 m width and typically starting at 0.3 m offset form the wall 
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conduit (see Figure 6). More details about the model assumptions are illustrated in the 
appended papers. 

 

Figure 6. An example of model configuration for Case II. 

3.4 Avalanche loads 

The avalanche loads have a dynamic and a transient nature, where the movement of an 
avalanche can be characterised by the velocity Vs, the flow height ds, and the mass density ρs 
of the avalanche snow [33,34]. However, this study did not aim to simulate the dynamic 
behaviour of avalanche loads; instead, it utilizes the established concepts of avalanche 
equivalent static loads as defined according to Swiss and Norwegian guidelines [19,20]. The 
modelling complexity of avalanche dynamics was not included since the intention was to 
apply the predefined avalanche equivalent static loads in difference scenarios where the effect 
of different slopes, deviation angles, load proximity, and in combination with different 
heights of soil cover are investigated. 

In order to quantify avalanche loads, the study arguably assumes unified input parameters for 
the two load models being the Norwegian and the Swiss, although in reality there can be 
different details upon design between both concerning return periods and the evaluation of 
input parameters for the avalanche characteristics. On the other hand, this investigation also 
assumes a certain construction method (i.e. cut-and-fill method and slope layout) and 
considers only one case of loading scenario by assuming an avalanche sliding over a flexible 
culvert covered only with soil materials. Other loading cases may include the presence of 
large snow deposit above the structure, or an avalanche sliding over a snow deposit above the 
structure and few others. Such cases along with others are normally considered upon 
designing an avalanche protection structures and those are well established in the related 
guidelines [19,20]. 

Both Norwegian and Swiss load models quantify the dynamic effect resulted from the change 
of avalanche flow by calculating equivalent static loads that act along certain distances away 
from the flow deviation point. The calculation presumes a magnification of the forces over a 
shorter distance near the deviation point and assumes that the deviation forces dissipate after 
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6ds (18 m, based on the assumed ds = 3 m) and 20 m distances for the Swiss and Norwegian 
load models respectively (see Figure 7). 

Basically, there are the indicative hydrostatic loads, normal Pn and parallel Pt (friction) to the 
surface where they occur because of the flowing part of the avalanche over a gallery roof or 
terrain surface. In addition, and after a longitudinal gradient change (angle α), the deviation of 
avalanche flow induces deviating dynamic forces that are represented by equivalent static 
loads characterised by a normal component Fn and a parallel component Ft that are generated 
on the terrain surface (see Figure 7).  

Ultimately, the avalanche forces including normal and parallel ones were calculated based on 
an assumed input for avalanche characteristics (Paper II), and their corresponding total 
horizontal Fx and vertical Fy component were subsequently evaluated as inputs for the 
simulated models (see Figure 7). The calculations were performed for different deviations 
angles α, reflecting the change of longitudinal slope for the avalanche flow over the structure. 
The effect of avalanche proximity on structural performance was also investigated. More 
details about the assumed avalanche loads, evaluation, and how they are applied in the models 
are illustrated in paper II. 

 

Figure 7. Sketch showing in principle (a) The distribution of avalanche forces for both load 
models and (b) How the total equivalent Fx and Fy components are calculated for the 
simulated models.  
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4 Results and discussion 

4.1 Soil loads 

The findings of this study show that the presence of unbalanced soil loading directly affects 
the performance of flexible culverts. The study illustrates that asymmetrical soil conditions 
induce variations in displacements and sectional forces and those variations are more evident 
in shallow heights of cover. Therefore, having steep slopes may require more controlling 
activities during the construction process. 

The serviceability conditions of a flexible culvert may certainly become a more important 
criterion in the case of construction in sloping terrain. The importance lies in that the 
asymmetrical soil loading will eventually result in a stress increase during construction and 
more evidently, the structure will ultimately suffer from asymmetrical displacements. The 
scale of the resulted deformation shape may become an issue as asymmetrical deformations 
are more inconvenient to the eyes of the road users. In addition, the required clearance box for 
traffic should be considered as it may get affected by the scale of the resulted deformation. 
Therefore, it becomes essential to perceive, mitigate and control such excessive deformations. 

A flexible culvert that is built in asymmetrical soil conditions exhibits redistribution of 
sectional forces and the location and intensity of the maximum bending moment may very 
well be the controlling criterion for design. The results of this study show a steady increase of 
the maximum normal forces that are proportional to the steepness of slopes above the 
structure, while structures display a more complex trend in bending moments. Hence, it could 
be relatively more convenient to predict the normal forces than bending moments due to the 
asymmetrical soil conditions. Given the way the slopes are particularly introduced in this 
study, the increase in soil cover may help in minimising the effect of having steep slopes and 
thus provide a more appropriate support conditions for the structure. 

On the other hand, the geotechnical safety aspects of flexible culverts may become another 
main concern when construction in sloping terrain, whereas designers may be required to 
assess the soil stability and provide particulars on how to optimise and reduce stability risks 
upon construction in such environment. It is worth mentioning that the study was performed 
with no consideration of water presence in soil, which may affect the soil behaviour, the 
loading, and support conditions of the structure. The study has assumed drained conditions of 
soil and no presence of water table near the structure as such issues should be considered and 
managed if believed to occur in real situations. More details about soil loading effects are 
illustrated in the appended Paper I. 
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4.2 Avalanche loads 

The avalanche forces may hit the protection structure for a short period of time. However, the 
load effects of such impact may cause the structure to have irreversible deformations in the 
case of the steel material experiencing post-yielding behaviour. 

The proximity of avalanche deviation point has considerable effects on the structural response 
of avalanche loads. Results have shown that providing sufficient soil support conditions may 
largely help in reducing the load effect of avalanches even the case of having a deviation 
point distance of 10 m. A good soil support condition can be achieved by providing a 
sufficient soil cover and proper soil backing at the downhill side of the structure. The best 
scenario of course is to have the avalanche deviation point as far as possible from the 
structure, which might not be economically achievable in some project sites.  

The total maximum normal forces were found to increase by a factor less than 1.5 when 
reducing the deviation point distance from 18 m to 10 m. While in terms of bending moments, 
the high profile arch Case I, is shown to be more prone to nearby avalanches than the pipe 
arch represented in Case II, which could be mostly related to the profile shape and the way of 
which section forces are distributed. In general, the accurate estimation of bending moments 
becomes particularly essential when constructing flexible culverts in sloping terrain. This was 
realized in the calculations of maximum stresses in the wall conduit, which have always 
coincided with the location of maximum bending moments. On the other hand, increasing the 
flexural stiffness of the corrugated steel may help in reducing the displacements due to 
avalanche loads, but at the same time, this could cause an increase in bending moments as a 
result of having the less flexible structure. Various results concerning avalanche load effects 
are presented in the appended Paper II. 

4.3 A reflection on current design 

The current design methods for flexible culverts assumes uniform soil conditions around the 
steel conduit and thus do not account for the asymmetrical soil conditions that can be induced 
by surface slopes above the structure. The bearing capacity of flexible culverts is a result of 
the beneficial interaction between the soil and metal conduit, where soil acts simultaneously 
as a main contributor for the structure support mechanism and as a load source from the other 
side. Therefore, any changes in the soil configurations shall consequently affect the structure 
on two levels, the soil support efficiency and the soil loads as well. 

In general, different design methods have different approaches for the calculation of load 
effects and their corresponding verifications [6,7,15,22]. Although these design methods may 
have some similarities ‒for instance‒ in using the soil stiffness parameter in their calculations, 
they may involve different details and approach of how such parameter may affect the design 
output. Therefore and in relation to the findings of this study, this section will highlight some 
general guidelines about the design aspects of flexible culverts in sloping terrain and will 
attempt to reflect some of those on the Pettersson-Sundquist design method (SDM) [7] being 
used in many countries in Europe specially in the Nordic region. Construction, materials, 
safety aspects, and environment related issues such as drainage, erosion, durability, and others 
are not part of this discussion. Indeed, these are important topics and normally discussed for 
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an optimum performance of flexible culverts in general and in sloping terrain in particular. 
Guidelines for similar issues could be found in the Norwegian experience [19]. 

4.3.1 Serviceability conditions 

The Swedish design method [7] defines a serviceability criterion to be fulfilled with regards to 
stresses during backfilling for the different stages of construction. However, the deflection 
criteria are not well defined, although precautions are emphasized for the shape control during 
backfilling. 

In the presence of asymmetrical soil conditions, the shape control of the wall conduit may 
require more efforts due to the anticipated asymmetrical displacements. Construction 
deformations due to soil can be excessively irregular especially in the case of steep slopes. In 
addition, deformations due to avalanches could be as large as the soil deformation, which is 
more seen in the case of having close deviation point of avalanches. Therefore, upon the 
design of flexible culverts in sloping terrain, the following points are highlighted in relation to 
SLS conditions for SDM. 

• The displacements during construction and for the complete structure should be 
calculated (i.e. using FEM) including live loads (i.e. avalanche) deflections. 
Avalanche load deflection becomes rather significant in the case of having close 
deviation point of avalanches. 

• Allowable deformation criteria should be defined for an acceptable SLS conditions as 
percentages of original shape parameters being span D and height h. For example, a 
deflection in any direction, measuring greater than a certain percentage from the 
original shape could be defined and adopted as allowable limits for the construction 
and avalanche loads as well. Similar criteria already exist for the construction under 
near horizontal slopes [1,9,22].   

4.3.2 Notes on design 

Depth of soil  cover 

The definition of depth of soil cover hc in SDM entails the minimum distance between the top 
side of the pipe and the top side of the surface. This distance will be normally at the crown 
line for the cases of having no surface slopes, while the presence of slopes will certainly shift 
this distance to a location toward the downhill slope. The same definition could hold in the 
case of surface slopes but a more clear definition is needed specially when stating the 
minimum height of cover. 

Norwegian document [19] specifies a minimum soil cover of 2.5 m that should be maintained 
within the span of the structure in the cases of flexible protection structures. On the other 
hand, the different depths of soil cover that were used in this study (i.e. 1 m, 2 m, and 3 m) 
had a unified definition being set at the crown point crown

ch . The fact that for each of these soil 
covers crown

ch , the introduction of different slopes induces a reduction of soil cover slope
ch  that 

can be calculated as a function of crown
ch , the slope intensity, and the top radius of the conduit 
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Rt (see Figure 8). The actual depth of soil cover slope
ch due to a uniform slope (observe Figure 

8) can be evaluated according to the following equation: 

( ) ( )slope crown
c t c tsinh R h Rθ= + ⋅ −     (1) 

Where θ is the angle of the surface slope with respect to the vertical line. 

 

Figure 8. Sketch showing the definition of soil cover in slopes slope
ch . 

Therefore, the soil depth slope
ch  of the modelled cases can be calculated according to equation 

(1) for each of the slopes and are shown in Table 1. 

Table 1. Calculated slope
ch for all the modelled cases. 

Case 
crown
ch  
(m) 

slope
ch (m) Minimum depth of 

cover according to 
(m) Slope (%) 

10 20 30 40 50 SDM 
[7] 

CHBDC 
[22] 

I 
1 0.96 0.84 0.66 0.42 0.15 

0.5 
(1.0)b 

2.21 
(1.0)a 2 1.96 1.82 1.62 1.35 1.04 

3 2.95 2.80 2.57 2.28 1.93 

II 
1 0.97 0.89 0.77 0.61 0.42 

0.5 
(1.0)b 1.47 2 1.97 1.88 1.73 1.54 1.32 

3 2.96 2.86 2.69 2.47 2.21 

III 
1 0.99 0.94 0.87 0.78 0.68 

0.5 
(1.0)b 0.70 2 1.98 1.92 1.83 1.71 1.57 

3 2.98 2.90 2.79 2.64 2.47 
a 1.0 m as a minimum depth of cover considering that Case I has a SuperCor (deep) 
corrugation, while a value of 2.21 neglects the effect of corrugation size.                                                                                  
b 1.0 m in the case of a railway culvert for maintenance purposes. 

One may note that the Norwegian requirement [19] of a minimum 2.5 m soil cover within the 
span of the structures entails that most of the modelled cases fail this criterion except for few 
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cases particularly when having crown
ch  equal to 3 m. The findings of this study may suggest 

that there could be a possible relaxation of this prerequisite especially when looking at the 
performance (stress ratios) of the studied cases in Papers I and II. This cost-related relaxation 
could be defined more to the geometry (i.e. span, height) and the slope intensity above the 
structure, which should take into consideration the live load effects rather than being a fixed 
value, where such relaxation could be subsequently supported with numerical calculations as 
FEM. 

From a design perspective, the minimum depth of cover is normally associated with live load 
bending moments and the possibility of soil wedge upheaval above one side due to an 
eccentric on one other side of the conduit [35]. The SDM generally considers live load 
bending moments in the design process for the SLS and ultimate limit state as well, where this 
normally lead to a higher soil depth than the minimum requirement, which might explain the 
low requirements of height cover in standard conditions (see Table 1). The CHBDC may 
however demand higher requirements (Table 1) in terms of minimum height of cover, which 
could be referred that live load bending moments (apart from metal box structures) are 
normally neglected for shallow1 corrugations structures at ultimate limits state, while it is 
taken into consideration for deep2 corrugations structures.  

On the other hand, a soil failure could be of an issue and should be accounted for when 
designing flexible culverts in sloping terrain. However, it should be theoretically possible to 
connect the requirement of minimum height of cover in the case of surface slopes (especially 
if layouts design controls are set regarding deviation point distance for avalanches) in a way 
to avoid having soil stability above the structure. A comparable study [36] was performed (no 
slopes) by considering only the soil failure criterion under defined traffic loads, and later 
integrated in CHBDC [22,35] with regard to the soil depth requirements for large span 
structures made of deep corrugations. At the same time, one may note that the sensitivity of 
flexible structures in sloping terrain to the geotechnical stability (see Paper I) can be more 
influential on its performance especially considering the soil properties variability and the 
types of loads (i.e. avalanches) that can be encountered for this type of application. 

Sectional forces 

The evaluation of sectional forces due to soil and live loads should involve different factors 
reflecting the geometrical and flexibility aspects of flexible culvert. However, the findings of 
this study may suggest that the approximate linearity trend for the change of normal forces in 
the conduit due soil (i.e. sloped surfaces) and avalanche loads could be predicted by some 
kind of regression analysis for the extracted FEM values. While bending moments are found 
to be more difficult to anticipate as they had unsystematic tendency due to slopes and loads. 
Therefore, one could attempt to relate the development of normal forces as an example in 
light of SDM. However, the proposed methods of normal force estimation are considered for 
preliminary studies only. Rigorous analysis needs to be performed on a project specific basis.   

1 Structural plate corrugations with a pitch between 150 and 230 mm and a rise between 50 and 65 mm. 

2 Structural plate corrugations with a pitch between 380 and 400 mm and a rise between 140 and 150 mm. 
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Normal force due to soil  

Under horizontal or near horizontal slopes (less than 10%), the characteristic value of normal 
force Ns due to soil is typically calculated by equation (2), where it is considered as a function 
of span D, effective height H, depth of soil cover hc, soil density ρs, and soil arching factor Sar 
[7]. This evaluation of normal forces due to soil in SDM was based on the work of Duncan 
[37] and later developed by adding the effect of arching based on the work by [38]. It is worth 
mentioning that the soil density ρs in this study is assumed the same for the side filling and the 
overfill soil. 

2 2c c
s ar s0.2 0.9 0.5s

overfillsidefill
h hH HN D S D

D D D D
r r = + − 

 

+

+

    (2) 

On the other hand, the extracted normal force values from FEM that are presented in Table 4 
in Paper I can be used as basis for the prediction of total normal force slope

sN for the soil 
loadings due to the presence of different surface slopes. At first, the FEM values at zero slope 
were used as Ns values in equation (2) to back-calculate the corresponding soil density ρs, 
where soil depth at crown crown

ch (see Table 1) was used as hc value for the calculations. The 
back-calculation resulted in different soil densities for each of the crown

ch values and they were 
all less than the real values assumed in the simulations (compare Table 2 and the values in 
Table 2 of Paper II). This variation among the values could be related to the derivation (i.e. 
the linear regression) of the original proposed equation by Duncan [37]. However, this 
outcome should not necessarily mean that the FEM values are more accurate than the SDM 
equation, as designers may need to account to other factors in their simulations such as the 
relative movement of soils (i.e. negative arching) around the conduit if realized to occur. 

Table 2. Back-calculated soil density for normal forces evaluation. 

Case crown
ch  (m) Back-calculated soil density 

(kN/m3) 

I 
1 13.0 
2 13.5 
3 13.7 

II 
1 11.4 
2 12.4 
3 12.8 

III 
1 12.8 
2 12.5 
3 12.1 

One way to apply SDM equation (2) to predict the increase of normal forces due to slopes is 
to back-calculate an effective depth of soil cover eff

ch that leads to the same FEM values in the 
presence of slopes. In order to maintain the same margins between SDM and FEM, the back-
calculation was performed using the same back-calculated soil densities (Table 2) and by 
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neglecting the arching factor Sar as one may realize that soil arching could be negatively 
affected in the presence of surface slopes.  

Figure 9 shows a contour map for the effective depth of cover eff
ch presented as ratios of span 

D for the different modelled cases. One may note the linear trend of normal force due to soil 
with respect to the slope increase. Hence, in the case of a uniform surface slope (see Figure 
8), the total normal force due to soil can be estimated using the same equation (2) of SDM 
with the use of eff

ch value instead of ch , and applying the real density of the soil materials. 

 

Figure 9. Effective depth of soil cover ratio eff
ch /D for the calculation of normal force due to 

soil for different surface slopes. 

Normal force due to avalanche 

SDM [7] evaluates live load normal forces by calculating an equivalent line load ptraffic,k that 
leads to the same vertical stress at crown that is calculated for any arbitrary surface live load. 
The principle of ptraffic,k is normally applied where there is a local effect of the surface loads 
such as road traffic or trains (i.e. axle load and bogie loads). The SDM also evaluate the 
normal forces due to a uniformly distributed load qk. 

The application of flexible culverts in sloping terrain would require studying on how to 
account for the different types of live loads in design methods for this area of application. For 
instance, even for the static part of snow/avalanche, the presence of surface slopes generates 
friction hydrostatic surface forces that need to be considered in addition to the deviation 
forces components in the case of a close deviation of avalanche flow. 

As a start, the nature of avalanche loads could be hypothetically considered to have an effect 
similar to a distributed load qk rather than a local effect of the equivalent line load ptraffic,k. For 
the analysed models, the avalanche had hydrostatic force components Pn and Pt and deviation 
forces components Fn and Ft, which were described and calculated for the different slopes as 
illustrated in Paper II. Thus, in order to find a correlation between these surface loads and 
their effect being the normal forces, one needs to extract and examine the normal forces due 
to avalanches separately. For instance, Table 3 shows the maximum normal force due to 
avalanches extracted from the modelled cases pertaining to Swiss load model. One may note 
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that even for the 18 m deviation point, the culvert wall seems to absorb part of the surface 
avalanche loads and the magnitude of normal forces expectably increases when reducing the 
deviation point distance to 10 m. In slopes less than 10%, the SDM calculates live load 
normal force Nt,q for a uniformly distributed load qk according to equation (3). The method 
also accounts for the geometrical aspects in the case of having Rt/Rs > 1.0 by multiplying 
using the factor (Rt/Rs)0.25 to the value of equation (3), where Rt and Rs are the top and side 
radius of the wall conduit respectively. 

t,q k2
DN q=        (3) 

Table 3. Maximum normal force due to avalanche loads only, FEM
avalancheN  (Swiss load model 

only). 

Case 
crown
ch  
(m) 

Maximum FEM normal force due to avalanche (kN/m) 
Slope (%) 

10 20 30 
Deviation point distance (m) 

18 10 18 10 18 10 

I 
1 183 358 166 _ 124 _ 
2 183 350 166 277 133 _ 
3 180 335 162 270 128 205 

II a 
1 117 _ 105 _ _ _ 
2 120 221 106 183 83 _ 
3 117 210 103 171 81 131 

a only values for Case II corrugation size 200 × 55 × 7 mm are shown. 

In the case of slopes and avalanche loads, one could separate the effect of hydrostatic forces 
Pn and Pt being uniformly distributed over the full length of the surface slope, and the effect 
of deviation forces Fn and Ft being distributed over a defined surface length as in the cases of 
18 m and 10 m deviation point distances of this study (see Fig. 5 & Fig. 9 in Paper II). 
Therefore, equation (3) could be rewritten in the form of equation (4) below: 



.W . .
0.25

t
avalanche n avalanche

s2 2

Aval eight Dev Forces Horz Forces

D D RN P q R

+ 
  = +     
 

+

   (4) 

Where qavalanche is the effect of all other surface forces (Pt, Fn, and Ft) and proposed to be 
calculated as the maximum vertical pressure occurring in the vacancy of culvert span D as 
illustrated in Figure 10. The uniform distributed pressure qavalanche is proposed to be calculated 
hypothetically based on a horizontal surface slope and using the concepts of Boussinesq 
(semi-infinite elastic soil body) for point loads, which is similar to the one used in SDM. The 
equations to calculate vertical pressure increase for vertical and horizontal surface points [39] 
are as per equations (5) and (6) respectively.  
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For vertical point load 
( )3

5

3
2

crown
cV

v

hP
s

s
π

=     (5) 

For horizontal point load 
( )2

5

3
2

crown
cH

v

x hP
s

s
π

=     (6) 

Where P is the point load, s is the distance between the point load to the calculation point and 
x is the horizontal distance from the point load to the calculation point of interest. 

 

Figure 10. Proposed model for the calculation of qavalanche shown for the case of 18 m 
deviation point distance (i.e. x = 0). 

Therefore, by using equations (5) and (6), qavalanche can be calculated for the different 
avalanche loading inputs corresponding to the different modelled slopes. Figure 11 shows the 
vertical pressure distribution along the Swiss load model for different crown

ch  and slopes. It is 
important to note that the pressure was calculated using the concept of strip surface loads 
(finite width and infinite length) [40] for both vertical and horizontal surface loads. The x-axis 
represents the location of calculation point at which stress is evaluated along the load as 
shown in Figure 10. Hence, the cases of 18 m and 10 m deviation point distances would 
correspond to x distance values of 0 and 8 m respectively (compare Fig. 9 in Paper II). 

As an example of applying the above approach for estimating the normal forces due to 
avalanche, the case of 10% slope, 2 m soil depth for Case II is illustrated. Thus, by looking at 
Figure 11, the qavalanche values for the 18 m and 10 m cases will be around 23 kN/m2 and 47 
kN/m2 respectively. Therefore, using these values and Pn (Table 2 in Paper II), one could 
estimate the normal forces due to avalanches using equation (4). The resulted Navalanche values 
would be 156 kN/m and 262 kN/m for the 18 m and 10 m cases respectively. One may 
compare to the corresponding FEM values in Table 3 being 120 kN/m and 221 kN/m 
respectively. Thus, for this case, the proposed approach overestimates the FEM values by a 
factor of 1.3 and 1.19 correspondingly.  
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Figure 11. Calculated qavalanche along the Swiss load model for different soil depths and slopes. 

Similarly, the proposed approach was used to estimate the normal forces due to avalanches 
for all the model cases shown in Table 3 in addition to the cases of SuperCor corrugation 
reported in Paper II. Figure 12 shows the ratio (margins) between the proposed approach and 
the FEM values for normal forces calculation due to avalanches. It can be seen that for all the 
analyzed cases, the proposed approach for normal forces calculation due to avalanches has a 
marginal factor of more than 1.0, though one may note that this factor seems to reduce in the 
case of a close deviation point distance (i.e. 10 m), which could indicate that the proposed 
approach may not be valid for a closer avalanches (i.e. less than 10 m deviation point). It is 
worth mentioning that the Rt/Rs ratio in equation (4) for Case II is 1.0, while this ratio has a 
value of 2.39 for Case I geometry. Ignoring this ratio for Case I calculation would result that 
the proposed method underestimates normal forces in comparison to FEM values for the same 
case. This may illustrate the importance of geometrical aspects of profile shapes for the 
estimation of normal forces induced by avalanches. 
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Figure 12. Ratio between proposed and FEM normal forces values due to avalanches for all 
the modelled cases. 

It is worth to highlight that although the proposed method has some safety margins in 
comparison to FEM values (Figure 12), yet, the idea of this excise is to show how FEM 
results can be read and linked to an existing design method such as the SDM. Therefore, the 
proposed method (s) shall be read as guidelines for conceptual understanding since this study 
has a limited nature being primarily based on numerical simulations. The same principle 
applies to the earlier proposed methodology for the prediction of normal forces due to soil 
loadings. 

4.3.3 Other aspects 

Although this study has highlighted some of the design aspects of flexible culverts in sloping 
terrain, other issues such as construction, durability, geotechnical stability, safety aspects in 
tunnelling and other project specifics are normally addressed and detailed [41]. For instance, 
one may refer to the Norwegian experience [9,19,42] that provides some guidelines on some 
of those issues that need to be considered upon design, construction and operation. However, 
few of those could be highlighted throughout the following points: 

• The geotechnical stability should be a main criterion that needs to be fulfilled in 
design considering the variation in soil properties and surface loads. 

• The use of site topography for layout design optimization should be explored by 
providing a sufficient soil support around the culvert and the possibility of avoiding 
the deflection forces of avalanches. 

• Different load cases should be considered with regard to the presence of snow deposits 
in combination with avalanche flow [20]. Rockfalls should be addressed as well if 
realized to occur. 

• Load factors concerning load characterizations should be applied for the different 
limits states of design [20,42].  
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• Durability of the structure in terms of the material corrosion and the protection against 
erosion factors shall be addressed. Proper drainage system should be implemented. In 
addition, issues such as illumination, maintenance and the possible need for 
ventilation should be discussed. 

• The length of the protection structure should be studied by careful consideration of the 
avalanche flow and width. 

• Safety aspects with regard to tunnelling (i.e. [43]) shall be considered if applicable for 
a safe tunnel operation for road users.  
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5 Conclusions 

5.1 General conclusions 

The study highlighted the use of flexible culverts as an alternative solution to conventional 
structures in sloping terrain in general and as an avalanche protection structures in particular. 
The use of FEM was utilized in understanding the behaviour of different case studied in 
asymmetrical soil conditions and under predefined avalanche loads. The effect of soil loading 
and avalanche loads were separately investigated in Paper I and Paper II respectively. The 
following list outlines the main conclusions derived from this study. More detailed 
conclusions are presented in the appended papers.  

• The use of FEM in capturing the composite behaviour of flexible culverts can be 
delicate and rather tricky. However, despite the nature of this study being based on 
numerical simulations, such technique could help in providing insights about SSCB 
performance for the different construction conditions and applications. 

• Considering its asymmetrical nature, the deformation response of flexible culverts 
needs to be more addressed and controlled for this type of application. In addition, the 
proximity of avalanche loads may induce significant deformations that should be 
reflected in design. 

• The geometrical aspects of profile shapes have more pronounced effects on their 
performance when introducing slopes to the structures. 

• The critical section of maximum stress was found always to coincide with the location 
of maximum bending moment in the wall conduit. Hence, the proper estimation of 
bending moments becomes particularly essential when constructing flexible culverts 
in sloping environment. 

• Unlike the complex tendency of bending moments, the normal forces could be 
predicted as they tend to change linearly in response to surface slope variation and 
avalanche loads. 

• Low heights of cover comprise more sensitivity of the structure to the steepness of 
surface slopes and avalanche loads. Therefore, shallow depths of soil cover shall be 
avoided. 

• Providing a sufficient soil support around the conduit and increasing the height of 
cover could help largely in improving the flexural response with regard to passing 
avalanches. In relation to that, the downhill soil support configuration has substantial 
effects on the flexural response of flexible culverts.  
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• The presence of a flexible culvert in sloping terrain may adversely influence the soil 
stability; though increasing the depth of soil cover reduces the risk for soil failure 
above the conduit. 

• Design methods would need to adopt the changes occurring upon the introduction of 
asymmetrical soil conditions and the types of loads that are expected for this kind of 
application. 

• Although this study has covered several key factors that may affect the performance of 
flexible culverts in sloping terrain, there are other equally important issues that 
normally need to be addressed concerning, construction, durability, and safety aspects 
upon the design of flexible culverts in sloping terrain. 

5.2 Further research 

The construction of flexible culvert in a sloping environment entails new construction and 
design challenges that could be explored. For instance, the effect of soil reinforcement in the 
case of having lack of space for the backfill material is of interest. Rockfalls load effects, 
design layout optimization, and concerns regarding soil stability are also interesting topics 
when designing flexible culverts in sloping terrain. 

The findings of this study were mainly based on numerical simulations. Therefore, it would 
be greatly desirable to verify the results with full-scale experiments on real structures. 
Although the study included methods for the estimation of normal forces, additional study 
would be needed for the valuation of bending moments as well. In any case, the further 
implementation on how to device such findings into a design method including the different 
states of design is an important topic for future research. 
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