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Abstract

Scouring at the downstream of culvert is considered as one of the main reasons of culvert failure. Failure of the culvert
structure is a catastrophic phenomenon. Studying the causes of scouring will give an idea about the solution probabilities; the
blockage and geometry of culvert have a great influence on the local scour. In this study, simulated results that are obtained
from Flow-3D software of box culvert model and formation of scour at the outlet are compared with laboratory results of
Sorourian to evaluate the accuracy of the numerical model. Laboratory box culvert was used at two conditions: the non-
blocked situation and the partially blocked condition with the blockage ratio of 40%; for this destination, finer sediment was
used in Sorourian’s study with the median grain size of 0.85 mm, and the flow conditions in the laboratory were unsteady.
It means that the flow rates changed over a time period. The performance of the numerical model based on renormalization
group is compared with experimental results. The comparison shows that the numerical results have a good agreement with

experimental results.
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Introduction

The simple hydraulic structure used to determine flow con-
trol and flow rate in any free surface flow is called culvert.
Generally, the culvert is used to transport tributary drain-
age via highway embankments and similar forms of drain
crossing structures. We see many different culverts every
day but rarely noticed them especially when they work prop-
erly. However, everyone will notice them when they fail.
Culverts are a short conduit that usually carries storm-water
runoff under a railway, roadway or an embankment. In urban
and countryside, there are a large number of culverts and
culvert size bridges. On the other hand, the culverts are a
constricted part of the waterway, and during flood events,
it is more likely to be fully or partially blocked by debris.
For example, in the city of Wollongong at August 1998, a
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severe storm occurred, causing extensive flooding. Many
real estates broke down due to the loss of human life and
service was interrupted. Examining the waterway where the
flood occurred at the following day, it showed that most of
the waterways, bridges and culvert were blocked by debris,
causing damage due to the bridges and culvert blockage.
Because of this clogging, the flood level increased upstream
of roads and railways, and diverted the flow out of its normal
stream into overland flow paths, increasing the degree of
flood damage (Rigby et al. 2002).

Scour is the erosion of bank of channel bed due to the bed
erosion or water flow at the downstream of hydraulic struc-
tures (Ebraim and Heydarenjad 2014). It has been examined
that for severe scouring, one of the main causes for the cul-
vert failure is occurred during the time of great flood events,
the formation of scour pit that undermines culvert and foun-
dations appeared at the downstream channel bed. Because
scouring is recognized as one of the main causes of collapse
of the hydraulic structure, prediction of downstream scour-
ing development has a great significant, not only to ensure
safety but also to ensure effective long-term maintenance.
Therefore, while designing such a structure scouring should
be considered. Moody et al. (2005) showed that the erosion
occurs when flows exert shear stresses on solid boundaries
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over a certain threshold, which depends on temperature, soil
type, etc.

In the design of culvert, it is an important consideration to
evaluate the degree and extent of local scouring at the down-
stream of the structure. However, because of the complexity
of the problem at high flow rates, it is difficult to perform
field measurements in structures that tend to hide the poten-
tial significance of the problem, as holes of scouring can be
refilled when the flood peaks are gone. A considerable labo-
ratory survey was carried out on scouring in a certain sort
of culvert structures, but there is a considerable gap in the
data, with an overall understanding. As a result, field data
are inconsistent, making it difficult to ascertain the poten-
tial scour depth estimates obtained from small laboratory
tests. Therefore, most of the design estimates of the scour
pit depth and width are based on data obtained from onsite
investigations and experiments using physical models (Chen
1970; Smith 1957; Simons and Stevens 1972).

Materials and methods
Case study: physical model

In this chapter, a 3D numerical model of sediment scour
was simulated based on an experimental study by Sorourian
(2015). The experiment was done in UTS Hydraulics Labo-
ratory of the University of Technology, Sydney. The tests
were done in the recirculating concrete flume, and the flume
has the following dimensions: 19 m long with a depth and
width of 600 mm and 605 mm, respectively. The flume had
a constant slope of 0.001. The location of test section was
9 m from the inlet of the flume to ensure a fully developed
flow reached the test area. The test section was a 5-m-long,
150-mm-deep sand basin with the same width as the flume.
To make an unsteady flow in the culvert, a hydrograph was
designed for input discharge of each set of experiment.

Numerical model

Computational fluid dynamics (CFD) is the science of pre-
dicting fluid flow and related phenomena by solving the
mathematical equations which govern these processes using
a numerical process. Also, CFD is a method of simulating
a flow process in which standard flow equations such as
the Navier—Stokes and continuity equations are capable of
displaying turbulent solutions for each computational cell,
these equations are the basis for essentially all CFD codes.
The Flow-3D program is used in this paper. Flow-3D is a
commercial CFD package with special modules intended for
hydraulic engineering applications (Williams and Watford
1997; Mehnifard et al. 2015). Despite using a structured
orthogonal grid, by the application of the fractional area/
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Fig. 1 Configuration of boundary conditions

Fig.2 Representation of the geometry meshing

volume method (FAVOR), it can model complex geometries,
which allows a rectangular computational cell to be partially
blocked by an obstacle (Sorourian et al. 2013; Weeks et al.
2013). By the volume-of-fluid (VOF) method, sharp free
surface is modeled (Hirt and Nichols 1981). CFD is quickly
becoming the dominant technique of flow analysis, espe-
cially when used for comparison with experimental work.

Flow-3D has many types of boundary condition; each
type uses a specific condition of models. Figure 1 shows
the Y max and Y min directions were labeled (W) as a wall.
The Z min boundary of the bottom is designated as the wall
boundary, while the Z max boundary is designated as the
pressure boundary and the zero fluid fraction. The boundary
condition in X max direction was designated outflow, while
in X min boundary, it was specified as the volume flow rate.
Figure 2 shows the 3D computational domain for the mesh
size in x, y and z directions as 0.02 m.

Results and analysis

In this section, the method of the CFD model is based on
RNG and is compared with experimental results. It shows
that two tests, US1B0 and US1B40, were done with the
fine sediment (ds,=0.85 mm) with the different blockage
ratios. Each set was run in partially blocked and non-blocked
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conditions. The stepwise hydrograph of input discharge was
introduced to Flow-3D as shown in Fig. 3.

The comparison between the results attained from
numerical work and experimental results is presented in
Table 1. The results show that the difference between CFD
and physical model is within the acceptable range (Figs. 4,
5, 6).

Fig.3 Stepwise hydrograph for
tests in Flow-3D

VYolume

Conclusion

Most important results and conclusions from the study are
present below:

1. For first set (ds,=0.85 mm), centerline profile is along
horizontal axis; in the flow rate 6 L/s, the observed
measurement of scour depth at the first point of non-
blocked condition was around 5 mm, and for partially
blocked condition, it was about 21 mm, and the per-
centage of difference between both situations is about
76%, while numerical result for non-blocked situation

flow rate

Table 1 Comparison between results obtained from numerical and physical models

Test ds, (mm) B (%) Q (L/s) t (min) Experimental result CFD result (RNG)
X, (mm) dg,, (mm) dg;, (mm)
USIBO 0.85 0 3 10 300 11.2 11.3
0 10.4 40 250 49.3 58.4
0 3.1 70 300 56 70
US1B40 0.85 40 3 10 150 38.7 59
40 10.4 40 300 56.4 79
40 3.1 70 300 56.5 85
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Fig.5 Flow rate is 10.4 L/s at 10 |
40 min

Bed Level (mm)
&

0 100

Physical US1B40

Fig.6 Flow rate is 3.1 L/s at

200 300 400 500 600 700
Distance from culvert outlet (mm)

=fr= CFD US1B40 =M= Physical USIBO == CFD US1BO

70 min

Bed Level (mm)

0 100

== Physical US1B40

was around 10 mm, and for partially blocked condition,
it was around 35 mm, and the percentage of difference
between both conditions was about 71%. It is revealed
that by increasing the rising limb, in other words by
increasing the blockage ratio at culvert inlet, the ini-
tiation of scouring happens in the initial steps of the
hydrograph, while for the non-blocked condition it still
takes a few more steps.

2. For first set (d5,=0.85 mm), the observed investigation
at discharge 6 L/s shows that the maximum scour hole
had formed in non-blocked condition around 36%, and
for partially blocked situation, it was around 63%; when
compared with the Flow-3D model, the maximum scour
hole had formed in non-blocked condition around 29%,
while the maximum scour hole had formed in partially
blocked situation around 74%.

3. For first set (ds,=0.85 mm), location of maximum scour
depth in experimental work for peak flow rate at 10.4
L/s in non-blocked condition is 0.83, and for partially
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blocked condition, it is 2, while in numerical work for
non-blocked condition it is 1.2, and for partially blocked
condition, it is 1.7. It is indicating the results of Flow-
3D in all tests are close to the experimental results, and
proportional change occurs between them.

4. By using empirical equation (RNG) for centerline profile

along horizontal axis, the noticeable difference of scour
was seen in the third step of the hydrograph, around
50 mm from culvert outlet. For third flow rate 10.7 L/s
with fine sediment (ds,=2.0 mm) at 50 mm after outlet
of culvert, the scour depth at this point for non-blocked
condition was around 4 mm, and for partially blocked
situation, it was about 25 mm, while the result achieved
by Flow-3D for non-blocked condition was around
2 mm, and for partially blocked condition, it was about
29 mm.

For second set (ds;=2.0 mm), in experimental study for
this test the maximum scour depth of partially blocked
condition was around 48.9 mm, while the numerical
value for same test by selecting RNG was about 69 mm,
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and also for k-¢, it was around 83 mm. This variability attention is required for mesh resolution and the char-
indicated by using RNG. The overall results tell us that acteristics of the turbulence model that may affect the
by using RNG, the value of this empirical equation is results.

closer to k-¢ when compared with experimental work.
6. The ability of the Flow-3D program has been confirmed
by simulating the existing experimental study and com- Acknowledgements The authors wish to thank all who assisted in
. . . . conducting this work.
paring the numerical results with experimental out-
comes.
7. 1In an observed laboratory with numerical results, the
maximum scour depth was more in the partially blocked

condition in all steps of the hydrograph. Flow-3D is a
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