Environmental Earth Sciences (2020) 79:25
https://doi.org/10.1007/512665-019-8749-3

ORIGINAL ARTICLE q

Check for
updates

Effects of shape, inlet blockage and wing walls on local
scour at the outlet of non-submerged culverts: undermining
of the embankment

Alvaro Galan'® . Javier Gonzalez'

Received: 2 November 2018 / Accepted: 27 November 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Drainage works using culverts are potentially affected by local scour risk. Local scour process is a complex phenomenon
affected by many factors. Most of them have been analyzed in previous studies, either individually or in small groups.
However, no fully joint analysis has been developed so far. Since the number of factors and interactions is high, the main
objective of this work was to determine which of them best represents the dimensions of the scour hole and the embankment
undermining. 80 experiments have been designed and developed and studied by ANOVA techniques. These results highlight
the effect of wing walls with a floor slab at the outlet and the inlet blockage, showing them to be of major importance. The
influence of the tailwater depth and the culvert shape on the scour hole are confirmed as relevant factors, as well as the pres-
ence of wing walls. Some interactions have been identified as relevant. The main outcome of this work is the set of factors
and interactions that has significant impact on local scour process occurring beside a culvert. This selection is the basis for
performing further experimental work in the future to obtain a general empirical law that quantifies this kind of local scour.

Keywords Culvert local scour - Embankment undermining - Culvert wing walls - Hydrology risk - Non-submerged culverts

Introduction

Transportation networks are of major importance for the
transport of people and goods and, therefore, for the econ-
omy of a country, and as such they can be considered as
critical infrastructures (Heimbecher and Kaundinya 2010).
These networks affect the natural surface drainage pattern
of watersheds and produce an unnatural concentration of
water run-off at drainage structures, mainly culverts. As a
consequence, the modification of the flow yields to an excess
of kinetic energy at the culvert outlet that makes culverts a
potential source of local scour (Opie 1967). Besides, due to
the large number of existent culverts, small and medium-
size ones are often constructed without measures to pre-
vent scour (Day et al. 2001) which can lead to an excessive
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undermining of the culvert structure, causing failure of the
structure and the embankment (Abt et al. 1996; Mendoza
et al. 1983).

Several studies have been performed with the aim of
understanding the complex scour phenomenon at flat jet,
2D and 3D jets outlets (circular and square shapes mainly)
during the past decades [see Breusers and Raudkivi (1991)
for further details of the different types of jet]. Some authors
like Chen (1970) or Abt et al. (1987) concluded that, under
the same flow rate, a square culvert with a height equal to the
diameter, d, of a circular one, would reduce the maximum
scour depth, d .., defined as the vertical distance from the
original (flat) bed elevation to the deepest point in the lon-
gitudinal scour profile. In contrast, some other works, e.g.,
Bohan (1970), pointed out that with low tailwater depths,
i.e., Y, < 0.5d, the culvert shape has little or no influence on
the scour hole geometry. Some of early experimental works
for circular culverts are those by Ruff et al. (1982), Mendoza
et al. (1983) or Abt et al. (1984). For squared culverts there
are fewer works but to mention some, the reader is referred
to those by Abida and Townsend (1991), Karki et al. (2007)
or Sorourian (2015).
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As noted above, Y, is one important factor which
influences local scour and therefore it has been broadly
approached for both emerged (Y, /d < 1) and submerged jets
(Y,/d > 1). A complete record of some experiments with non
submerged jets carried out by other authors can be found
in Day et al. (2001). One of the highlights is that a critical
value of ¥, /d exists for which a maximum value of scour
depth is yielded. This critical value has been found to be
close to Y, /d =~ 0.5 (Bohan 1970). For very low tailwater
depths, i.e., ¥;/d < 0.2, the formation of a high mound over
which the flow can not discharge material leads to a decrease
of dg .x» @s pointed out by Abida and Townsend (1991).
More recently, Emami and Schleiss (2006) revealed that for
very low tailwater depths d; ,,, decreases but the scour hole
develops closer to the pipe outlet, which could produce the
undermining of the embankment and its collapse. To the
author’s knowledge, no studies to analyze the undermin-
ing of the embankment have been conducted to date, even
though this phenomenon is, perhaps, the most important one
when analysing the embankment stability.

All previously mentioned works were carried out with an
uniform non-cohesive sediment, so that the maximum scour
depth is not expected to be diminished by armouring effect
(Abida and Townsend 1991), as happens when the granu-
lometric dispersion 6, = 4/dg,/d;c > 1.3. Abt et al. (1984)
is perhaps the first work that explicitly includes o, into the
predictive equations for the scour hole geometry. For non-
cohesive uniform sediments, the mean sediment size, ds,
has been shown to be an important parameter to properly
predict the scour hole dimensions. According to Abida and
Townsend (1991), although the hole width, W, which rep-
resents the extent of lateral expansion of the scour hole is
independent of ds, the greater the ds, the smaller the maxi-
mum scour depth within the hole, d .. However, it has
been widely assumed (Ali and Lim 1986; Day et al. 2001;
Sarathi et al. 2008) that the effect of the sediment size on
scour hole dimensions is mostly absorbed by the densimetric
Froude number, F|,, defined as

U,
F,= 0o, )
\/8Ad50

where U is the mean flow velocity just at the culvert out-
let, g is the gravitational acceleration and A = (p, — p) /p
is the relative submerged density of the sediment where p,
and p are the sediment and fluid density respectively. The
densimetric Froude number, which represents the ratio of
the tractive force on a sediment particle to the submerged
specific weight of the sediment (Day et al. 2001), has been
clearly imposed upon some other characteristic parameters
like the Froude number at the outlet, the intensity discharge
parameter introduced by Ruff et al. (1982) or its modified
version defined by Donnell and Abt (1983). The influence of
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F, on the scour hole dimensions seems to be clear in values
of up to Fy = 10, where d_ .., increases with Fy (Lim 1995).
Additionally, Sorourian et al. (2014a, b) and Sorourian
(2015) recently reported an increment of 22% in maximum
scour depth and up to 25% for the scour hole width when
a culvert is partially blocked at the inlet, and that the loca-
tion of maximum scour depth occurs closer to the culvert
outlet with respect to the condition of non-blocked culverts.
This is due to the fact that the resultant turbulent flow both
throughout the barrel and at the outlet are quite different for
partially blocked and non-blocked conditions with the same
discharge.

Apart from d .., the location of maximum scour depth,
Ly max» defined as the horizontal distance measured along
the longitudinal centreline between the culvert outlet and
the point where d ., takes place, is also important since
if the maximum scour depth occurs near the embankment,
it is easier for embankment failure to arise. From previous
studies it can be concluded that L .., varies between 0.25L
(Fletcher and Grace 1972) and 0.7L, (Lim 1995), where L,
is the scour hole length, defined as the longitudinal distance
from the culvert outlet to the downstream limit of scour.
However, the location of maximum scour depth could be
larger as tailwater depth, Y,, increases (Kells et al. 2001) or
smaller for culverts with headwall at the outlet (Mendoza
et al. 1983). Even though these elements at the inlet/outlet of
culverts are very usual, very few studies have dealt with their
effects on the scour at the outlet. For instance, Abida and
Townsend (1991) noted that with high flow rates wing walls
are not able to promote an efficient redistribution of velocity
across the downstream channel section, and so it can yield to
failure by undermining the culvert floor slab. In that work,
they also noted that the restriction on lateral expansion of
the outlet jet imposed by the receiving downstream chan-
nel width, B, has to be considered as an accurate prediction
of scour. It is generally assumed that the expansion ratio,
defined as B/ d, has no influence for values B/d > 10 (Lim
1995). For values below that limit, B / d does not have influ-
ence either if both Fy and Y, are sufficiently large (Sui et al.
2008).

Within this context, several predictive equations based
mainly on experimental measurements for scour hole geom-
etry in both unsteady (instantaneous scour) and asymptotic
(equilibrium scour) conditions have been presented. Mel-
ville and Lim (2014) compiled most of the previous data
and formulations for local scour depth with 2D horizontal
jets to develop a new and unified prediction equation. Other
researchers have employed other techniques like Neural Net-
works (Liriano and Day 2001), Gene-Expression Program-
ming (Azamathulla and Haque 2012) or CFD (Boroomand
et al. 2007; Karim and Ali 2000) to correctly estimate scour
at culvert outlets with quite good results. However, data
related to the undermining of the structure, the effects of
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wing walls at the outlet or the partial blockage at the inlet are
still scarce. Additionally, as noted by Day et al. (2001), most
of the published data on culvert scour has been collected
from relatively small-scale physical models.

Given the above background and the underexplored effect
of wing walls, which are frequently used in real applica-
tions, the present study intends to analyze the effect of a
wing walled outlet with a floor slab and blockage at the inlet
on the local scour with two culvert geometries (mainly the
maximum scour depth, d; .., and its location, L ..). This
study also aims to understand the influence of some vari-
ables on the undermining of the associated embankment.
Hence a cantilevered embankment above the granular chan-
nel is employed.

A set of 80 experiments over square and circular shaped
culverts (d =0.153 m) with non submerged outlets
(Y,/d < 1) has been carried out for this purpose. The objec-
tive is to understand and identify those factors which have a
greater effect in the associated undermining. The effects will
be classified by an ANOVA analyses, which will result in
a qualitative factor influence classification. The results will
be the main reference for performing deeper, more detailed
experimental work on the selected factor in the future, to
obtain experimental equations on which to model associated
undermining characteristics.

As for temporal evolution, local scour at culvert outlets is
a temporal phenomenon with different phases that occur dur-
ing the process (scour beginning, digging, filling, re-occur-
rence of digging) which have been studied by, among others,
Kells et al. (2001), Karki et al. (2007) and Balachandar and
Reddy (2013) for different flow conditions, tailwater depths
ranges and culvert shapes. There has been no consensus on
the equilibrium time, understood as the required time for the
scour hole to reach a stable condition. For instance, Men-
doza et al. (1983) concluded that the 95% of scour is reached
during the first 500 min, while Ade and Rajaratman (1998)
stated that the equilibrium time is even greater that 8 days. It
seems clear, however, that the equilibrium time increases as
Fincreases (Rajaratnam and Berry 1977) and that the closer
is the outlet, the smaller the time to reach the asymptotic
state (Faruque et al. 2006). Since we are interested in the
factors affecting the embankment undermining (i.e., scour
close to the culvert outlet) we will not consider the time as a
main variable in the experiments if we ensure a reasonable
duration of them.

Framework for analysis

Figure 1 shows a scheme of the case under consideration.
As can be observed from the 3D view, fluid goes into the
transparent culvert through an initial reservoir supplied
by pumps. Two video cameras are located at the dry zone

limited by two vertical walls that simulate the embankment.
The receiving channel is composed by sediment (brown
color) at the first 4 m and a bed made of concrete where the
gate is installed to fix the tailwater depth. Note that sediment
bed extends below the rigid embankment in order to allow
the undermining of the structure.

For a non-cohesive sediment (the most unfavourable of
the cases), horizontal barrels and null offset vertical dis-
tance, we can write for any dimension of scour hole (assum-
ing equilibrium state)

§=W(P’ V?g7d50ao-g’psaB’d9 Yu7 Y[a Q,L’ks)a (2)

where £ is any scour hole dimension, y is an unknown func-
tion to be obtained, v is the kinematic viscosity of fluid, ¥,
is the headwater depth, Q is the flow rate and L and k are
the culvert length and roughness, respectively (the rest of
the variables have already been presented throughout the
introduction).

Note that above, the flow rate can be related with other
variables

0= l[/(p, v,8,d, Y, Y.L, ks),

and one of them should be eliminated from the analysis.
However, since we want to consider the inlet blockage and
the outlet configuration in the problem, we cannot eliminate
Q from Eq. 2. By dimensional analysis we can write

4 <V2 d50 B Yu Yt Q2 L ks)

= g?’j’o-g’A______

d 'd’d d gd5d d )

5=
Some factors have to be taken into consideration in order to
simplify Eq. 3:

1. viscous effects and roughness of barrel are negligible.
According to Day et al. (2001) scale effects are negligi-
ble when the pipe Reynolds number is Re > 5 x 10*,

2. the submerged relative density of sediment, A, can be
considered constant (= 1.65) and only influencing on
the submerged weight

3. the channel bed material is composed of uniform
(6, < 1.3) non-ripple forming sand (ds, > 0.60 mm)

4. the effect of mean sediment size, ds,, is properly
absorbed if Fy is employed

5. the effects of the channel walls are negligible, which
implies B/d > 10

6. the length of the culvert related to its rise takes usual
values in practice, i.e., L/d ~ 10—15. This value has
been obtained by analysing more than 200 culverts in
road transport networks in the province of Ciudad Real
(Spain) where L/d = 10.6 +6.1.

Under the considerations outlined above, Eq. 3 reads
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Fig. 1 Schematic approach =
to the problem with the main o
lengths in plant view (top), §
profile view (middle) and 3D o
view (bottom)

: culvert | [

inflow T w B
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; tailwater
blockage wingwalls gate

Y, ¥,
§=W<F’j7};‘0>a (4)

which is the base for the experimental campaign. Note that
function y will be different for any combination of culvert
shape, culvert outlet configuration and blockage at the inlet.

Experiments

The experiments were carried out in a 4 m-long and 3 m-

median size ds, = 1.20 mm and granulometric dispersion
0y R 1.2 < 1.3 [i.e., uniform sediment according to Abt
et al. (1984)], so armouring effects could be neglected and
the maximum scour depth was expected. Barrels of circu-
lar and square shapes made of methacrylate were employed
with the same values of d = 0.153 m and L = 2.0 m for both
shapes (L/d ~ 13). With these values, the expansion ratio,
B/d =~ 19.6 > 10, ensured that the channel width had no
influence on the scour hole geometry. As shown in Fig. 1,
a cantilevered configuration for the simulated embankment,
made of PVC, above the sediment bed was used to allow

wide (area covered with a 0.7 m-thick sediment) horizontal
flume at the Civil Engineering School Hydraulics Laboratory
(University of Castilla-La Mancha, Spain). The sediment
was a quartzitic sediment with density p, ~ 2650 kg/m?,
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the undermining of the structure if needed. By employing
this configuration, the degree of undermining that the cul-
vert produces on the embankment in different experiments
could be measured. For instance, Fig. 2 shows a photograph
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of the final state of the experiment CO04 in Table 1 and the
embankment undermining characterized by the transversal
area scoured at the outlet section behind the rigid embank-
ment, A,.

For each combination of input culvert block-
age (0% for non-blocked culverts and 50% for par-
tially blocked culverts) and outlet configuration
(with and without wing walls with a floor slab), ten

Table 1 Control variables of the

. . Circular shape O
tests, flow rate and densimetric P

Square shape O

Froude number at the culvert Test

Y,/d Y/d QQs) Y,(m) U,(m/s) F, Test

Y,/d Y/d Q(/s) Y,(m) U,(m/s) F,

outlet

Without wing walls at outlet and non-blocked inlet (0% blockage)

C000 0.50 0.12 6.63 0.054 1.140 82 S000 046 0.15 6.75 0.039 1.120 8.0
C001 1.23 0.16 11.48 0.103 0.875 6.3 S001 125 0.26 14.11 0.060 1.534 11.0
C002 1.23 0.63 11.56 0.116 0.775 5.6 S002 1.26 0.64 1396 0.083 1.105 7.9
C003 1.25 1.00 11.04 0.153 0.600 4.3 S003 1.23 1.00 11.99 0.153 0.512 3.7
C004 1.87 0.23 16.04 0.153 1.111 8.0 S004 2.05 0.34 2895 0.091 2.084 15.0
C005 1.99 0.65 17.49 0.121 1.118 8.0 S005 195 0.59 27.74 0.121 1.505 10.8
C006 1.99 1.03 1893 0.153 1.030 7.4 S006 1.97 1.13 2477 0.153 1.058 7.6
C007 2.21 025 19.10 0.115 1.292 93 S007 245 0.35 3275 0.092 2.332 16.7
C008 2.35 0.64 18.66 0.107 1.363 9.8 S008 2.50 0.62 27.20 0.074 2.409 17.3

C009 2.44 1.06 22.93

0.153

1.247 89 S009 236 1.04 2951 0.153 1.261 9.0

With wing walls at outlet and non-blocked inlet (0% blockage)

C010 0.53 0.15 6.59 0.064 0910 6.5 S010 0.58 0.13 7.88 0.049 1.043 7.5
C011 121 0.14 11.44 0.108 0.822 59 SO011 126 0.21 13.60 0.096 0930 6.7
C012 1.22 0.60 11.19 0.112 0.777 5.6 S012 1.25 0.62 13.77 0.098 0.919 6.6
C013 1.26 1.00 11.03 0.153 0.600 43 SO013 124 098 12.73 0.153 0544 39
C014 197 0.19 1721 0.114 1.174 84 S014 1.89 025 2553 0.102 1.630 11.7
C015 1.94 059 17.51 0.116 1.167 84 SO015 196 059 28.03 0.153 1.197 8.6

C016 1.87 1.04 17.79 0.153
C017 246 0.22 2097 0.100
C018 2.38 0.63 20.30 0.110
C019 242 1.05 23.06 0.153

0.968 69 S016 198 1.06 25.53 0.153 1.091 7.8
1.649 11.8 S017 252 0.26 28.08 0.101 1.814 13.0
1.433 10.3 SO018 2.44 0.59 32.66 0.153 1.395 10.0
1254 9.0 S019 238 1.04 29.51 0.153 1.261 9.0

Without wing walls at outlet and partially blocked inlet (50% blockage)

C100 0.52 0.12 5.12 0.050 0.975 7.0 S100 0.55 0.16 6.38 0.034 1237 89
C101 1.25 0.16 981 0.096 0.807 5.8 S101 124 0.17 10.76 0.066 1.062 7.6
C102 1.27 061 980 0.107 0.717 5.1 S102 128 0.59 1046 0.090 0.762 5.5
C103 1.27 097 926 0.153 0.504 3.6 S103 127 098 9.94 0.153 0425 3.0
C104 2.02 020 12.07 0.090 1.070 7.7 S104 197 0.20 1243 0.069 1.179 85
C105 2.01 0.65 11.36 0.087 1.060 7.6 S105 197 0.64 12.41 0.084 0969 7.0
C106 1.87 1.02 11.42 0.153 0.621 45 S106 197 1.02 13.52 0.153 0578 4.1
C107 2.51 021 12.07 0.087 1.121 8.0 S107 247 022 1543 0.071 1.426 10.2
C108 223 0.64 11.36 0.083 1.124 81 S108 248 0.66 1521 0.071 1.402 10.1
C109 246 1.02 13.17 0.153 0.716 5.1 S109 245 1.05 1732 0.153 0740 5.3
With wing walls at outlet and partially blocked inlet (50% blockage)
C110 043 0.10 4.42 0.043 1.040 7.5 S110 0.55 0.18 6.27 0.033 1242 89
Cl11 125 0.18 9.73 0.088 0.888 6.4 S111 129 0.16 10.89 0.077 0924 6.6
Cl12 1.28 0.63 10.00 0.095 0.833 6.0 S112 123 0.61 10.67 0.087 0.797 5.7
C113 126 096 9.17 0.153 0499 3.6 S113 130 095 10.34 0.153 0442 32
Cl14 2.06 0.18 1142 0.083 1.114 80 SI114 1.74 0.13 1198 0.075 1.047 75
Cl15 2.04 0.63 11.48 0.100 0.904 6.5 S115 2.03 0.59 12.70 0.083 0.996 7.1
Cll6 1.88 1.00 11.46 0.153 0.623 45 S116 196 098 13.82 0.153 0590 4.2

C117 239 0.18 11.64 0.079
C118 2.48 0.63 11.48 0.089
1.02 1336 0.153

C119 245

1.220 88 S117 2.09 0.20 15.65 0.078 1.311 9.4
1.039 7.5 SI118 236 0.62 1350 0.083 1.067 7.7
0.727 52 S119 219 1.04 1573 0.153 0.672 48

@ Springer



25 Page 6 of 16

Environmental Earth Sciences (2020) 79:25

Fig. 2 Final state of the scour
hole for the test with the
maximum local scour depth,
A max /d = 2.5 (test C004).
Undermining transversal

area for the embankment, A,
appears shadded

tests defined by an equal number of combinations of
Y,/d =[0.50;1.25;2.00;2.50] x Y,/d = [0.15;0.60;1.00 were
performed. Note that since flow rate is not forced by imping-
ing, only the cases where Y, /d > Y,/d make sense. An uni-
form perforated plate was employed to uniformly block the
inlet when needed. On the other hand, culvert wing walls
with a floor slab at the outlet were built in methacrylate with
both horizontal and vertical angles of 45°.

Previous to the tests, we calibrated both the water flow
rate and the tailgate level downstream to obtain the required
headwater and tailwater levels with a specific configuration.
The flow rate was controlled by an electromagnetic flow
meter (+ 0.011/s) installed in the hydraulic circuit, while
depths were measured with a standard measuring device-
point gauge (+ 0.1 mm). Once these parameters had been
adjusted, the bottom was levelled adjacent to the elevation
of the culvert invert and the sediment was saturated with
a low flow rate before starting. Then, the desired flow rate
was gradually entered and scour was immediately initi-
ated. The duration of each experiment was 9 h, taking into
account the fact that for all these tests we are interested in
the zone located just downstream from the culvert outlets
and in this zone the equilibrium time is reduced (Faruque
et al. 2006). During each test, the maximum scour depth
within the hole was measured with an accuracy of 0.1 mm,
using one adapted point gauge at high frequency (up to five
measurements in the first hour). Figure 3 shows the evolu-
tion of d; .., over time during the total test duration with the
adjusted scour depth using an empirical function similar to
that proposed by Franzetti et al. (1982), which reads

d

s,max

=1—exp (—cltCZ), ®)

0
s,max

where d°  is the equilibrium scour depth obtained by
extrapolating to infinite time the measured scour depths
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o,

with ¢, ¢, > 0 being constants. Although this expression
was developed for local scour depth at bridge piers, it seems
to reproduce the time evolution of scour depth quite well.
In general, the largest scour depth takes place with low tail-
water depths and high headwater depths, independently of
the culvert shape, being more intense for free inlets and non
protected outlets. In the following section these results will
be analysed in detail.

Additionally, the flow depth (and so the mean velocity)
within the culvert were monitored during the whole test using
two video cameras at high frequency when no full-flow at the
outlet was observed. Every 5 min five pictures (5 fps) were
taken to adequately capture possible oscillations of the free
surface and a mean filter to these five images was applied to
obtain only one picture each time (109 images/experiment).
Finally, we obtained intrinsic camera parameters following
Bouguet (2008) and extrinsic calibration according to Sima-
rro et al. (2017) before computing the mean water depth at
the culvert outlet using all the 109 mean images. Up to 12
points whose location was known were employed to achieve
an adequate calibration. This step is crucial in order to accu-
rately measure the water depth at the culvert outlet and, con-
sequently, the densimetric Froude number.

At the end of each experiment, flow to the system was
halted and the gate slowly lowered to expose the local scour
pattern. The measure of the final scour hole was carried out
measuring an array of points (5cm X 5 cm) by using a laser
distance sensor with an accuracy of + 0.2 mm. Table 2 shows
the main characteristic dimensions of the scour hole normal-
ized by the culvert rise, d, as follows:
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Fig.3 Maximum scour depth time evolution. Marker shape = culvert
shape; free inlet (white marker); blocked inlet (gray marker); free out-
let (not crossed out); wing walled outlet (crossed out). The lines rep-

L= Iﬁ, W= K d = ds’max,
s d d s,max d
% _ Ls,max
s, max = d ’
d* = ds,u * = Ls,u A* = ﬂ
s,u d’ s,u d’ u_dz'

Above, d, is the maximum scour depth within the under-
mining area, A, located just at the culvert outlet and L, is
the length parallel to the embankment (normal to the culvert
axis) affected by the embankment undermining. The com-
plete record of the bottom can be found at https://data.mende
ley.com/datasets/pfsdjxfopb/draft?a=11ca79cc-ad67-41b9-
9a32-416abf892c49.

3456789012345¢67289

time(h) time(h)

resent the adjusted scour depth time evolution, using solid lines for
non blocked inlets and dotted lines for blocked inlets

Results and discussion

A summary of the input variables and flow characteris-
tics, including the computing depth at the culvert outlet
using video image technique, Y, for all the tests is pre-
sented in Table 1. As shown, densimetric Froude number
takes values up to 17.3, although in the majority of the
tests, its value is below 10, i.e., the range within which
the densimetric Froude number shows the most influ-
ence on the scour. In addition, minimum pipe Reynolds
number takes place for the test S103, but even in this
case Re = 6.5x 10* > 5x 104, i.e., scale effects can be
neglected.
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Table 2 Scour hole dimensions

Circular shape Square shape
for all the tests pe O d P =
Test Plant Longitudinal Undermining Test  Plant Longitudinal Undermining
Lr w* d:max L:,max d:u L:u A: Lr w* d:max L:,max d:,u L:u A:;

Without wing walls at outlet and non-blocked inlet (0% blockage)
Cco00 40 44 09 14 06 39 08 S000 176 1.0 1.0 172 04 58 0.7
cool1 89 88 21 32 1.2 13.1 6.1 S001 142 13.6 2.1 52 1.5 164 9.6
co002 11.7 82 16 45 07 46 16 S002 135 79 19 59 09 125 35
c003 11.7 41 09 39 06 39 1.0 S003 122 44 10 45 07 46 14
C004 144 164 25 56 1.6 164 109 S004 18.0 16.1 23 32 1.8 16.1 159
C005 182 88 1.8 45 1.2 164 9.6 S005 154 83 20 63 1.6 164 147
coo6 152 85 19 56 07 52 16 S006 193 83 19 73 06 39 1.1
C007 169 164 24 45 1.6 164 13.7 S007 179 164 21 56 1.5 164 10.0
c008 19.7 69 19 49 12 164 94 S008 209 12.0 2.1 45 1.6 16.1 128
Cc009 166 92 20 59 06 92 16 S009 186 86 21 52 0.6 164 32
With wing walls at outlet and non-blocked inlet (0% blockage)
co10 44 1.1 02 03 02 52 08 S010 102 6.1 05 14 03 59 31
co11 121 67 05 1.0 05 98 51 SO011 107 68 09 05 0.7 164 9.0
c012 138 59 14 56 03 26 00 S012 183 7.8 15 45 06 11.1 1.1
Cc013 114 43 09 52 02 39 02 S013 142 44 12 59 03 46 00
c014 20.1 84 12 14 0.7 164 62 S014 209 164 14 14 09 164 78
Cc015 205 63 15 52 05 52 06 SO015 19 68 1.0 05 08 164 13.0
co16 175 63 16 82 02 46 0.1 S016 200 72 19 73 05 46 0.1
Cc017 206 164 12 81 0.7 9.8 54 S017 209 164 1.7 14 1.1 164 8.6
co18 209 62 14 39 07 105 13 SO018 170 13.7 14 14 09 16.1 120
c019 195 70 19 76 03 39 01 S019 209 76 20 52 08 164 12
Without wing walls at outlet and partially blocked inlet (50% blockage)
c100 28 39 08 07 08 46 14 S100 91 51 10 17 07 46 1.1
c101 66 128 15 09 14 131 7.7 S101 123 9.6 17 42 12 131 72
C102 129 46 12 35 0.6 39 09 S102 166 51 12 59 06 39 1.1
C103 67 41 08 14 06 39 09 S103 93 38 08 1.0 06 39 12
C104 120 164 2.0 32 13 157 84 S104 160 164 18 63 14 164 10.6
C105 149 63 14 38 09 11.8 41 S105 209 164 16 42 06 164 25
C106 12.1 49 1.1 42 0.6 39 10 S106 148 49 13 32 04 39 1.0
C107 133 95 21 39 15 157 83 S107 179 164 21 56 15 164 100
C108 145 114 16 38 0.8 164 33 S108 176 92 18 39 0.7 11.8 23
C109 96 51 13 56 05 33 08 S109 172 57 14 76 07 39 1.0
With wing walls at outlet and partially blocked inlet (50% blockage)
c110 33 30 02 21 01 39 00 S110 51 43 04 28 02 46 05
C11t 115 51 05 14 03 92 22 S111 190 118 0.8 1.1 0.8 164 74
Cl12 139 36 08 66 02 39 00 S112 169 45 11 56 04 66 1.0
Cl113 69 36 05 42 01 13 00 S113 107 33 06 45 03 59 06
Cl14 159 105 08 21 05 164 59 S114 209 164 10 1.8 0.8 164 88
Cl15 186 63 13 52 04 20 02 S115 209 72 16 49 06 157 15
Cll6 139 43 09 54 0.1 01 00 S116 166 50 13 73 05 105 15
C117 135 85 10 14 0.6 92 35 S117 209 164 13 14 08 164 59
C118 191 68 14 49 03 20 02 S118 209 89 17 49 06 164 1.8
Cl119 174 45 12 84 02 46 02 S119 172 164 14 73 06 164 2.7

In order to analyse the main factors affecting the most 2. The use of ANOVA models provides the user a sta-
important dimensions, an analysis of variance (ANOVA) tistically based technique capable of producing mean-
was carried out with the results shown in Tables 1 and  ingful models on the importance of the factors studied
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Fig.4 ANOVA analysis for the % of variance explained (left) and
correlation between densimetric Froude number and geometric vari-
ables defining local scour (right). Marker shape = culvert shape; free

in the experiment (Cox and Reid 2000). Apart from this,
ANOVA allows possible factors interactions within the
data set that may have a bearing on the scour hole dimen-
sions previously defined. Figure 4 shows the percentage of

inlet (white marker); blocked inlet (grey marker); free outlet (not
crossed out); wing walled outlet (crossed out)

the total variance explained by the independent variables
and their interactions whose p values are larger or equal
to 0.01 (selected significance). Within the factors affect-
ing the variance are considered the three ones discussed in
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“Framework for analysis”, plus the particular conditions of
culvert geometry and blockage. For more of these factors
a limited number of values/conditions have been experi-
mented, and the ANOVA have been performed both in one
and two ways ANOVA, to study first-order interactions.
In the case of densimetric Froude number, because it has
been evaluated in a broad range of values, the regression
analysis has been performed. The main conclusions which
could be extracted from the Figure are the following: (1)
the hole length, L7, is mainly influenced by the headwater
depth and, to a lesser extent, by the culvert shape; (2)
the three parameters dominating the hole width, W, are,
in order of importance, the tailwater depth, the headwa-
ter depth and the culvert shape; (3) with respect to the
maximum local scour within the hole, d:max, the outlet
configuration, its interaction with the tailwater depth,
the headwater depth and the inlet configuration are the
most representative parameters, while the location of this
maximum local scour, L:‘max, is dominated by the tailwater
depth and secondarily by the interaction between this and
the outlet configuration and the available energy (inter-
action between headwater and tailwater depths.); (4) the
embankment undermining is mainly dominated by the
tailwater depth since the three dimensions, d;‘!u, L:and A}
heavily depend on it. The rest of the variables affecting the
embankment undermining are, in order of importance, the
outlet configuration (influencing on 47 ), the barrel shape
and the headwater depth (both with significant influence
on L). Additionally, Fig. 4 shows the correlation between
the densimetric Froude number and the scour hole dimen-
sions (right). The densimetric Froude number is well cor-
related (R? > 0.25 implies that more than a quarter of the
observed variation can be explained by the Froude num-
ber) with all the studied dimensions (the length increases
with F)) except with L:max. In addition, note that in all
cases, tests with blocked inlets follow the same tendency
as tests with free inlets, which could indicate that the den-
simetric Froude number, F,, is not only properly absorbing
the effects of sediment size but also the effects of blockage
at the inlet, so an accurate prediction of water depth at
the culvert outlet together with the flow rate estimation is
necessary. In contrast, the presence or not of wing walls
at the outlet seems to create a larger dispersion of the data
when correlated with F|,. This result is consequent to the
fact that the densimetric Froude number is affected by the
flow inside the culvert but not with the outlet configuration
(inlet control in most of the cases).

Therefore, several factors are affecting scour hole geom-
etry. The four most important are the outlet water depth, the
upstream water depth, the outlet conditions, plus the densi-
metric Froude number. This is in agreement with Eq. (4) (no
factor may be neglected), but the model may be particular-
ized with every outlet conditions.
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Scour hole plant: length and width

As mentioned above, the main factors influencing the scour
hole plant are primarily both the headwater and tailwater
depths, and secondarily the culvert shape, with the influence
of the rest of the parameters and their interactions being less
than 5% in terms of the total explained variance. For simplic-
ity reasons, Fig. 5 shows the plant view of the scour hole
only for the tests with free inlets since they generate the most
extensive holes (contour line at the undisturbed original bed
elevation). As shown, the widest scour holes take place for
low tailwater depths (left column in the figure) for any out-
let configuration and culvert shape, scouring the whole width
of the receiving channel for all the tests except for the one
with the lowest headwater depth. As tailwater level increases
(center and right columns), the scour hole becomes nar-
rower with the mean reduction of the scour hole width being
up to 14% and 35% for medium and high tailwater, respec-
tively, with respect to the lowest tailwater, and only with
square culverts (grey lines) is the whole width of the chan-
nel eroded, mainly with medium and high headwater levels.
In summary, the scour hole width becomes larger when the
tailwater depth decreases or/and when the headwater level
increases. In any case, the scour hole is wider and longer for
square culverts than for the circular ones (the means values
and standard deviations are Wsauare /jyeireular — 1 35 4 (.52
and L) /Lgircular = 1.32 + 0.44, respectively) which could
indicate that the flow has better transversal distribution at
the outlet for square shapes than for circular ones, as noted
before by Chen (1970) and Abt et al. (1987), creating a pref-
erential flow direction parallel to the barrel axis in this case.
With respect to the scour hole length, L, it seems clear that
it increases as headwater depth grows for all analysed tests.
From Fig. 5, the effect of wing walls at the outlet is notice-
able since, in the vast majority of the tests, the presence of
protected outlets (indicated with crosses in the figure) cre-
ates longer scour holes but it does not significantly affect the
hole width (W Wingwalled /7 non-wing-walled — 1 01 + (.36 and
stmg'waned / Lsmm'wm'Walled = 1.17 + 0.20). Because the wing
walls have a floor slab, it can contribute to redirecting the flow
from the bottom to the free surface. Without wing walls, the
vertical component of the flow at the culvert outlet directly
impacts the bed, while with the floor slab it is deviated by
the fixed bottom reducing the vertical velocity component
of the jet. Since the discharge is smaller (with same headwa-
ter and tailwater depths) for blocked inlets, the hole exten-
sion is shorter too (Wblocked /7 non-blocked — (9 79 4 (.24 and
LI:locked/Lgnon—blocked =0.89 + 018)
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Fig.5 Plant view of local scour hole for non blocked inlets. Line colour refers to the culvert shape (black for circular culverts and grey for square

culverts). The presence of wing walls is marked with crosses

Scour hole profile: maximum scour depth and its
location

The maximum scour depth, d ., is perhaps the most stud-
ied scour hole characteristic dimension over the past few
decades. Most of the previous mentioned in the "Introduc-
tion" section studies have noted the influence of multiple
variables among which the culvert shape and densimetric
Froude number stand out, but none of them highlights the
influence of wing walls and a floor slab at the outlet even
though, according to the previous analysis of variance, it is
the most relevant variable. Figure 6 shows the longitudinal
scour profile at the channel centreline and the location of
d for all the performed tests. For free outlets, the maxi-

s, max
mum values of d; .., for all values of Y, /d take place with

low tailwater depths (dotted lines), being smaller for the
square barrel compared with the circular one even when
the discharge is higher in that case. This effect can be
explained for the flow characteristics at the outlet. For the
circular shape, the flow concentrates at the centreline of
the barrel and produces an important impact on the bottom
just downstream. By contrast, the square shape produces
a better flow distribution along the transversal direction,
as noted before. Note that this shape effect dissipates for
medium (dotdash lines) and high (solid lines) tailwater
depths. In these cases, a water mattress exists downstream
from the culvert outlet that mitigates the impact of the
jet and minimizes the importance of the flow distribution
at the outlet in the maximum local scour. When wing-
walled outlets are analysed, maximum scour depth for low
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Fig.6 Longitudinal profile of 1F
local scour, d, /d, through the

centreline. Line colour refers
to the headwater depth (lighter
colours for low headwater depth

d/d

and darker ones for higher
values) and line type refers to

the tailwater depth (dotted lines
forY,/d =~ 0.15, dotdash lines
forY,/d = 0.60 and solid lines
forY,/d ~ 1.0). Pluses, crosses

d/d

and dots locate the position of
d for low, medium and high

s,max

tailwater depths, respectively

d/d

d/d

Fig.7 Wing walls coefficient, 1.00
K,,. Marker shape = culvert
shape; free inlet (white marker);
blocked inlet (grey marker);
the sizes are proportional to the
four headwater depths. For each

0.75

left, medium tailwater is in the 025 |
middle and high tailwater is on
the right

o
= 0O
group, low tailwater is on the 1) O 0O
g o

-0.25

0.00 = — — —

tailwater depths is strongly diminished while for medium
and high values of Y,, the maximum local scour is very
similar with and without wing walls. For medium and high
tailwater depths the wing walls are less effective. Figure 7
shows the value of the wing walls coefficient, K, which
measures the reduction of maximum scour depth due to
the presence of wing walls, defined as
A — 4

s,max s,max
Ky=—7F—
&L

s,max

(©)

where dgmax and dfmax are the maximum scour depths for
free and wing walled outlets, respectively, under the same
conditions of headwater and tailwater depth, blocked inlet
percentage and culvert shape. In most of the tests, the influ-

ence of wing walls at the outlet is quite positive, reducing
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Culvert group (shape and blocking condition)

the maximum scour depth even more than 75% for three tests
with low tailwater, low headwater depths and circular shape
in comparison to the same test with free outlet (the mean
reduction for low tailwater depth is close to 55%). This effect
is less significant for medium and high tailwater depths, with
a mean reduction of 18% and 9%, respectively.

The second most influencing parameter on maximum
scour depth, Y, is closely related to F|;, as shown in Table 1.
Figure 8 shows the value of d; ., normalized with the cul-
vert rise, d, against the densimetric Froude number, F)),
since, as pointed out before by Lim (1995), d ,,, increases
its value with F|; into the range where F, < 10 and for any
possible configuration, this behaviour is observed for the
presented tests. Note that with a free outlet without wing
walls (top panels), non-blocked and partially blocked
culverts have a similar performance for any barrel shape

which indicates that the densimetric Froude number, F|,,
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is absorbing the effects of the blockage at the inlet. Cor-
respondingly, F), retains information of both the flow rate
and the flow depth at the culvert outlet, which is quite influ-
enced by the inlet condition. In addition to the aforemen-
tioned information about wing walls effects, it seems clear
for both analysed shapes that the presence of wing walls at
the outlet produces a larger dispersion of the data, with the
dependence of maximum scour depth with F|, being less
evident (bottom panels in the Fig. 8). Since wing walls are
more effective when low tailwater depths take place, in the
bottom panels of Fig. 8 these values deviate from those with
medium and high tailwater depths. Again, the fact that the
reduction of scour depth is greater for circular shapes than
for square shapes is evident when comparing the slope of
the fitted lines for both free outlets (grey lines in Fig. 8) and
wing-walled outlets.

With regard to the inlet blocking effect, it is clear from
Fig. 6 that in all cases d; ,,,, decreases for blocked inlet with
respect to the free inlet condition, with this reduction being
clearer for medium and high tailwater depths and negligible
for low values of Y, (even when the flow discharge is consid-
erably smaller for blocked inlets). This effect has significant
implications since for a fixed flow discharge the blockage
of the inlet increases the necessary headwater depth and the
expected local scour, as shown, is related with the headwater
depth, Y,, instead of the flow discharge, Q.

Regarding the location of dj ., even when quite large,
if it is located far from the outlet and the embankment is
not affected, there is no risk of instability. By contrast, if
the location of the maximum scour depth is close enough
to the embankment, and this value being smaller, this could
induce the scouring of the culvert and the embankment

failure. In this sense, the distance between the culvert outlet
and the point where the maximum scour depth is located,
L max» plays an important role and, for the tests, a value
of Ly ~ (0.294 +0.165)L; has been found, with L;
being the longitudinal length of the scour hole. This value
is quite close to that encountered by Fletcher and Grace
(1972). Culvert rise can be used as a characteristic vari-
able L .. = (4.27 +£2.62)d, although a general trend, the
lower the tailwater depth, the shorter the distance from the
maximum scour depth to the culvert outlet. This same trend
is also found with headwater depths, except for submerged
outlets for which the scour depth distance diminishes with
the headwater depth. For low and medium tailwater depths,
maximum scour depth location depends heavily on the
available energy at the culvert since, as noted before, the
downstream water mattress is not high enough to deflect
the jet closer to the outlet. Nonetheless, for high tailwater
depths, i.e., submerged outlets, the jet direction is modified
by the water mattress and this is redirected near the bottom,
producing a greater scour near the culvert outlet and, there-
fore, increasing the risk of undermining for the structure.
For wing walled outlets, the lowest tailwater depths show a
different behavior than the higher ones, and in all cases, they
produce the nearest scour to the culvert outlet.

Embankment undermining

The undermining of the embankment is perhaps the most
important variable affecting the whole stability of the
infrastructure; however, to the author’s knowledge, there
are no studies about the influence of the considered inde-
pendent variables on it. Since a cantilevered embankment
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Fig.9 Transversal profile of local scour, d, through the embankment
line. Line colour refers to the headwater depth (lighter colours for
low headwater depth and darker ones for higher values) and line type

y/d

refers to the tailwater depth (dotted lines for ¥,/d ~ 0.15, dotdash
lines for Y, /d ~ 0.60 and solid lines for Y, /d =~ 1.0)
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configuration has been chosen in this study (see Fig. 1), the
undermining of it can be measured as shown in Fig. 9.

As shown in Fig. 4, tailwater depth seems to be the most
relevant variable affecting the embankment undermining.
Figure 10 shows the relationships between d;; and L, for
medium and high tailwater depths when compared to those
for tests with minimum tailwater depths. The mean value
for the ratio of L, for medium tailwater depths is 0.57 for
circular culverts and 0.81 for square culverts, with these
values being 0.3 and 0.49, respectively, for the highest tail-
water depths. As noted before, the water mattress down-
stream from the culvert reduces the local scour, being
more effective for circular barrels than for square ones.
Similar values are found for d, but with less dispersion
in the data since the standard deviation is smaller in this
case. These results imply that, for the highest tailwater
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depths, the diminishing of the embankment undermining
can reach values of up to 70% when compared with the
lowest analyzed tailwater depths for any possible combina-
tion of inlet-outlet configuration.

Another important variable when analysing d;, as
detected by the ANOVA analysis, is the presence or not of
wing walls at the outlet. Figure 11 shows the value of the
wing walls coefficient for the variable dj,, named as K,

which measures the reduction of maximum undermining
depth due to the presence of wing walls, defined as

_db =l

K = @)
dl,

w

where dgu and dﬁl are the maximum undermining depth for

free and wing walled outlets, respectively, under the same
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Fig. 11 Wing walls coefficient, 1.00 -~

KC,, for maximum undermining

depth. Marker shape = culvert é o
: . . . 0.75 -

shape; free inlet (white marker); n ° O O

blocked inlet (grey marker); @ o 6 O

the sizes are proportional to the 050 B E| o o S O

four headwater depths. For each 33 (. O

group, low tailwater is on the 025 L O o o

left, medium tailwater is in the o O

middle and high tailwater is on = a =

the right 000 — — — — =

-0.25 1 a 1 1

conditions of headwater and tailwater depth, blockage inlet
percentage and culvert shape.

As for the maximum scour depth within the scour hole,
in most of the tests the influence of wing walls at the outlet
is quite positive, reducing the maximum undermining depth
as well. However, the reduction in this case is less depend-
ent on the tailwater depth than for d; .. In contrast, K,
strongly depends on the culvert shape, with a mean reduc-
tion of 63% for circular barrels and 29% for square barrels.
Note that the culvert shape does not show any influence on
the undermining depth when it is independently analysed
(d:ﬂlum/dgf”'ar ~ 1.01 +£0.2), but it does influence the
affected length since L, is larger for square culverts than
for the equivalent test with a circular barrel. The mean value
of the ratio L™ /L is 1.18 for non-protected outlets
while when wing walls are used the mean value is 2.76.

Concluding remarks

In this study, 80 experiments were performed to find the
characteristic variables influencing the local scour at the
culvert outlets (plant and profile of the scour hole and
embankment undermining), mainly the headwater depth,
the tailwater depth, the inlet condition, the outlet config-
uration and the culvert shape. The special set up of the
experiments allows the direct measure of the embank-
ment undermining which could increase the embankment
failure probability. The densimetric Froude number has
proved to be capable of capturing the influence of the inlet
obstruction as well as the size of the sediment, but not
the influence of the wing walls at the outlet. The culvert
shape influences the scour hole length and width, with
these lengths being larger for square culverts than for cir-
cular ones. However, the maximum scour depth within the
scour hole is smaller for square culverts, especially for low
tailwater depths. This condition of tailwater depth pro-
duces scour holes which are the widest, deepest and clos-
est to the culvert outlet and consequently, the widest and

Culvert group (shape and blocking condition)

deepest embankment undermining. As the tailwater depth
increases the scour holes become narrower and shallower,
with the maximum scour depth being located further from
the embankment and reducing the scoured area below it.
Additionally, the use of wing walls with a floor slab at
the culvert outlet has significant effects on all of these
dimensions. First, the wing walls produce a flow redistri-
bution both in plant and profile, modifying the flow pat-
tern and the scour hole size (the length increases and the
scour depth strongly diminishes for low tailwater depths).
This effect is more significant for circular barrels than for
square barrels, which can be explained by the different
flow pattern inside the barrel for each barrel shape. The
embankment undermining is also reduced by the presence
of wing walls, again more noticeable for circular culverts.
Regarding the inlet blockage, even when the flow rate is
smaller than for free inlets and it produces smaller scour
holes, the embankment undermining is similar in both
cases for the same headwater depths. Nevertheless, with
the same flow rate the required headwater depth increases
for blocked inlets, which generates larger scour holes and
embankment undermining. This work lays the foundations
for future research on the quantitative effects of the main
factors affecting embankment undermining and, therefore,
to obtain new empirical relationships to quantify the risk
of the structures.
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