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Abstract

MNew experimental data on scouring to predict the maximum equilibrium scour depth around circular pier
embedded in clay-sand mixed cohesive beds are reported. Existing literatures on scouring around
circular pier in pure cohesive clay beds suggested that the maximum equilibrium scour depth is almost
similar to that of sand bed, while increase in the clay fraction for clay mixed sand beds reduced maximum
equilibrium scour depth. The present study attempted to fill this contradiction of observations made by
different investigators on scour around circular pier in pure clay and clay-sand mixed cohesive sediment
beds, by analyzing a wide range of flume based experimental data. Dimensional analysis of major
parameters responsible for pier scour around bridge pier was done to propose empirical equations fo
estimate non-dimensional maximum equilibrium scour depth around circular pier embedded in clay-
sand mixed cohesive sediment beds through, as functions of pier Froude number, clay content of the
sediment bed, water content, and bed shear strength.

Keywords - Scour depth, Clay-sand, Dimensional analysis, Mixed cohesive beds, Multiple regressions,
Pier scour.

Introduction

The perturbation of the flow field caused by a eylindrical obstruction {(e.g.. circular bridge pier) in rivers
and streams introduces a complex flow field marked by turbulent structures such as horseshoe vortex,
surface rollers, and wake vortices (Ettema er al.. 2006). Thus. high concentration of velocities, bed shear
stresses, vortices, down-flows, and turbulence occur at the nose of the pier, which propagates
downstream. The combinations of these factors lead to the removal of bed sediments from the base of the
pier and form a local scour hole. For example, this phenomenon causes undermining of bridge
foundations and has resulted in more bridge failures than all other causes in history (Briaud ¢f al., 1999).
Under-prediction of scour depth can lead to costly bridge failures, while over-prediction can result in
unnecessary expenditure in terms of construction costs, Therefore, an accurate estimation of maximum
equilibrium scour depth around bridge piers is required for the stability of bridge and also to make a
precise construction cost with no extra expenditure. Therefore, the prediction of maximum equilibrium
scour depth is of immense importance for both the engineers and geo-scientists. Figure | reveals the
conceptual model of flow patterns and components responsible for the development of scour hole around
circular bridge pier.
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From scouring experiments on circular piers in pure clay beds Briaud ef &l (1999) and Ting ef al. (2001}
concluded that the obtained maximum equilibrium scour depth from different experimental runs was
similar to that of sand bed for similar background conditions (e.g., pier diameter, approach flow velocity,
approach flow depth), Experiments on scouring around circular pier models using clay-sand mixed
cohesive beds were reported only by Molinas and Hosny (1999) and Ansari er al, (2002), with clay
fraction (C) in the range 0.05 - 0.4 and 0.1 - 0.6, respectively. Molinas and Hosny (1999) concluded that
maximum scour depth decreased as clay content increased, while increase in antecedent water content
(WC) in general increased maximum equilibrium scour depth. Ansart et al. (2002) reported that the
maximum equilibrium scour depth in cohesive sediments could be smaller or even more than that of non-
cohesive sediments for similar experimental conditions and the antecedent water content of the sediment
at the initiation of scour was the main factor goverming the location of deepest scour in ¢lay-sand mixed
cohesive sediments, These contradictions of observations raise the following obvious question, why did
Briaud et al. (1999) and Ting et al. (2001) observed almost similar maximum equilibrium scour depth
around circular piers for both sand and pure clay beds; while Molinas and Hosny (1999) observed
decreased scour depth with increase in clay content in clay-sand mixed cohesive sediments?

In the present study. an attempt has been made to address these questions and regression based equations
were proposed for the estimation of non-dimensional maximum equilibrium scour depth around circular
pier embedded in clay-sand mix cohesive sediments for different ranges of clay and water content, at
velocities higher than the threshold velocity for the sand in the clay-sand mixed cohesive bed.
Observations  and results on scouring around circular pier embedded in clay-sand mixed beds are
reported based on 56 laboratory flume experiments carried out on clay - sand mixed cohesive sediment
beds with clay fraction (C )= 0.2 — | and water content fraction (We)=0.200-10.460.

Figure 1: Conceptual model of flow pattern within scour hole around a circular pier.
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Experimental Set-up and Data Aequisition

Experiments reported in this paper were conducted at the 18.3m long, 0.9m wide and 0.9m deep tilting
flume (kept at constant slope = 0,001 ) located in the Fluid Mechanics and Hydraulics Laboratory, Bengal
Engineering and Science University, Shibpur. India. The sediment recess was 0.25m deep and 2.5m long
located at 10m downstream from the flume entrance. Water was re-circulated into the flume by one
vertical turbine pump of 0.3 m3 s-1 capacity from a sump 57m long, 3m wide and 2m deep. A point gauge
and a 16 MHz MicroADV, SonTek Inc. mounted on instrument carriage were used to measure scour hole
profiles and flow characteristics, respectively.

The discharge into the flume was controlled with a flow control valve. Circular bridge pier models made
of perspex (transparent) having diameter (D) of 12cm with vertical graduated tapes glued at 07 {front),
907 (left side), 1807 (behind), 270°( right side) of pier were used for the experiments. Figure 2 reveals a
schematic diagram of the experimental flume.

— Data Acquisition System

o False Floor
e im b 3.5m ———shé— 2.5 —ie £ By-pass Valve

| Sed,
Sud. |

Le. 5m |

Figure 3: Different components of the experimental set up:(a) Close view of inserted camera after an
experimental run, (b) View of camera from the fop of the pier model during an experimental run, (¢)
Micro ADV measuring the flow velocity, (d) Top view of the circular pier model showing the positions of
attached scales (e) View of the test section of the flume just before an experimental run (view from the
downstream end).
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The mean velocity profile could be approximated well by the log law. Therefore. V was approximated by
averaging the longitudinal mean velocity measured with Micro-ADV at 0.2y and 0.8y similar to Ting
etal.,(2001)and 1s given in Table 1 for different ranges of experimental conditions. An NB Pro-Logitech
camera connected to computer and installed inside the pier model from a specially designed camera
holder was used in recording time variation of scour depth at regular time intervals against the four scales.
The instantaneous scour depth was measured by observing the position of base of the scour hole by
sliding the camera up and down within the pier. Equilibrium condition of scouring processes was
assumed when at least for successive 5 hours no scouring was seen in any of the attached scale. The
largest value of'the scour depths recorded at different graduated scales at equilibrium condition was taken
as the maximum equilibrium scour depth (ys). Figure 3(a-¢) reveal the photographs, of the different
components of the experimental set-up and a view of test section of the flume just at the start of
experimental run.

Preparation of Clay - Sand Mixed Cohesive Sediment Bed

The cohesive materials that were used in the experiments comprised of kaolinite clay (KC). The cohesive

material was mixed with fine sand (d50 = 0.182mm; specific gravity = 2.65; and 6, = (d,,/d,,)" = 1.37) in
different proportions for different experimental runs as given in Table |, where d16 = 16% finer particle
diameter; and d&84 = 84% finer particle diameter.

At first, the cohesive material was manually mixed homogeneously with fine sand in proportions by
weilght as given in Table 1, respectively, in dry condition. Water by weight in fractions of dry mixture was
then added to the homogeneous mixture in a container and mixed thoroughly by hand and finally, laid at
the sediment recess in lavers of approximately 0.03m. Each laver was compacted manually by dropping
500 times (approximately)a 2.55Kg hammer of base diameter 0.075m. After each layer was compacted,
the top surface of the compacted layer was roughened to improve bonding between layers. For the final
layer, the extra sediment (approximately 0.0 1m thick) was chiseled off and finally made smooth with the
help ofawooden trowel,

Before an experimental run was commenced, the shear strength of the bed sediment was measured by
vane method and sample was collected from a downstream location at the corner of the sediment recess to
measure the bulk density (P*), dry density (P+) and We of the bed, using standard laboratory procedure.
Detailed procedure and steps followed to prepare sediment beds can be found in Debnath and Chaudhuri
(2010a; 2010b). Chaudhuri, (2010).

Experimental Procedure

At the beginning of the each experimental run the flume was allowed to fill up with water until a depth of
approximately 0.35m was achieved. The discharge valve was gradually opened and the tail gate was
simultaneously operated in order to achieve desired discharge to ensure the desired approach flow depth
(y) = 0.35m (fluctuations < 1.6%). This flow depth was monitored throughout the experimental run
against graduated scales attached to the glass flume wall. Total 56 experimental runs were carried out on
clay-sand mixed beds for C = 0.20 - | where C = clay fraction in the clay-sand mixture. Experiments were
carried out on four different antecedent water content ranges, We = 0.200 - 0,232, 0,280 - 0.335, and
0.378 - 0.460 and henceforth will be referred to as WR1, WR2, and WR3, respectively; and also on four
different approach flow depth averaged velocity ranges, V=49.76-54.71 cm/s, 57.31 - 62.92 cm/s, 68,03
- 72,78 cnv's, and 78.98 - 82.73 ci/'s and henceforth will be referred to as VR1, VR2, VR3 and VR4,
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respectively. It is to be noted that WRI<WR2Z<WER3; and VRI<VE2<VR3<VE4. The time for which
each experiment was carried out (Tc) and the time after which no scouring was observed (Te) are given in
Tables 1,

Table 1: Ranges of experimental conditions and maximum equilibrium scour depths,

Exp. “:: & T, Ph = P v T, ¥
Run No:| puns (Njem’) | (gm/em’) (gn/em’) | (em/s) | (hr) | (em)
0.57 184 [ 0236]| 145 5086 | 36 | 200
| &2 2 2.00 5 : ‘ . . u 5
0.59 186 | 028| 150 | 5391 | 41 22.4
0.68 T80 | 0200 130 | 5139 | 52 6.2
3tol14 | 12 | 035 > : : ; : ; 2
0.92 1.91 0392 1.59 8168 | 66 | 205
0.86 .71 0207 1.23 | 49.77 | 36 5.1
15025 11 | 050 > - : : : - >
111 1.8 | 0397] 153 8147 | 68 | 17.6
0.02 .59 0213 LIs 5232 | 52 33
261037 12 | 070 ; : ‘ . . ’
1.07 .72 | 0421] 141 81.59 | 73 14.7
0.7 153 | 0219 1.08 5286 | 48 30
38t048| 11 | 085 3 : 2 : £ : 5
1.12 1.63 0.46 1.33 8121 | 73 15.3
0.61 T4 0306 1.0 5269 | 40 10.5
491056 | 8 1.00 : - : ; : : :
0.78 .53 | 0458] 113 8273 | 53 | 173

In general, an experiment was terminated when at least for successive 5 hours no scouring was observed
in any of the four scales, At the end of each experimental run, the flow was gradually reduced until it was
stopped by controlling the flow control valve and tail gate to avoid any distortion to the final scour hole.
The water from the scour hole was drained out by siphoning, Then, detailed geometry of the scour hole
was recorded with point gauge with graduated traverse arrangement in all three co-ordinate directions.
Maximum equilibrium scour depth (y,) as viewed by the camera for a particular experimental run was
recorded in the data acquisition system (Chaudhuri er al., 2009, 2010).

Results and Discussions

Figure 4 (a-c) shows the plot of maximum non-dimensional scour depth # (¥ = v/ D)as a function of C
in different flow velocity regime and water content (1.e. WR1, WR2, and WR3) respectively. Forcohesive
beds with low water content (WR1), {i decreased steadily with increase in C (Fig. 4a). For cohesive
beds with higher water content (WR2 and WR3.) as a function of C first decreased and thereafier steadily
increased after a certain value of C was reached (Fig. 4b-4c).

B-J
Fd
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Figure 4 Comparison of ¥ as a function of C for clay-sand mixed sediments using
{a) W, = 0.200 - 0.232, (b) W. = 0.280 - 0.335, (c) W = 0.378 - 0.460.

For WR2, { decreased up to €= 0.5 and thereafter increased (Fig. 4b). Similarly, for WR3 (Fig. 4c) ¥
decreased up to C = 0.7 and thereafter increased. The clay fraction in the clay-sand mixed sediment beds
after which the maximum equilibrium scour depth increased was consistent for different velocity ranges
for a particular range of water content (Figs. 4b-¢). Briaud e /., (2004 ) and Ting et al., (2001) reporied
y that around circular piers for sand or pure clay beds were not much different, while Molinas and
Hosny (1999) observed that ¥ decreased with increase in C for the range C = 0.05-0.4. Ansari et al..
(2002), concluded that for a given flow and pier characteristics, ¥, in cohesive sediment could be lesser
or even greater than non-cohesive sediments. This observation further added to the ambiguity. Fig. 4b, 4¢
possibly explain this discrepancy. No study reported in literature on local scour around circular piers
covered the entire range of clay content in the clay-sand mixed sediments and the present study filled the
gap. It can be seen, that the inflection point in the ¥ as a function of clay content shifts position for
different water content ranges in the clay-sand mixture (Fig. 4b, 4¢). Possibly the functional
relationships, as observed in Fig. 4a, 4c, can be explained based on the bed shear strengths of the clay-
sand mixed sediment beds, Vane shear strength as a function of clay content and water content for
different runs also showed similar trend (Fig. 5a, 5c). Fig. 5a reveals that », increases steadily with
increase in C for WRI1. The inflection in the vane shear strength as a function of clay content occurs for
similar clay contents as observed for . For e.g.. experimental runs using clay-sand mixed sediments with
WR2 showed inflection at about 0.5 clay fraction (Fig, 5b) while with WR3 showed inflection at about 0.7
clay fraction (Fig. 5c¢).
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Figure 5: Comparison of » as a function of C for clay-sand mixed sediments using
{a)y W = 0200 - 0232, (b) W = 0.280 - 0.335, (c) W = 0378 - 0.460.

Dimensional Analysis

For non-cohesive sediment beds {e.g., sand), it is mainly the submerged weight of the sediment particles
that resist its dislodgement. The parameters influencing the maximum equilibrium scour depth (v,) for

circular pier inuniform non-cohesive sediments is given by { Ettema er al., 1998).

¥e = [p.u. V,_F,‘I{.d.l’r.f}} (D

where p=fluid density; = dynamic viscosity of water; V'=depth averaged approach flow velocity along
x-direction: y=approach flow depth; g=acceleration due to gravity; d = sediment particle diameter; V. =
critical value of ¥ generating the critical threshold shear stress (1, ) associated with threshold of movement
of particles on bed surface; and D = pier diameter.

Scouring around circular pier in non-cohesive sediment beds is extensively studied for the last few
decades (Raudkivi and Ettema, 1983; Melville, 1997; Sheppard et al., 1997; Ettema et al., 1998).
However, local scour around bridge piers on cohesive (muddy) sediments is not yvet clear and till date,
very few investigations are reported with its quantification. Fine sediment particles ranging in size from
less than | pum to 63 pmi (i.e., particles in clay and silt range) are mainly responsible for the muddy or the
cohesive nature of these sediments (Mitchener and Torfs, 1996; Debnath er al., 201 0a). These cohesive or
muddy sediments exist in the form of flocs or group of flocs (called floc aggregate) or individual particles
{McAnally and Mehta, 2002). Entrainment or transportation of particles from cohesive sediment beds
occurs when flow induced shear breaks all the inter-particle bonds connecting an aggregate or floc or
individual particle in its neighbourhood. At present, the existence of cohesive sediment erosion threshold
is still in question and two schools of thought are found in literature, The first promotes that erosion
threshold does not exist for cohesive sediments and some particles erode at any value of bed shear stress
(Lavelle et al., 1984, Parchure and Mehta, 1985), while the second theory advocates the existence of
erosion threshold { Amos e al., 1992; Ravens ef al., 1999; Tolhurst er al.. 2000; Kothyari and Jain, 2007).
Debnath et al., (2007a) found that at very small values of bed shear stress some particles always erode in
cohesive sediments. Therefore, further understanding is required before V_(for clay-sand mixtures) can
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be used in Eq. (1) as an easily usable parameter in estimation of maximum scour depth in cohesive
material sand mixtures. Thus, instead of V¢ we used bed shear strength () of clay-sand mixtures, which

is a more easily measurable parameter in Eq. (1) similar to that of Molinas and Hosny (1999),

Briaud et al.. (1999) and Ting et al.. (2001) reported results from scouring experiments on circular piers
using cohesive sediments having particles in the clay and silt size range (presence of sand sized particles
was negligible). Both concluded that the obtained maximum equilibrium scour depth from different runs
was similar to that of sand for similar background conditions {(e.g., pier diameter, approach flow velocity,
approach flow depth).

Scouring experiments around circular pier using clay-sand mixtures were only carried out by Molinas
and Hosny (1999) and Ansari er al., (2002) with clay fraction (C) in the range 0.05 - 0.4 and 0.1 - 0.6,
respectively. Molinas and Hosny (1999) concluded that maximum scour depth decreased as clay content
increased, while increase in water content { We) in general increased maximum equilibrium scour depth.
Ansari er af., (2002) reported that the maximum equilibrium scour depth in cohesive sediments could be
smaller or even more than that of non-cohesive sediments for similar experimental conditions and the
water content of the sediment antecedent to the initiation of scour was the main factor governing the
location of deepest scour in cohesive sediments.

Thus for clay-sand mixtures Eq. (1) becomes

Y=k (p1 |:1_J'»’__1'.g,n’,ﬂ,f,ﬂi-.'r,,-} s {2)

Using dimensional analysis and selecting V. D and p as repeating variables we get from Eq. (2),
Bs = 3 (Reps 3:Fod. C.H, 2, ) o (3)

where Y5 = v lD - non-dimensional maximum equilibrium scour depth; ¥~ ¥/ = non-dimensional
approach flow depth ; Fo= |'Jf{_gf;}“'5 = pier Froude number; d= Dfd =non-dimensional particle size;

and T, =T,/(p v ) =non-dimensional bed shear strength,
Pier Reynolds number (R, ) is not an important parameter if the viscous effects are concerned but
Ry influences the frequency of vortex shedding'. Rep is not a significant parameter if the flow around the

pier is fully turbulent and is generally neglected in pier scour studies (Ettema ef al.. 1998). Therefore. we
neglect £ in Eq. (3). The pier Froude number can be expressed as the ratio H/D where H = the stagnation

head ¥/ 2, along the leading edge of the pier13. Further, Ettema et al., (1998) showed that }/gD is in

effect a normalized expression of vorticity of wake vortices, Therefore, the pier Froude number is useful
for describing the flow and flow gradients around a pier. Therefore, Eq. (3) reduces to

Py = £ (5o di €W 5, ) o)
Estimation of §

3 . . ala 17 o .
For non-cohesive sediments in clear water” and in live bed condition” for o =50, the Maximum scour
depth is independent of the sediment size. The present experimental runs were carried out at & =50,
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Further Melville and Sutherland (1988) showed that scour depth is independent of approach flow depth
for 3 =1/D > 2.6. In the present study, y=0.35m which gave i = 2.91 corresponding to shallowest case
making the scouring process independent of y.

Therefore, Eq. (4) reduces to
.;Jr = }r4 (Frp .C, wn"f:ﬂ ) {5}

The experimental data given in Tables 1 were used for multiple regression analysis for obtaining
equations for non-dimensional equilibrium scour depth based on Eq. (5) for different ranges of clay
content and water content in the clay-sand mixture as below:

5o =205 ELTQCFI 3 f:—l}.ﬂ? forw =0200-0.232and0.2< C= (.83 LB
§, =364F02C0LE 00 forW.=0.280-0.335and0.2< C< 0.5 R )
5e=2052 FABCMOE 0P forW,=0.280-0335and 0.5< C< | . (8)
§, =332FL2C V036 £ 09 forW, =0.378-0460;02< C< 0.7 :(9)
TR Y ik st M for W.=0.378-0460,0.7< C<1 (1)

In Egs. (6)-(8), W was neglected because multiple regression analysis gave negligible exponents for W.
Comparison of experimental data of y with that of computed using Eqs. (6) - ( 10)are shown in Fig. 6,

+ W.=0.200-0232;02=C=085
. We=0.280-0335:02= C=05
* Wp=0.280-0335:05= C<1
- Wo=033%-0460:02=C=07
Y Wi =0.336- 0.960;0.7=C=1
2
+v
* v
16 - A
L
- w
— L
o Erad
.g 12 A n v ¥
E , v laahd
& & “ve
= 08 4
1:;_‘_‘| h ‘
-
04 | .
Line of perfect aggreement
L] - T + T v T ¥ T T
0 0.4 04 1.2 16 2

_?-a {Observed)

Figure 6: Comparison of experimentally observed v, from present data that obtained using Eqs. (6) - {10).
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The R2 between the experimentally obtained y, and that computed with Eqs. (6) - (10) were 0,91, 0.82,
(.85, (.80 and 0,73, respectively. This suggested that the above equations reasonably describe the data
obtained from experiments.

Conclusions

The present study investigated the effects of clay content and water content on maximum equilibrium
scour depth. Diverse observations were made in the previous investigations by different researchers on
local scour around circular pier in cohesive beds such as: (a) the maximum equilibrium scour depth in
cohesive beds was similar to that of sand; (b) the maximum equilibrium scour depth in cohesive beds was
smaller or even more than that of sand; and (¢) the maximum equilibrium scour depth decreased with
increase in cohesive material content. The present study suggested that for water content less than 0.240
the maximum equilibrium scour depth decreased with increase in clay content of the clay-sand mixture.
For water content greater than 0.270. with increase in clay content, at first the maximum equilibrium
scour depth decreased up to 0.5 - (.7 clay fraction and thereafter increased. The clay fraction
corresponding to the point of inflection is a function of water content of the clay-sand mixed sediments. It
was also evident that vane shear strength is a significant parameter in describing the maximum
equilibrium scour depths in ¢lay-sand mixed sediments.

Dimensional analysis of major parameters influencing the scouring process was done to propose
regression based equations for the estimation of non-dimensional maximum equilibrium scour depth
around circular pier embedded in clay-sand mixed cohesive sediments as functions of pier Froude
number, clay content, water content, and bed shear strength, These equations are valid for clay-sand
mixed cohesive sediments having clay fraction in the range 0.20 - | and water content in the range 0,200 -
(460, Considering, the large number of parameters that can influence cohesive sediment erosional
properiies Eqgs. (6)-( 10) can be used with ease in estimation of scour depth and scour hole extension for
clay-sand mixtures for0.2< C< [:0.200< We< 0.460.
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