CULVERTS FOR DRAINING TORRENT-SYSTEMS DURING FLASH FLOODS -
CURRENT STATE AND IDEAS FOR IMPROVEMENTS
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ABSTRACT

Culverts are major structures for the drainage of urban areas. In times of climate change, those structures are getting even more important,
since intensity and frequency of heavy rainfalls increase - especially in the (pre)-mountainous region. In order to assess and to manage
future torrents and floods, an exact determination of discharge capacity of culverts is mandatory. Due to the complex interaction between
free and pressurized flow, aeration and blockage, exact determination is challenging. The resulting hydraulic system might be unstable over
time, which can harm the construction of the culvert. This study summarizes those challenges and highlights practical aspects by applying
analytical approaches on an exemplarily culvert. Thereby, constructive adjustments are proposed and developed, that can improve hydraulic

performance of those structures.

INTRODUCTION

In times of climate change, intensity and frequency of heavy rainfalls increase (Rajczak & Schir, 2017). Especially urban areas, that are lo-
cated in the (pre)-mountainous region, are affected as shown for the Alpes (Kotlarski et al., 2023). In the alpine region, torrents are often
tubed in culverts. Experience has shown that most of these structures are not dimensioned according to the prevailing conditions. Therefore,
the capacity of culverts has to be developed in a post-process and the total drainage efficiency of catchment cannot be assessed ad hoc.
However, this information is highly relevant in order to prevent dangerous and cost-intensive flooding events in urban areas. In Portugal
for example, it was found that a relevant number of culverts can no longer stand the upcoming hydrological events (Bastos et al., 2020). To
assess the functionality of culverts in torrent systems, available literature is limited in its applicability to those structures. Especially in com-
plex culverts with changing slopes and cross sections, manual hydraulic analysis is limited (Balkham et al., 2010). The interaction between
steepness, length, aeration and inflow conditions enhances difficulties in the determination of flow conditions. Those inflow conditions
are strongly affected by flow resistance by rack structures, blocking by woody debris (Blanc et al., 2014), the roughness of vegetation and
clogging by sedimentation (compare Figure 1, . Since sediment and woody debris are major factors for failure of culverts during floods
(Cafferata et al., 2004), they must be considered in investigations on discharge capacity of culverts in torrent systems. This study tests the
applicability of recent analytical approaches for determination of discharge capacity on an exemplarily culvert of a Bavarian torrent. Sedi-
mentation processes and woody debris interactions are qualitatively considered in this study. Based on these findings, constructive adapta-

tions are developed to improve the hydraulic performance of culverts.

METHODS

Flow within culverts and torrents can be open channel or pressure flow. For determining the exact discharge capacity, several analytical ap-
proaches for both open-channel and pressurized flow were used, since clear flow definition in complex culverts is difficult. Those approach-
es were applied to a culvert of a Bavarian torrent to demonstrate the challenges of exact discharge determination. This culvert is 93 m long
and shows a diameter of 1.2 m. One manhole is built after 42 m, another one after 67 m. The slope of the headwater and the culvert until
the first manhole is 2.0 % and is reduced to 1.9 % for the remaining culvert. The slope of the tailwater amounts 0.1 %. If headwater exceeds
1.8 m (with reference to the lowest point of the culvert in the inflow), the ground level gets flooded. Therefore, the maximum headwater is

assumed to Hmax = 1.8 m. A sketch of this culvert is shown in Figure 1, I, IT and TII.
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Figure 1: Sketch of a culvert with its front view including the potential risks (1), front view in case of clear water (Il.) and its longitudinal section including relevant dimensions (Ill.). (a) - (d)

— possible flow development. Sketch is not scaled.
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The sharp-crested inlet structure of the culvert causes an abrupt change of cross section. This induces afflux and previous numerical results
confirm subcritical flow at the inlet. Regarding the tailwater, it could be shown, that no backwater effect occurs. Figure 1, III illustrates the
longitudinal cross section of the exemplarily culvert including possible flow developments (a) — (d) described in the section below.

Until a value of the relation head (H) to diameter (D) smaller than 1.2 - 1.5 (Chow, 1959), free inflow conditions may occur (compare surface
line in Figure 1, III, a), because the critical state at the inlet forms the control cross section. Since the critical H/D - relation varies depending
on the inlet geometry and approach conditions (Chow, 1959), enhanced roughness in the inflow section due to vegetation, floating debris
and rough river bed stabilization may reduce this critical value.

If the inlet is impounded, different types of flow conditions are possible. Those are sketched in Figure 1, III, (b) - (d).

(b) Free surface flow occurs directly after the impounded inflow section.

© Pressurized flow develops until the first manhole, where aeration enables the flow to separate from the wall and end up in free
surface flow.

(d) The flow is pressurized until the outlet of the culvert.

Conventional diagrams to distinguish those flow types are not suitable, because the relation of the length of the culvert to the diameter
exceeds validity (Aigner & Bollrich, 2015; Chow, 1959). The manholes even complicate this distinction, because it cannot be defined, if the

airflow suffices for the flow separation from pressurized to free surface flow.

For type (), the free inflow is controlled by the critical state. This is determined by using the head as the minimal energy head for deter-
mining the critical depth (h.crit) and therefore discharge (Q(h.crit)). An empirical formula is provided by Stephenson (1981) that calculates
the discharge of a culvert without an impoundment at the inlet. To indicate the theoretical maximum capacity of the culvert neglecting flow
transition at the entrance, the uniform free surface level is calculated (h.u) and the resulting discharge (Q(h.u)).

If the inlet is impounded, several formulas are available for determining the discharge. Assuming that free flow develops directly after the
inlet, Linsley & Franzini (1964), Bodhaine (1968 in French, 1985) and Stephenson (1981) provide formulas.

In case of a pressurized culvert, hydraulics of pressurized flow according to Bernoulli can be applied for determining the discharge (Aigner
& Bollrich, 2015). Roughness and local losses are essential for a precise calculation. Here, losses due to the manholes are neglected, but in
reality, they might have a crucial impact on total energy loss. Furthermore, additional inlet and outlet losses due to vegetation or blocking

by debris and sediments are not considered too.

RESULTS AND DISCUSSION

The different introduced flow types (a) to (d) applied to the exemplarily culvert result in a wide range of possible discharges, shown in
Figure 2. In case of 1.8 m head (refers to H/D = 1.5), discharge can vary between 2.64 and almost 5 m3/s. This means a difference of ca. 90
% between the highest and the lowest value. Due to the aeration by the manholes, skipping between different flow types and therefore dis-
charge efficiency may be possible. The range of uncertainties even increases, if sedimentation and blocking by woody debris is considered
(compare Figure 1, I). These aspects can reduce the capacity to nearly 0 m3/s. The limitations of applicability of equations mainly depend
on the relation H/D. The critical value for differing (a) and (b) varies between 0.8 and 1.5 (compare Stephenson 1981; French, 1986). In this
specific case, this loose critical value can cause high instabilities and erosive forces at the inlet. Although real values of type (¢) and (d)
might be lower than the calculated ones, using the pressurized flow can increase the culvert capacity. Compared to flow types (a) to (d),

uniform open-channel flow provides best discharge performance for H/D < 0.8 (compare Figure 2).
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Figure 2: H -Q-Diagram. Ordinate represents the relation between energy level (H) and diameter (D) for all approaches except in case of Qfh.u). h.u refers to the uniform flow depth (h.u)

within the culvert.
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Nevertheless, problems may occur in a pressurized system during uncontrolled pulsations. The pressure head is too low to cause cavitation,
but backflow effects may hinder run off water to enter in the culvert by the adjoining sewer system. This can cause undesirable flooding in
urban areas. Furthermore, the aeration by the manholes can provoke a continuous transition between pressurized and free surface flow that
may decrease the discharge efficiency and harm the construction material. Therefore, in terms of structural and flood safety, free surface flow
conditions within the culvert without negative impacts on discharge capacity are preferred. Compared to other approaches, uniform flow
conditions within the culvert show the highest discharge capacity and provide safe discharge transportation under free surface conditions.
Both pressurized flow and uniform flow conditions can increase discharge efficiency. Hence, constructive improvements should target those
two flow conditions.

Based on these findings, three different types of constructive adaptations are proposed, developed and presented for improving hydraulic
performance in case of clear water (without considering sediment and woody debris separately). Those are sketched in Figure 3 and ex-
plained in the following:

No.1  An additional inlet structure with a gate that shows a significant greater cross section than the culvert ensures supercritical flow
conditions and therefore complete usage of maximum capacity of the culvert. Furthermore, a rake can be installed to prevent woody debris
inside the pipe. Due to enhanced velocities, sediment can be transported through the culvert.

No.2 A smooth open channel that transits from a rectangular cross-section to a circular one, in front of the culvert can ensure supercrit-
ical flow and prevent flow transitions. This can achieve the maximum capacity of the culvert. The acceleration in front of the inlet supports
sediment to be transported through the culvert.

No.3 A panel or gate in front of the first man hole /aeration shaft can be installed to provoke pressurized flow in the first culvert section.
The manhole guarantees aeration and therefore free flow in the following culvert section. A shield at the inlet section can raise the head

and therefore pressure head in order to increase the discharge.
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Figure 3: Constructive adaptations (No. 1), (No. Z) and (No. 3) to increase discharge capacity. Sketch is not scaled.

In adaptation No. 1, smooth material and smooth formwork is essential, to grant supercritical flow upstream of the culvert during the total
duration of the flood wave. The spillway chute between upstream inlet structure and culvert must be long enough to guarantee the develop-
ment of uniform flow conditions at the entrance of the culvert, otherwise the maximum capacity of the culvert cannot be used. Additionally,
the surrounding area must provide enough space for the upstream inlet structure. It must be ensured that sediment does not accumulate at

the outlet of the culvert. This would decrease the cross section and therefore the capacity again.

In adaption No. 2, no inlet structure is necessary, but the chute spillway upstream of the culvert must show a long extension to guarantee
supercritical uniform flow conditions. It may be difficult to achieve supercritical flow conditions in the chute, if the slope is too low. Smooth
material and smooth formwork are essential to prevent flow transition from supercritical to subcritical flow in front of the culvert during the
total flood wave. The prevention of sedimentation at the outlet of the culvert is essential to guarantee the maximum capacity.

In adaptation No. 3, it must be proven that the culvert can cope with the effects of the transition from open channel to pressurized flow

(pressure, pulsation, backwater, ...) during an increase of discharge. The manholes / aeration shaft must ensure that the air demand of the
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flow is covered. To increase the discharge efficiency, a shield in front of the inlet can be installed to raise the head. Therefore, further con-
struction works are necessary and the surrounding area must be suitable for the additional impounding of the headwater. The shield should

be rounded to reduce contraction of the free surface flow and increase the discharge capacity.

Feasibility studies can rate, which of these constructive adaptations may be the most suitable one. These feasibility studies must include
considerations about sediment and woody debris load in the torrent system. In case of an impounded system, sediment continuity must
be ensured. On contrary, woody debris should be prevented to enter the culvert. Those issues are highly relevant for determination of the
discharge capacity of the status quo, too. The interaction between culvert characteristics, aeration shafts, slope of head and tailwater, inlet

structure and rake system are essential for a holistic understanding of culvert systems.

CONCLUSIONS & OUTLOOK

Many interacting aspects enhance the difficulties to determine an exact discharge capacity of culverts, especially if aeration shafts are avail-
able and culverts are long. This determination is essential for detecting the status quo of vulnerable areas. We showed that conventional
analytical approaches do not cover relevant aspects, to determine an exact value. Therefore, research is urgently needed to provide valid
calculation approaches that consider representative loss coefficients in case of vegetated and blocked inlet and outlet structures. Neverthe-
less, we provided possibilities to improve the discharge capacity of these types of culverts. Those constructive measures can be investigated

in order to optimize its function in terms of discharge capacity but also sediment continuity and woody debris retention.
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