LOG -VANE SCOUR IN CLEAR WATER CONDITION
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ABSTRACT: Log-Vane is a grade-control structure of common use to stabilize riverbed and
river banks. The purpose of this paper is to study the scour phenomena downstream of Log-
Vanes in straight rivers. The main goal is to obtain design equations to determine the main scour
parameters and the scour morphology. All the experiments have been carried out in a horizontal
channel and in clear water conditions. Log-Vanes made of wood, with different heights and vane
angles were tested. Different hydraulic conditions including densimetric Froude numbers, water
drops and tail water values were tested. Results show that the tail water depth is an important
variable to determine the maximum scour depth. The vane angle results to be an important
parameter to predict the scour parameters. Dimensional analysis allows to derive design
equations useful to estimate the maximum scour depth, maximum length of the scour and
maximum height and length of the dune.
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INTRODUCTION

River restoration including river grade control, bank protection, water quality and aquatic habitat
is an important aspect of river engineering. Log-Vanes, as single-arm structures, are placed in the
riverbed and are usually submerged even during low flows. In the presence of Log-Vanes,
secondary flow leads to scour pools. Jansen et al. 1979, Odgaard and Spoljaric 1986, Odgaard
and Mosconi 1987 and Odgaard and Wang 1991 gave major contributions on submerged vanes
hydraulic. In the scientific literature there are no comprehensive studies on scour downstream of
Log-Vane structures. The classical literature includes important researches on local scour like
Schoklitsch (1932), Veronese (1937), Hassan and Narayanan (1985), Farhoudi and Smith (1985),
Mason and Arumugan (1985), Bormann and Julien (1991), Whittaker and Jaggi (1996),
Robinson et al. (1998) and Dey and Sarkar (2006a and b, 2008).

Few contributions are focused on scour downstream of grade-control structures. Shields et al.
(1995) arranging a field measurement study in north-west Mississippi, discovered the effects of
stone grade-control structures on fish migration. Rosgen (2001) presented design details of a
series of in-stream structures including Log-Vane. Structures such as Log-Vane, J-Hook Vane
block ramps and Rock-Vanes are open hydraulic structures with no obstruction for fish migration
and are known as eco-friendly structures. Pagliara (2007) obtained simple expressions to
determine the scour depth and length downstream of block ramps carrying out a series of tests in
clear water condition. The scour morphology was further explained by Pagliara and Palermo
(2008). Pagliara et al. 2012 described localized scour phenomena downstream of block ramps for
live-bed. Bhuiyan et al. (2007) compared the scour development downstream of W-weirs with
the previous study's results. Scurlock et al. (2011, 2012a and b) conducted experimental study on
three types of in-stream structures. Pagliara and Kurdistani (2013) and Pagliara et al. (2013)
analyzed the scour geometry in straight rivers downstream of Cross-Vane and J-Hook vane
structures respectively. Recently Pagliara et al. (2014) studied scour morphology downstream of
rock W-weir in clear water condition. The main purpose of this study is to experimentally
analyze the scour geometry and pattern downstream of Log-Vane structures in horizontal straight
channels.

EXPERIMENTAL SETUP

All the experiments have been carried out in a horizontal channel 0.8 m wide, 20 m long and
0.75 m deep located in the PITLAB hydraulic laboratory of the University of Pisa. Stable inflow
was supplied by an overhead tank. The flow discharge was measured using a calibrated tank with
a precision of £0.1 1/s. An ultrasonic distance meter “Baumer” sensor with precision of 0.001 m
has been used to read the water surface profile and the bathymetry of the mobile bed. Fig.1
shows a plan, a stream wise view A-A and a cross section D-D of the channel; detail C shows
that each structure was made with three pieces of wood. Two stones are attached to each
structure to keep it stable on the channel bed. In Fig. 1, a is the vane angle in respect to the river
bank, / is the length and 4y is the height of the structure. Table 1 shows the characteristics of the
studied Log-Vanes.

In Fig. 1, A4y is the difference between the water surface upstream and downstream of the
structure, B is the channel width, z, is the maximum scour depth, /, is the length of the scour, z’»
is the maximum height of the ridge, /’» is the ridge length and ¢ is the minimum distance of the
scour hole from the channel bank. All the tests data are shown in Table 2.



The densimetric particle Froude number is defined as Fs = Q'/(I. hs.[g.(Gs — 1).d50]*>) , where
Q'=(b/B)Q is the effective flow discharge, Gs = ps/p, in which p; is the bed material density and p
the water density, dso is the mean particle diameter and g the gravitational acceleration. Uniform
non-cohesive sand with a ¢ = (ds4/d16)"*=1.16, Gs = 2.60 and dso = 1.70 mm was used. At the
beginning of each experiment, the channel bed was carefully leveled. All the tests have been
conducted in clear water condition.

Three series of experiments were carried out. The first series included tests on Log-Vane in a
horizontal channel with a = 30° for different values of the height of the structure, discharge and
Ay. The second and third series of experiments were done for Log-Vanes with vane angle of 60°
and 90° respectively. The duration of tests was long enough in order to reach an equilibrium bed
condition depending on the single test (between one to three hours). Fig. 2a depicts view from
upstream during a test run and Fig. 2b shows view from downstream at the end of an experiment.

RESULTS AND DISCUSSION

Dimensional analysis has been applied to obtain analytical functions in order to predict the main
scour parameters downstream of Log-Vanes such as maximum scour depth, maximum scour
length, maximum height and length of the ridge and minimum distance of the scour hole from
the canal bank. For the maximum scour depth the main variables are:

f(Zm 7lah5fa D 7B 5Ay 7Q Ps P & 7d50, OC) =0 (1)
where fis functional symbol.

Based on incomplete self-similarity (Barenblatt 1987) and considering sin a = b/l, eq. (1) can be
expressed in a power-law expression as follows:

Zm! hee=a -f(sin a)° (ho/hst)® D(Fa, Ay | hst) (2)
Where f” and @ are functional symbols and a, ¢ and e are constants.

Functional relation (2) can be adopted also to determine the other scour geometry parameters
substituting the corresponding variable instead of z, in the dimensional analysis process.

SCOUR MORPHOLOGY

Pagliara and Kurdistani (2013) and Pagliara et al. (2013) defined the non-dimensional scour
parameter 7 = F?;-Ay/hy and classified the scour pattern downstream of different in-stream grade-
control structures. For Log-Vane in the range of 0.02 < 7 < 4, two types of morphologies have
been defined which are shown in Fig. 3. In Type A, the dune is developed beside the scour hole
close to the channel bank while in Type B the dune is developed along the scour hole towards the
center of the channel.

Fig. 3a depicts a scour Type B for Log-Vane with a = 90°, Fz = 1.92, Ay/hy,= 0.15. It shows that
the dune occurred in the same line as the scour hole. Fig. 3b and ¢ show scour Type A for Log-
Vane structures with a = 60°, Fs = 8.54, Ay/hy =0.03 and a = 30°, Fs = 1.86, Ay/hg = 0.09
respectively. It is evident that both the scour and the ridge develop close to the channel bank.

Fig. 4a shows the two types of morphologies and Fig. 4b demonstrates the field of existence of
each morphology type for all experimental data of Log-Vanes including all investigated angles.
These experimental observations show that scour morphology is independent from Log-Vane
angle. In other words for any a depending on Fy; and 4y/hs, morphology Type A or Type B could



occur. Fig 4b shows that increasing the densimetric Froude number, the scour type changes from
Type B to Type A.

SCOUR GEOMETRY

Experimental observations show the vane angle a effects in determining the different scour
parameters. Therefore /B is effective on the scour formation downstream of Log-Vanes. Based
on dimensional analysis, numerical forms of eq. (2) have been obtained to predict the values of
different important design scour parameters such as maximum scour depth, maximum scour
length, maximum height and length of the dune and the minimum distance of the scour hole from
the channel side.

Maximum Scour Depth

Tail water depth is an important parameter to predict the scour parameters. Fig. 5a shows the
maximum scour depth data downstream of Log-Vane classified as a function of # , using the
non-dimensional tailwater hm/hg as parameter. Data are compared with J-Hook data by Pagliara
et al. (2013). It indicates that the phenomenon can be expressed by eq. (3) and is independent of
Q.

Zmlhsi=1.6"(huo/ hs) 03 (3)

Fig. 5b compares the eq. (3) with the observed data of Log-Vane a r> = 0.77 is obtained and 12 =
0.74 for J-Hook vane data (Pagliara et al. 2013).

Maximum Scour Length

Experimental data show that the maximum length of the scour hole varies with the vane angle a
and #. Pagliara et al. (2013) presented eq. (4) to predict the maximum scour length downstream
of J-Hook vanes with a = 20°. Fig.6 shows the observed non dimensional scour length data of
Log-Vane structures versus # using a as parameter. Also J-Hook data are shown in Fig. 6 for
comparison.

It demonstrates that for any 7, by increasing the vane angle, the scour length decreases. This
relationship can be expressed by eq. (5) with a correlation coefficient of 0.84. Fig. 6 shows that
at low values of 7 (low discharges) there are similarities between Log-Vane and J-Hook scour
length results but when # increases the length of the scour hole downstream of J-Hook vane
becomes much larger than the one of the Log-Vane. This effect is due to the fact that, the
combination of the two scour holes downstream of J-Hook leads to a unique large scour.

In/hs=23.8 n°3 4)

lm/hst:22.9'(1 +(Sil’l a)S)-1.4r’0.25 (5)



Maximum Dune Height and Length

Investigation on ridge height data shows it depends on the vane angle o and 5. Pagliara et al.
(2013) found eq. (6) to determine the maximum ridge height at the downstream of J-Hook vane
with a = 20° which is plotted in Fig. 7a. The observed ridge height downstream of Log-Vanes
versus 7 is shown in Fig. 7a and compared with J-Hook data. Eq. (7) with a correlation
coefficient of 0.6 shows the Log-Vane data trend. It shows, for any #, that increasing the vane
angle, the maximum height of the dune decreases. Fig. 7a shows that the ridge height in J-Hook
vane is less than the one in Log-Vane and became very close for Log-Vane with o = 90°.

z ,m/hst:0.6 r]0‘3 (6)
2 wlhs=1.3-(1+(sin a)?)"'n*> ©

The experimental observations on the ridge length show that it is mainly a function of # and can
be represented by a simple equation,

Unlhg = 14.4 n°3 (8)

Eq. (8) with data is represented in Fig. 7b together with the available J-Hook data. It shows that
increasing #, the maximum length of the dune increases. It appeared that the length of the ridge
downstream of J-Hook vane always is greater than the length of the ridge downstream of Log-
Vane. This is a direct consequence of the scour length differences between Log-Vanes and J-
Hook.

Eq. (9) found by Pagliara et al. (2013) for evaluating the ridge length downstream of J-Hook
vane comparing with observed data of Log-Vane and J-Hook vane is shown in Fig. 7b.

Unlhse = 31.9 n%° )

Distance of the Scour Hole from the Bank

Another important design parameter in scour morphology is the minimum distance of the scour
hole from the canal bank. The experimental observations show that both the vane angle and the
tail water depth affect this parameter. A non-dimensional parameter X = (&/B)/[(sin &) ( hw/hst )]
is defined in which & is the minimum distance of the scour hole from the channel bank. The
values of X versus 7 are shown in Fig. 8(a). Eq. (10) with r> = 0.78 express the relationship,

X=0.1n°7 (10)
or
&IB = 0.1-sin o (how'hs).n*7 (11)

Fig. 8(b) shows eq. (11) for different combinations of a and Aw/hs.



CONCLUSIONS

Buckingham theorem and incomplete self-similarity resulted in an analytical function used to
predict the main scour parameters for different combinations of hydraulic conditions and Log-
Vane geometries. Experimental observations showed that tail water is an important variable to
predict the maximum scour depth. The vane angle plays an important role to predict the
maximum scour length and the maximum height of the ridge. The results show that by increasing
n, all the scour geometry parameters increase. The minimum distance of the scour hole from the
channel bank depends on both the vane angle and the tail water depth. Scour typology included
two types of scour. Type A where “the dune is developed beside the scour hole close to the
channel bank” and Type B where “the dune is developed along the scour hole towards the center
of the channel”. Equations valid for the design have been established. Further studies are
necessary in order to extend the parameter range and evaluate the effectiveness of the structure
also in live bed conditions.

NOTATION

b structure width

B channel width

dso mean particle diameter

f,.f°  functional symbol
Faq densimetric Froude number = Q /{[-hs[g(Gs-1)d50]°°}

g gravitational acceleration

G pslp

hst height of the structure (average height of the stones)
[ length of the structure

Im scour length downstream of the structure

I'm ridge length

0 flow discharge

0’ effective flow discharge

Yo approach flow depth

Zm maximum scour depth downstream of the structure
Z'm maximum ridge height

Ay difference between water surface upstream and downstream of the structure

a vane angle

@ functional symbol

n EZ-Aylhg

p water density

Ds bed material density

o particle uniformity factor = (ds4/d16)">

é minimum distance of the scour hole from the channel bank
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Table 1, the characteristics of the tested wood structures.

[ (m) hg (m) a

0.533 0.085, 0.055 30°
0.308 0.040, 0.075 60°
0.267 0.041,0.062 , 0.081 90°




Table 2, Experimental test range

TestNo. O (m%/s) a° hg(m) I (m) Ay(m)  hw(m)  zm(m)
1 0.0040 90 0.041 0267  0.0035  0.015 0.034
2 0.0070 90 0.041 0267 0.0050  0.030 0.042
3 0.0100 90 0.041 0267 0.0051  0.080 0.043
4 0.0150 90 0.041 0267  0.0076  0.060 0.074
5 0.0250 90 0.041 0267  0.0010  0.090 0.035
6 0.0350 90 0.041 0267  0.0011  0.120 0.029
7 0.0450 90 0.041 0267 0.0010  0.160 0.043
8 0.0550 90 0.041 0267  0.0013  0.160 0.049
9 0.0150 90 0.062 0267 0.0050  0.060 0.073
10 0.0200 90 0.062 0267  0.0030  0.080 0.060
11 0.0250 90 0.062 0267  0.0020  0.100 0.068
12 0.0350 90 0.062 0267  0.0031  0.120 0.082
13 0.0550 90 0.062 0267  0.0014  0.160 0.089
14 0.0100 90 0.081 0267 0.0070  0.030 0.068
15 0.0150 90 0.081 0267 0.0060  0.060 0.080
16 0.0250 90 0.081 0267  0.0060  0.100 0.095
17 0.0350 90 0.081 0267  0.0026  0.130 0.112
18 0.0450 90 0.081 0267  0.0035  0.160 0.083
19 0.0100 60 0.040 0308  0.0070  0.030 0.066

20 0.0150 60 0.040 0308  0.0068  0.050 0.073
21 0.0200 60 0.040 0308 0.0044  0.080 0.046
22 0.0300 60 0.040 0308  0.0020  0.110 0.051
23 0.0400 60 0.040 0308  0.0020  0.120 0.057
24 0.0500 60 0.040 0308  0.0012  0.160 0.050
25 0.0100 60 0.075 0308  0.0077  0.030 0.067
26 0.0200 60 0.075 0308 0.0100  0.080 0.093
27 0.0250 60 0.075 0308 00119  0.100 0.106
28 0.0450 60 0.075 0308  0.0025  0.160 0.069
29 0.0100 30 0.055 0.533  0.0080  0.030 0.050
30 0.0150 30 0.055 0.533  0.0060  0.060 0.063
31 0.0200 30 0.055 0.533  0.0054  0.080 0.053
32 0.0300 30 0.055 0533 0.0049  0.100 0.063
33 0.0400 30 0.055 0533  0.0015  0.140 0.046
34 0.0500 30 0.055 0533  0.0020  0.160 0.042
35 0.0100 30 0.085 0533  0.0082  0.030 0.062
36 0.0250 30 0.085 0533  0.0075  0.090 0.086
37 0.0300 30 0.085 0533  0.0060  0.110 0.089
38 0.0350 30 0.085 0533 0.0028  0.120 0.056
39 0.0400 30 0.085 0533 0.0074  0.130 0.096
40 0.0450 30 0.085 0533 0.0004  0.140 0.042




section A-A

detail C

section D-D

stone detail C

Fig.1 Plan, stream wise view A-A, cross section D-D with the main scour and flow parameters

and the structure details (detail C).

Fig. 2 a) View from upstream during a test run and b) View from downstream at the end of an
experiment.



Fig. 3 Morphology of scour in Log-vane structure a) a=90°, Fd = 1.92, Ay/hy = 0.15, b) 0=60°,

Fd = 8.54, Ay/hy =0.03, c¢) 0=30°, Fa = 1.86, Ay/hy = 0.09, on horizontal channel bed. The
reference bed level is represented by the 0 mm contour line.
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