Location of the maximum scouring depth at the outlet of partially-
blocked and non-blocked box culvert
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ABSTRACT: Among various hydraulic structures, culvert is the most likely one which usually blocks by the debris
that are carrying by flow during large flood events. The size of the structure and its location where a waterway crosses a
road or railway increases the possibility of clogging. The blockage of culvert accelerates bed scouring at the outlet
hence affects bed scouring profile. This leads to increase the risk of culvert collapsed and produce different kinds of
damages to the society. The present study concerns the effect of upstream blockage on the scouring profile at the outlet
of a box culvert. Therefore, the experimental program was designed to investigate the relationship between the scouring
geometry and blockage ratio. The experimental tests were carried out under non-blocked and partially blocked condi-
tions. The sediment material used in this study was uniform non-cohesive sand material. Results showed that the scour-
ing bed profile is different in partially blocked condition when compared to the non-blocked condition. Additionally it
was found that the maximum scouring depth in a partially blocked culvert occurred at a distance very close to the outlet

of the box culvert.

1 INTRODUCTION

Culverts are locations in water courses where a con-
struction occurs and therefore where blockage of
some type is likely to occur. Weeks et al. (2009) re-
ported the damage of culverts and waterways as an
impact of these structures blockage.

Rigby et al. (2002) worked on blockage of bridg-
es and culverts and found out that when the opening
size of culverts is less than 6 m (measured diagonal-
ly) there is a high risk of culvert blockage.
Barthelmess and Rigby (2011) estimated culvert and
bridge blockage based on debris availability, mobili-
ty and transportability factors. Rigby and
Barthelmess (2011) explored culvert blockage
mechanisms and their impact on flood behaviour.
They pointed out that one consequence of blockage
is flow diversions to the private properties as the
passage is blocked by the debris. Even small block-
ages created diversions that would not usually occur
and considerably change flood behaviour.

The early studies on the nature of scouring begin-
ning with Rouse (1938) and Laursen (1952) and fol-
lowed by Smith (1957). Bohan (1970) investigated
scour dimensions at the culvert outlet in large scale
models. Abt et al. (1986) studied culverts slope in-
fluences scouring depth at outlet of the culvert and
pointed out that a sloped culvert can increase the

maximum scour depth from 10 to 40% over the
scour dimensions for a horizontal culvert. Abt et
al.(1987) investigated the influence of culvert shape
on outlet scour and determined that dimensions of
scour developed at the outlet of circular shaped cul-
verts are significantly varies from other shapes of
culverts. They developed an equation to correlate the
maximum scour depth to modified discharge intensi-
ty. Ali and Lim (1986) investigated the effects of
changing tail-water depth on scouring downstream
the jet. Abt et al. (1996) estimated the dimension of
outlet scour in relation to culvert discharge, hydrau-
lic radius, time and material gradation. The effect of
culvert slope and outlet drop is also considered in
this equation. Although this formula is quite com-
prehensive but it lacks simplicity. Abida and Town-
send (1991) developed an equation for local scour
downstream of box-culverts relating flow Froude
number and sediment size. Lim (1995) conducted
experimental tests on a circular un-submerged cul-
vert. He compared his work with Abt et al. (1984)
and Breusers and Raudkivi(1991) and stated that the
range of applicability and limitations of those formu-
lations are highlighted comparing with his work and
some relevant data from other researchers. He pro-
posed equations to envelope these data based on sed-
iment densimetric Froude number. Day et al. (2001)
investigated the effects of tail water depth and model



scale on maximum depth of scouring based on ex-
perimental test of circular culverts. Liriano et al.
(2002) studied scour at culverts influenced by turbu-
lent flow and pointed out that the peak values of tur-
bulence intensities over the fixed bed coincide with
the location of the maximum scour depth for the ful-
ly developed scour hole. Emami and Schleiss (2010)
conducted some experimental tests to evaluate the
natural mobile bed erosion without any protection.
They compared their work with some previous stud-
ies and proposed equation for maximum scour depth
based on their experimental tests.

According to previous studies it can be concluded
that main factors influencing the maximum scour
depth downstream of culverts are recognized as sed-
iment properties such as median grain size and geo-
metrical standard deviation, flow conditions and
depth of tail water. Some research also indicated that
geometry of the culvert and its slope also affects the
formation of scour hole. Most formulas proposed in
this regard are function of densimetric Froude num-
ber, median grain size of bed material, depth of wa-
ter downstream the culvert and size of culvert open-
ing. In all of previous studies, it is attempted to
consider scoring pattern at the outlet of culvert in a
non-blocked condition, however, in flood events the
culverts are not usually works in non-blocked condi-
tion as they are partially blocked by the debris.
Therefore, the focus of this study is to investigate
the flow characteristics and scouring pattern in a
partially blocked condition and the results are re-
ported in this paper

2 EXPERIMENTAL SET UP

An experimental program was designed to investi-
gate the relationship between the maximum scour
depth, blockage ratio of the culvert and flow charac-
teristics. The experimental tests were carried on, in
two different conditions; non-blocked and partially
blocked condition and the effect of culvert blockage
are studied. The sediment material used in this study
is uniform non-cohesive sand. The median grain size
for sands equals 0.85 mm and 2.0 mm.

Experimental tests conducted in the scour testing
facility depicted in Figure 1. Water was supplied to
the static tank from the laboratory supply. The water
introduced to the flume through a valve which con-
trols the water flow rate, and then it runs through the
box-culvert that is settled in the sand basin. At the
end of the flume a sluice gate is installed to the
downstream water depth and velocity.

The flume in UTS Hydraulic Laboratory is a 19
m long concrete flume. The width and depth of the
flume are 605 mm and 600 mm, respectively. A test
section with the length of 4 m is provided at a dis-
tance of 9 m from the entrance. The thickness of the
bed material in the test section was 150mm. The

culvert model is shown in Figure 2. The opening of
culvert is 200200 mm and the length of culvert’s
barrel is 900 mm. There are transitions with 30°
flare at the inlet and outlet of the culvert. To make
the blockage a plate was installed at the opening of
the culvert. Two sizes of plates (200x80 mm and
200x120 mm) were used so far to get the variant
blockage ratio in the experimental tests.
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Figure 2 Culvert model; (a) Plan view (b) Profile view (c) inlet
view (all units are in mm)



Table 1 depicts the flow conditions, sediment The blockage of culvert is represent by B which de-
properties and test classifications. In this table H is  fines as(h, /h, )whereh, is the height of the plate
the depth of water at the outlet of the culvert,h, is  used as the blockage in the inlet of culvert.
the upstream water level, h, represents the tail water
depth and F, is the densimetric Froude number.

Table 1Test classification for the experimental tests

Test dso o hg H hy hy Q B Fq dsm
(mm) (mm) (mm) (mm) (mm) (lit/s) (mm)

S2B01 2 1.23 0 125 125 125 10.1 0 2.2 240
S2B02 2 1.23 0 155 155 155 12.3 0 2.2 255
S2B03 2 1.23 0 100 105 105 12.8 0 3.6 250
S2B04 2 1.23 0 120 120 120 8.6 0 2 210
S2B05 2 1.23 0 100 105 100 6.6 0 1.8 250
S1B01* 0.85 1.37 0 200 197 198 14.61 0 2 280
S1B02 0.85 1.37 0 157 157 160 15 0 2.7 270
S1B03 0.85 1.37 0 170 170 174 18.7 0 3.1 270
S1B04 0.85 1.37 0 138 145 150 13.2 0 2.7 240
S1B05** 0.85 1.37 0 95 108 95 14.2 0 4.2 360
S1B06 0.85 1.37 0 90 95 90 4.9 0 15 255
S1B07 0.85 1.37 0 55 50 75 7.04 0 3.6 135
VS1B04 0.85 1.37 0 148 148 147 7.25 0 14 -
VS1B05 0.85 1.37 0 142 142 142 7.8 0 24 -
S2B401 2 1.23 80 140 145 170 10.7 0.5 2.1 240
S2B402 2 1.23 80 155 160 185 12.3 0.4 2.2 250
S2B403 2 1.23 80 105 105 175 12.8 0.5 34 240
S2B404 2 1.23 80 110 115 145 8.8 0.6 2.2 240
S2B405 2 1.23 80 105 110 125 6.6 0.6 1.7 250
S1B401* 0.85 1.37 80 195 195 210 14.67 0.4 2.1 265
S1B402 0.85 1.37 80 165 168 196 14.61 0.4 2.5 240
S1B403* 0.85 1.37 80 60 60 195 15.12 0.4 7 300
S1B405 0.85 1.37 80 210 213 230 19.8 0.3 2.6 300
S1B406* 0.85 1.37 80 150 145 200 20.65 0.4 3.8 260
S1B407* 0.85 1.37 80 80 70 230 25 0.3 8.7 30

S1B408 0.85 1.37 80 70 70 120 4.86 0.7 1.9 210
S1B409 0.85 1.37 80 80 95 160 10.11 0.5 35 180
VS1B403 0.85 1.37 80 147 147 160 7.2 0.5 14 -
VS1B405 0.85 1.37 80 143 143 153 7.8 0.5 24 -
S2B601 2 1.23 120 130 130 190 10.3 0.6 2.2 270
S2B602 2 1.23 120 170 170 210 12,5 0.6 2 250
S2B603 2 1.23 120 50 100 195 12.8 0.6 7.1 240
S2B604 2 1.23 120 110 115 160 8.8 0.8 2.2 250
S2B605 2 1.23 120 90 105 135 6.6 0.9 2 255
S1B601 0.85 1.37 120 60 70 150 7 0.8 5 280

* Culvert without transition



3 RESULTS AND DISCUSSION

3.1 Flow structure

Figure 3 shows the distribution of streamwise ve-
locity in a 30 mm layer (z) of flow from the bed to
water surface in non-blocked (VS1B04) and blocked
situation (VS1B403) under similar flow condition.
Coordinate X shows the distance from the inlet of
the culvert in flow direction. Flow velocity was
measured in the culvert from the inlet (x = 0) to 600
mm after the outlet of the culvert (x = 1500) under
fixed bed condition. Flow velocity was measured on
the centerline of the culvert.
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Figure 3 Velocity distributions in the 30 mm layer from the bed
of the culvert; (a) non-blocked (b) partially blocked

As shown in Figure 3, in a non-blocked condition
the distribution of the streamwise velocity is more
uniform while in a partially blocked condition the
gradation of velocity rapidly changes. The maximum
velocity in the streamwise direction for non-blocked
condition is 0.26 m/s but it increases to 0.65 (m/s) in
partially blocked condition which is 2.5 times more
than non-blocked condition.

Figure 4 shows the flow structure for two set of
experimental tests. Setl includes test VS1B04 (non-
blocked) and VS1B403 (blocked) and the set 2 in-
cludes VS1B05 (non-blocked) and VS1B405
(blocked). Each set of the tests were conducted in
the same flow condition (Table 1).

Figure 4a shows the normalized turbulent intensi-
ty (TI,/U,) in X direction at the outlet of the culvert
(x = 900mm) versus normalized depth (z/H). z is
depth of water from the bed, H is total water depth
and U, is shear velocity. The normalized turbulent
intensity at the outlet of the culvert for the blocked

condition is more than non-blocked condition in
both set of tests. The normalized turbulent intensity
of blocked condition equals 1.90 and 2.7 for set 1
and 2, respectively. This parameter decreases to 0.76
and 1.15 in non-blocked condition (Figure 4a).
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Figure 4 Flow structure of blocked and non-blocked condition
at the outlet of the culvert; (a) Turbulent Intensity (b) Turbulent
Kinetic Energy (c) Reynolds Shear Stress



The npormalized turbulent Kkinetic energy
(KEX/UE) of the flow in non-block condition of set
2 is around 0.3 and not much change was observed.
Likewise, the non-blocked condition of set 2 was
around 0.7. Comparing the normalized kinetic ener-
gy in blocked with non-blocked condition there is
6.7 and 5.3 times increase for set 1 and 2, respective-
ly (Figure 4 b).

Figure 4c shows the normalized Reynolds shear
stress versus normalized water depth, at the outlet of
the culvert. Normalized Reynolds shear stress is de-
fined as:

In Equation (1), v, is flow velocity turbulence in
X direction and v, is flow velocity turbulence in Z
direction. Normalized Reynolds shear stress for non-
blocked condition of both sets is around -0.1 while it
reaches to -0.9 in blocked condition setl, and to -
1.22 in blocked condition set 2 (Figure 4c).

3.2 Location of scouring hole

Figure 5 depicts the normalized profile of scouring
in blocked and non-blocked conditions.
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Figure 5 Normalized scouring profile; (a) non-blocked condition (b) blocked condition



Both profiles were estimated by a quartic polynomi-
al. Equation (2) is for the non-blocked condition
(Figure 5a):

[dSJ - O.YS[LSJA —4.76["5]3 + 9.09[L5j2 —5.31[%} ~005 (2)
dy L L L L

In this equation, d.is scouring depth at any loca-
tion along x direction; d,,is the maximum scouring
depth; Lis the location of maximum scouring
depth along the x direction and L,is the total length
of scouring hole. According to the Figure 5equation
(2) the maximum scouring depth occurs at a location
of 0.42 total scouring lengths (L,). Also, at the outlet
of cuIvert(LS/LI =0), the scouring depth of the
non-blocked condition equals to 0.05 of maximum
scouring depths.

Equation (3) shows the estimated equation for
scouring profile in blocked condition (Figure 5b):

[de - 0.85[L8]4 _ 437["5]3 + 8_60("5]2 - 4_28(L5j ~034 (3)
dg, L L L L

The maximum scouring depth in this condition
occurs in the 0.34 of the total scouring length which
IS 25% closer to the culvert outlet comparing with
the non-blocked condition.

Moreover, the scouring depth at the outlet of cul-
vert in blocked condition equals to 0.34 of maximum
scouring depth. It is 6.8 times greater than the depth
of scouring hole at the outlet of culvert in non-
blocked condition.

4 CONCLUSIONS

Comparing flow structure of blocked with the non-
blocked situations in the same flow condition indi-
cated that in blocked condition, turbulent intensity is
2.5 times; kinetic energy is 5.3 to 6.7 times and
Reynolds shear stress is 12 times, greater than that
of non-blocked condition.

The maximum scouring depth of the partially
blocked condition occurs 25% closer to the outlet of
the culvert comparing to the non-blocked condition.

Comparison of non-dimensional scouring depth
(d, /d.,, )for blocked and non-blocked condition in-
dicates that at the outlet (toe) of the partially blocked
culvert non dimensional scouring depth is 12 times
more than non-blocked culvert.
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