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Influence of Cohesion on Scour at Piers Founded
in Clay—Sand-Gravel Mixtures

Rajesh Jain'; A. S. Lodhi?; Giuseppe Oliveto, M.ASCE?; and Manish Pandey, M.ASCE*

Abstract: An accurate prediction of scour depth around bridge piers is crucial for economical and safe design of bridge pier foundations. The
main objective of the present study is to identify the influencing cohesive parameters and their effects on the local scour processes around
bridge piers, depending on various proportions of clay—sand—gravel mixtures. Twenty experimental tests were performed in a channel 25 m
long and 1.0 m wide for this purpose. Runs lasted from 16 to 40 h. It was noted from the experimental work that an increment of clay fraction
significantly reduces the scour depth around bridge piers. It was also observed that the initiation of scour occurred at the sides of the pier
where separation of flow occurred. Typically, the maximum scour depth at the equilibrium stage was still observed at the sides of the pier.
A dimensional analysis was used to propose mathematical relationships assessing the temporal scour depth variation at the wake and sides of
the pier. The developed relationships yielded reasonable results with maximum error of two folds for 95.22% of total data sets for scour depth
at the wake and 92.57% of the total data sets for scour depth at the sides of the pier. DOI: 10.1061/(ASCE)IR.1943-4774.0001616. © 2021
American Society of Civil Engineers.
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Introduction

Scour is recognized as the main cause of bridge failure. Therefore,
it is very important to accurately predict the scour depth around
piers to determine the depth of foundation for bridges. Scour depth
around bridge elements below the bed level in erodible bed streams
can vary significantly depending on the diameter of the pier, sedi-
ments, and flow characteristics (e.g., Oliveto and Hager 2002,
2005, 2014; Azamathulla et al. 2010; Azamathulla 2012; Pagliara
and Palermo 2011; Lodhi et al. 2014; Kurdistani and Pagliara 2017;
Singh et al. 2019, 2020; Pandey et al. 2018, 2019, 2020a, b; Parola
et al. 1997; Pourshahbaz et al. 2020; Pu et al. 2020). Kothyari
(2007) reported that large rivers like the Ganga and Brahmaputra
in India should have a great depth of bridge pier foundations up to
50 m below the riverbed. Thus, an accurate estimation of scour
depth around bridge piers significantly increases the life of bridges
and reduces the cost of construction in bridge foundation designs.
Kamojjala et al. (1995) reported that a damage of $15 million
occurred in the Upper Mississippi Basin due to abutment and
pier failures related to scour. Similarly, in India a number of
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bridge failures due to scour in the recent past are also reported
by Kothyari (2007) and Pandey et al. (2020c).

Studies on bridge scour are mainly focused on the analysis of
pier scour in clear-water condition in cohesionless soils because it
is supposed to improve the design value. Several studies have been
conducted on prediction of the scour depth at bridge piers founded
in uniform and nonuniform cohesionless sediments, which is well
understood at present. However, the streambed sediment typically
consists of cohesionless as well as cohesive soils or a clay—sand—
gravel mixture (Kothyari and Jain 2008). Generally, mixtures of
sediments containing clay are found in upland streams (Kothyari
and Jain 2010a, b; Jain and Kothyari 2009). Type and percentage
of clay, moisture content, and drainage conditions play an impor-
tant role in such types of cohesive sediment mixtures (Lodhi et al.
2016). These factors are responsible for bonding between the sedi-
ment and its resistance against erosion or scouring. Due to the var-
iations in properties of cohesive sediments, it is hard to predict the
incipient flow conditions and scour depth. Few investigations have
been conducted recently to study scour in cohesive soil (e.g., Hosny
1995; Ansari et al. 2002; Lodhi et al. 2016). However, no universal
formula is presently available to predict the local pier scour depth in
cohesive soil because these studies are considered to be at a very
early stage (Ansari et al. 2002). Experimental study on scour
around piers founded in cohesive sediment is then challenging due
to the difficulty in scaling the properties of the cohesive soils and
the related complex erosion characteristics (Ting et al. 2001). Kand
(1993), Molinas et al. (1999), Briaud et al. (1999, 2001), Ram Babu
et al. (2002), Kho (2004), Brandimarte et al. (2006), and Chaudhuri
and Debnath (2013) are among the few researchers investigating
the scour depth around bridge piers embedded in cohesive sediment
mixtures containing clay, sand, and silt. A study on the prediction
of the temporal variation of depth of scour at the wake region of
bridge piers embedded in clay—gravel (CG) and clay—sand—gravel
(CSG) mixtures was conducted by Kothyari et al. (2014). Findings
of some of the previously cited experimental works are briefly
described in the following.

Briaud et al. (1999) explored the scour depth around bridge
piers embedded in clay and sand. A new approach named SRICOS
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(scour rate in cohesive soils) was proposed to compute the scour
depth around cylindrical piers by using three different types of clay
and one type of sand. They also developed a new erosion function
apparatus (EFA) to compute the initial scour rate around the pier
using the curve generated by EFA. The proposed model was vali-
dated by using laboratory and field observations.

Molinas et al. (1999) carried out experiments to investigate the
properties of cohesive sediments affecting local scour at bridge
piers by using silt, fine sand, and montmorillonite clay having
medium plasticity. In their experimental runs, the intensity of com-
paction was varied from 58% to 93% and the initial water content in
unsaturated and saturated clay was varied from 15% to 20% and
32% to 48%, respectively. The authors observed that the slope of
the scour hole in cohesive sediment mixture was steeper than that in
cohesionless sediments; the slope became steeper with increasing
the amount of compaction. The scour hole slope was observed
lower in compacted unsaturated mixtures and was very similar to
that in cohesionless sediments. The authors also found that the
scour hole volume decreased with increasing the compaction and
initial water content of the soil. Saturated mixtures with low initial
water content offered high resistance to erosion.

Ting et al. (2001) performed laboratory tests on pier scour in
clay—sand beds and found that the maximum scour depth and
the scour hole shape mainly depend on the pier Reynolds number.

Ansari et al. (2002) studied the influence of cohesion on pier
scour. They used clay—sand mixture as cohesive sediment in their
experiments. They showed the variation of d..,,,,/d,,,, with W/W .
and C,/¢., where d,,, is the maximum scour depth around pier
in cohesive sediment, d,,, is the maximum scour depth around pier
in cohesionless sediment, W is the antecedent moisture content,
W, is the moisture content required to saturate the soil sample,
C, is the dimensionless cohesion, and ¢, is the dimensionless angle
of internal friction for cohesive sediment mixture. It was found that
the d,,,,,/d,,, initially decreased with an increase in W/W,, up to
1.0; thereafter, it started increasing with further increase in W/W,.,.
The authors also found that the rate of erosion was least when
W/W,, approaches unity and plasticity index (PI) > 0. It was
also concluded that the scour depth in plastic sediments reduces
with an increase in C,/¢,. Here the parameter C,/¢, represents
the cohesion strength of the sediment mixture. In a subsequent
study, Ansari et al. (2003) analyzed the effect of cohesion exper-
imentally. They found that the maximum scour depth occurs either
at the sides of the pier or downstream of the pier depending on clay
properties.

Brandimarte et al. (2006) developed a methodology to study the
scour risk to bridge foundations in cohesive soils. The proposed
methodology was applied to the Woodrow Wilson Bridge on the
River Potomac in Washington, DC. The sediment deposits in
the river mainly consisted of soft clay, silt, and silty sand. The
proportion of soil (particles less than 0.06 mm) varied from 48%
to 71%, and the plasticity index varied from 33% to 41%. The scour
depth in cohesive soils was estimated by the method proposed
by Briaud et al. (2001), according to whom the scour process in
cohesive soils would occur at a slow rate.

Debnath and Chaudhuri (2010a, b) conducted experimental in-
vestigations on local scour around cylinders founded in a cohesive
sediment bed. It was observed that the scour depth decreases with
an increase in clay content for a clay—sand mixture containing less
than 24% water content. For the same mixture containing water
content greater than 27%, the maximum scour depth decreases
with increasing the clay content by up to 50%-70%; thereafter
it increases. It was also observed that the clay content in clay—sand
mixture significantly reduces the peripheral expansion and depth of
the scour hole.
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Dey et al. (2011) presented the results of an experimental inves-
tigation on scour around vertical piles founded in clay and clay—
sand mixture beds under waves. They stated that the scour depth
reduces with an increase of clay content in clay—sand mixture.
Barbhuiya and Chakma (2012) concluded that the maximum scour
depth at equilibrium condition decreases with increasing in dry
density of silt and clay content.

Link et al. (2013) completed a laboratory experimental study to
quantify the effect of bed compaction on scour depth around piers
embedded in sand—clay mixtures. They observed that the sediment
was scoured in a particle-by-particle and/or aggregate-by-aggregate
manner and in the form of chunks of aggregate. The maximum
scour depth occurred at the wake of the pier with an increase in
the ratio of actual to Proctor’s optimum molding water content (W).
It was observed that the depth of scour decreased with increasing
water content (W) up to 2.5, whereas in case of w>2.5, the scour
depth increased with increasing water content.

Kothyari et al. (2014) conducted several experiments to calcu-
late the scour depth in the wake region of a circular pier founded
in CG and CSG sediment mixtures. Clay had median grain size
of 0.052 mm and PI = 6.16%. It was found that the unconfined
compressive strength of sediment and fraction of clay significantly
influence the scour depth.

Keeping the earlier research in view, it can be concluded that all
the available investigations have been carried out to study scour
depth at piers fixed in clay or clay—sand mixtures. Contrarily,
the present study aims to assess the temporal scour depth variation
around bridge piers at the sides and the wake embedded in CG and
CSG sediment mixtures. It is necessary to assess the temporal
variation of the scour depth at the sides of bridge piers in addition
to scour depth at the wake of bridge pier. Hence, the present study
has been taken up. It is also important to note that Kothyari et al.
(2014) studied the scour depth only at the wake region of bridge
piers founded in CG and CSG sediment mixtures; however, they
used mobile beds with low plastic clay content with clay percentage
beginning from 20% in mixtures. Further novelties of this study are
the presentation of new experimental data for cohesive soils ob-
tained from runs of duration from 16 to 40 h and the proposal
of a new approach for the temporal scour depth variation in cohe-
sive soil. This approach has the advantage to be linked (thus con-
stituting a generalization) to that by Kothyari et al. (2007) for
cohesionless bed sediments.

Experimental Setup and Procedure

Experimental Flume

Extensive experimental tests were carried out to study the influence
of cohesion on development of scour and scour depth around
circular piers founded in CG and CSG sediment mixtures at
the Hydraulic Engineering Laboratory of the Civil Engineering
Department at the Indian Institute of Technology in Roorkee,
Uttarakhand, India. A rectangular flume having length of 25 m,
width of 1 m, and depth of 0.6 m was used for the tests. All experi-
ments were carried out on two bed slopes of flume, that is, 3 x 1073
and 5 x 1073, The working section of flume had length of 4 m,
width of 1 m, and depth of 0.6 m, starting at 12 m downstream
from the flume entrance. Therefore, the approach flow was a fully
developed flow. The flow rate in the flume was regulated by an
overhead tank by maintaining a constant head. A tail gate was
provided downstream of the flume to regulate the approach flow
depth. An ultrasonic flow meter at the inlet pipe of the flume was
used to measure the continuous flow discharge. The approaching
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flow depth and scour depth were measured by a vertical point gauge
(1.2 m in length graduated to centimeters and millimeters) with a
flat bottom having an accuracy of 0.1 mm. The flat bottom point
gauge was used to avoid the penetration of gauge in the scoured bed
while measuring the scour depth. Enough care was taken while
measuring the scour depth. The flat bottom gauge was lowered very
slowly into the water such that it did not disturb the flow and
compacted sediment bed conditions. Also, the approach flow depth
was measured 4 m upstream of the cylindrical pier in order to avoid
any influence of pier in the observation of flow depth. Two sizes of
cylindrical iron pipes having outer diameters of 11.52 and 8.90 cm
were used in the experiments. The surfaces of the pipes were
painted to give a smooth finish.

Sediment Material

The experimental beds were prepared with the use of fine gravel,
fine sand, and clay having median size (dsq) of 2.7, 0.24, and
0.0014 mm, respectively. The geometric standard deviations of the
clay, sand, and gravel were 2.16, 1.41, and 1.21, respectively. The
other properties of clay were cohesion at optimum moisture content
(C,) = 49.23 kN/m?, angle of friction at optimum moisture con-
tent (¢.) = 30.7°, plastic limit (PL) = 22%, liquid limit (LL) =
43%, plasticity index (PI) =21%, optimum moisture content
(OMC) = 19%, maximum dry density (V;)ma = 16.43 kKN/m?,
and relative density 2.65. X-ray diffraction (XRD) tests were
conducted to determine the mineralogical properties of clay, show-
ing minerals percentages in the clay: montmorillonite = 4.5%,
kaolinite = 18%, and illite = 77.5%.

Preparation of Cohesive Sediment Bed Mixtures

Two types of sediment mixtures (i.e., CG and CSG) were consid-
ered in this study. For the preparation of the mobile beds, powdered
clay, sand, and fine gravel sediments were used in various propor-
tions. As an example, for the preparation of CG mixture beds, clay
was mixed to gravel in percentages ranging from 10% to 50% by
weight. Similarly, for the preparation of CSG mixture beds, clay
was mixed with sand and gravel in percentages ranging from
10% to 50% by weight. In CSG mixture beds, the ratio of sand
and gravel was kept equal by weight. The chosen ratio of ingre-
dients was used in preparation of CG and CSG mixtures in order
to avoid any calculation error. After being accurately weighed all
three sediments were mixed thoroughly. Clear water was mixed
into the mixture and the three sediments mixed homogeneously
again. The prepared mixtures were covered with plastic sheets
for 24 h to allow uniform moisture distribution. They were again
mixed properly before placing of sediment mixtures into the
working section. The working section was completely filled with
prepared sediment mixture, and a pier model was fixed at the center
of the working section. This sediment mixture was compacted in
three different layers having 0.10 m thickness, approximately,
using a dynamic compaction method. All of that was completed
using a cylindrical roller of 0.23 m diameter, 0.63 m length, and
dead weight of 100 N. This approach was effectively applied by
Robinson and Hanson (1995), Hanson and Hunt (2006), Jain and
Kothyari (2009), Kothyari et al. (2014), and Lodhi et al. (2016,
2018). The area around the sides of the channel and pier was com-
pacted using a wooden hand hammer having dimensions of 0.40 m
length, 0.10 m width, and 0.07 m thickness. A sharp-edged trowel
was used to remove the extra sediment from the bed surface. The
final thickness of prepared sediment mixture in the working section
was kept at approximately 30 cm.
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For the measurements of antecedent unconfined compressive
strength, dry density, and moisture content, three samples were
taken randomly from different locations to ensure the uniform com-
paction of sediment mixture. Before starting of each experiment,
the prepared sediments mixture bed was left saturated for 24 h.
A Perspex sheet of 2.5 mm thickness was used to cover the sedi-
ment bed around the pier to avoid inception of scour before the flow
attains predefined conditions in the flume.

All the experiments were conducted in two phases, namely
(1) with cohesionless sediment (gravel and gravel-sand mixture);
and (2) with cohesive sediment mixtures CG and CSG. Experi-
ments with cohesionless sediment beds are not described in this
paper for brevity. A total of 20 experimental runs were completed
with cohesive sediment mixtures on pier scour. In the present in-
vestigation, an approach described in Lodhi et al. (2016, 2018) for
the quantification of the influence of cohesion on scouring around
spur dikes was followed. The experiments were conducted in two
series, viz., (a) clay was varied from 10%—-50% and mixed with fine
gravel; and (b) clay was varied from 10%-50% and mixed with
equal amounts of fine gravel and fine sand, by weight. A total
of 350 temporal scour depths were taken at pier sides, out of which
186 observations were taken in CG mixture beds and 164 obser-
vations were taken in CSG mixture beds. A total of 335 temporal
scour depths were taken at the wake of the pier, out of which,
177 observations were taken in CG and 158 observations in CSG
mixture beds. A summary of the experimental tests is presented in
Table 1. Approximately 16 scour depths were measured in each
run. The scour depths were measured over shorter time intervals
during the initial part of the experimental run when the scour
process were taking place at a rapid rate. However, scour depths
were measured over larger time intervals in the later part of the
run. Similar to Kothyari et al. (2014), the runs were carried out until
equilibrium scour condition was reached (after which scour depth
did not change with time). For this study, all experiments were
reached equilibrium after runs from 26 to 40 h. The number of ob-
servations is different in CG and CSG mixtures because the time to
obtain semi-equilibrium conditions was different in both mixtures.
It is worth noting that the definition of the equilibrium condition for
cohesive soil is different from the typical ones for cohesionless bed
sediments, as argued by Mazurek (2001) and Hamidifar and Omid
(2017). However, this study would like to prescind from equilib-
rium conditions, considering the processes of temporal scour
depth variation. Moreover, the timescale for scouring in cohesive
sediments was different from that of noncohesive sediments. The
timescale for scouring in cohesive sediments was also varied with
the percentage of clay in sediment bed. In general, the duration of
experimental run (when depth of scour did not change appreciably
with time) increased with clay percentage. The ranges for the
measured experimental data and flow conditions are presented in
Tables 2 and 3 for CG and CSG mixtures, respectively.

Dimensional Considerations

Previous studies on pier scour in cohesionless sediment show that
scour depth depends mainly on characteristics of flow, sediment,
and pier diameter, whereas clay fraction, dry density, and uncon-
fined compressive strength were recognized as the most influential
parameters for cohesive sediment beds (Molinas et al. 1999; Jain
and Kothyari 2010; Kothyari et al. 2014). It is difficult to investi-
gate the influence of such parameters through analytical methods.
Therefore, such variation in scour depth is studied using dimen-
sional analysis here. Experiments were conducted on vertical
circular piers only. However, further effects of the type pier shape,
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Table 1. Summary of the experimental runs on scour in CG and CSG mixtures

Duration of

Pier No. of observations No. of observations experimental
No. Run no. Clay (%) Sand (%) Gravel (%) diameter (m) at wake of the pier at side of the pier run (h)
1 CGl.1 10 — 90 0.1152 16 16 18
2 CG1.2 10 — 90 0.0890 15 16 18
3 CG2.1 20 — 80 0.1152 19 21 30
4 CG2.2 20 — 80 0.0890 17 18 26
5 CG3.1 30 — 70 0.1152 22 24 40
6 CG3.2 30 — 70 0.0890 14 15 24
7 CG4.1 40 — 60 0.1152 19 20 40
8 CG4.2 40 — 60 0.0890 19 20 40
9 CG5.1 50 — 50 0.1152 18 18 40
10 CG5.2 50 — 50 0.0890 18 18 40
11 CSGl1.1 10 45 45 0.1152 14 14 16
12 CSG1.2 10 45 45 0.0890 14 14 16
13 CSG2.1 20 40 40 0.1152 17 18 26
14 CSG2.2 20 40 40 0.0890 16 17 26
15 CSG3.1 30 35 35 0.1152 18 18 30
16 CSG3.2 30 35 35 0.0890 14 17 30
17 CSG4.1 40 30 30 0.1152 16 16 30
18 CSG4.2 40 30 30 0.0890 16 16 30
19 CSG5.1 50 25 25 0.1152 17 17 40
20 CSG5.2 50 25 25 0.0890 16 17 40
Table 2. Experimental conditions for pier scour founded in CG mixtures
Run Ucs
number P, (%) d, (mm) W (%) v, (&N/m’) GN/m) e h(@m) U,(m/s) S, D@ d, (m) d.,, (m) T (min)
CGl1.1 10 2431 5.76 13.08 0.00 0.99 0.121 0.573 0.003  0.1152 0.124 0.083 1,800
CG1.2 10 2431 5.46 12.76 0.00 1.04  0.117 0.593 0.003  0.089 0.101 0.076 1,800
CG2.1 20 2.163 8.09 15.78 3.68 0.65 0.114 0.716 0.003 0.1152 0.101 0.065 1,800
CG2.2 20 2.163 7.49 15.49 2.92 0.68 0.113 0.722 0.003  0.089 0.080 0.049 1,560
CG3.1 30 1.894 9.14 16.18 9.08 0.61 0.115 0.760 0.003 0.1152 0.087 0.049 2,400
CG3.2 30 1.894 8.18 16.41 9.14 0.58 0.113 0.774 0.003  0.089 0.030 0.013 1,440
CG4.1 40 1.626 11.97 17.93 15.68 045 0.125 0.704 0.005 0.1152 0.050 0.037 2,400
CG4.2 40 1.626 12.82 18.10 16.11 044 0.115 0.765 0.005  0.089 0.034 0.025 2,400
CG5.1 50 1.357 17.36 16.71 14.06 0.56  0.087 1.011 0.005 0.1152 0.041 0.034 2,400
CG5.2 50 1.357 17.30 16.76 14.60 0.55 0.087 1.011 0.005  0.089 0.029 0.020 2,400

Note: Here P, = percentage of clay; d, = weighted arithmetic mean size of the mixtures of cohesive sediment; W = antecedent moisture content; v, = dry
density; UCS = unconfined compressive strength; e = void ratio; 4 = approaching flow depth; U, = approaching flow velocity; S, = bed slope; D = pier
diameter; d,.,,; = scour depth at the sides of the pier at the time T in the last column; d,, = scour depth at the wake of the pier at the time T in the last column;
T = experimental run time; and CG = mixture of cohesive sediment containing clay and gravel.

Table 3. Experimental conditions for pier scour founded in CSG mixtures

Run Ucs

number P, (%) W (%) d,(mm) v, (kN/m*) (KN/m?>) &(m) U, (m/s) e So D (m) d.s (m) d., (m) T (min)
CSGl1.1 10 8.37 1.324 17.34 0.00 0.119 0.534 0.50 0.003 0.1152 0.140 0.111 960
CSG1.2 10 8.99 1.324 17.54 0.00 0.118 0.538 0.48 0.003 0.089 0.122 0.094 960
CSG2.1 20 10.19 1.179 18.34 11.30 0.122 0.614 042 0.003 0.1152 0.107 0.051 1,560
CSG2.2 20 9.63 1.179 17.78 11.08 0.127 0.589 0.46 0.003 0.089 0.085 0.039 1,560
CSG3.1 30 10.44 1.033 18.80 36.33 0.117 0.780 0.38 0.003 0.1152 0.056 0.041 1,800
CSG3.2 30 11.09 1.033 19.61 41.09 0.116 0.786 0.33  0.003 0.089 0.034 0.030 1,800
CSG4.1 40 11.81 0.888 19.07 54.07 0.101 0.844 0.36 0.005 0.1152 0.032 0.032 1,800
CSG4.2 40 11.45 0.888 18.50 51.47 0.087 0.980 0.40 0.005 0.089 0.025 0.019 1,800
CSG5.1 50 13.61 0.742 18.27 52.34 0.099 0.861 042 0.005 0.1152 0.028 0.025 2,400
CSG5.2 50 13.88 0.742 18.39 53.09 0.080 1.066 041 0.005 0.089 0.020 0.018 2,400

Note: Here P, = percentage of clay; d, = weighted arithmetic mean size of the mixtures of cohesive sediment; W = antecedent moisture content; v, = dry
density; UCS = unconfined compressive strength; e = void ratio; 4 = approaching flow depth; U, = approaching flow velocity; S, = bed slope; D = pier
diameter; d,.,, = scour depth at the sides of the pier at the time 7 in the last column; d,,,, = scour depth at the wake of the pier at the time 7 in the last column;
T = experimental run time; and CSG = mixture of cohesive sediment containing clay, sand, and gravel.
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pier inclination, and pier foundation might be considered with
approaches similar to those used by Oliveto and Hager (2002)
for the calculation of the scour depth around bridge piers founded
in uniform and nonuniform cohesionless sediments. Scour depth
around a bridge pier founded in a loose material, obtained from
laboratory experiment, has an inherent scale effect. Consideration
of the scale effect leads to a consistent set of nondimensional
parameters needed to describe the influences of flow, bed sediment,
and pier variables (Ettema et al. 1998). Debnath and Chaudhuri
(2010a, b) and Kothyari et al. (2014) stated that the scour depth
around bridge piers in cohesive sediment beds is mainly influ-
enced by

dc = fl (Pc’ Cw dm ¢c’ ¢shv V> Yws> Vso UCSv u, T’ df) (l)

where d,. = instantaneous scour depth in cohesive sediment; P, =
clay percentage; C, = cohesion of pure clay; d, = weighted arith-
metic diameter of prepared CG and CSG mixture; ¢,;, = internal
friction angle for cohesionless sediment; ¢, = internal friction angle
for clay; v, = dry density; 7, = specific weight of sediment; ~,, =
specific weight of water; UCS = unconfined compressive strength;
u = approach flow velocity; 7' = time parameter; and d, = instanta-
neous depth of scour in cohesionless sediment under similar flow
conditions. In this study, d is calculated as done by Kothyari et al.
(2007). The effect of shear stress on pier scour is implicitly ac-
counted for when the computation of scour depth in cohesionless
sediment (d,) is considered. In order to calculate the value of d,,
the procedure outlined by Jain and Kothyari (2009, 2010) and
Lodhi et al. (2016, 2018) was utilized.

The variables C,,, ¢., ¢, UCS, and T can be written in dimen-
sionless form as follows (Kothyari et al. 2014; Lodhi et al. 2016,
2018):

P.
c. =Ll )
(’75 - ’Yw)da

4. = P tan ¢, 4; (1 —P.)tan ¢y, 3)

an ¢:h

Uucs
UCsS, = 4)
(Y5 = w)da

()

where C, = cohesion in dimensionless form; ¢, = dimensionless
friction angle for cohesive sediment mixture; UCS, = dimension-
less unconfined compressive strength of CG and CSG sediment
mixtures; and 7, = dimensionless time. It is necessary to mention
here that C, indicates the cohesion of pure clay. Clay is added in
various proportions in gravel and sand—gravel mixtures in this
investigation. The cohesion value of various CG and CSG mixtures
was obtained by introducing P, in Eq. (2).
Thus, Eq. (1) can be rewritten as

dc :f2(ds,PC,C*,¢*,fyd,7w,UCS*,I*) (6)

Using Buckingham’s 7 theorem (Peerless 1967) and dimen-
sional analysis (Jain and Kothyari 2009, 2010) amongst various
variables, the variables of Eq. (6) are rearranged in dimensionless
form as

dc C* Ya
—_= P.,—,—,UCS, t, 7
d, f3(”¢* " ) )

© ASCE

04021046-5

The value of v,/7,, was varied from 1.30 to 2.0. The analysis of
such variable with scour depth showed that the variation of ~,/7,,
was nonsignificant to completely elucidate the variation in scour
depth. This result was very similar to outcomes found by Kumar
(2011) and Kothyari et al. (2014) during the analysis of impact of
such variables on depth of scour around the pier embedded in co-
hesive sediment beds. Also, Jain and Kothyari (2009, 2010) found
similar influence of ~,/~,, on suspended load and bed load trans-
port during detachment of cohesive sediment mixtures like CSG
and CG. Hence, this variable was neglected from further analysis
and Eq. (7) can be reconsidered as follows:

d

: C.
=1 (PC,E, ucs,, z*) (8)

Eq. (8) was used to compute the scour depth around bridge piers
founded in cohesive sediment mixtures. The value of d; in Eq. (8)
was calculated by the relationship proposed by Kothyari et al.
(2007) for the calculation of the scour depth around bridge piers
founded in uniform and nonuniform cohesionless sediments. This
relationship relates the temporal variation of the scour depth to
the difference between the actual and the entrainment densimetric
particle Froude number, i.e., (F; — Fdﬂ), considering a large num-
ber of data sets from several laboratory experiments. The authors
proposed the following equation:

d, = d,/zg = 0.2720,"*(F; — Fy5)*3 log T (9)

where F,4 for scour inception around bridge piers is defined as

R\ 1/6
Fu5 = {Fd,-— 1.26 - g4 . <d—”> ]0}/3 (10)

a

F,;, which is the densimetric particle Froude number for incipi-
ent sediment entrainment in the approach flow channel, is, in turn,
defined as

R
F,; = 2.33D;0% (d—h

a

1/6
) for D, <10 (11)

R\ 1/6
F, = 1.08Di/'2(d—h) for 10< D, <150  (12)

a

Rhlé

/
Fu i = 1.65<d ) for D, 2 150 (13)

Here d, = dimensionless maximum scour depth; d, = instanta-
neous scour depth in cohesionless sediment; zz = reference
length = (th)l/ 3 for cylindrical pier; & = approach flow depth;
o, = sediment gradation; T = time parameter; R;, = hydraulic ra-
dius; and D, = dimensionless sediment particle size. Specifically,
D, = (¢'/v*)'*d, with g’ = [(7s —7,)/7]g = relative gravita-
tional acceleration and g = gravitational acceleration.

Results and Discussion

Visual Analysis

Scour patterns around the bridge piers at 10% clay content in both
types of sediment mixture (i.e., CG and CSG) were very similar
to those in cohesionless sediment. Significant scour occurred at
the nose of the bridge pier, and the morphology of the scour hole
was cone-shaped. The maximum scour depth was observed at the
nose of the bridge pier in both types of cohesive sediment mixture
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containing 10% clay content. Conversely, no scour depth was ob-
served at the nose of the pier when clay percent was varied from
20% to 50% in both types of sediment mixture for all experiments.
In such conditions the maximum scour depth was observed at the
sides of the pier.

At lower percentages of clay (<20%), scour started with the re-
moval of particles around the pier. At higher percentages of clay,
sediment was detached in the form of thick flakes from the bed
surface. For certain runs with higher values of UCS and higher per-
centages of clay (>40%), sediment detachment took place in the
form of chunks. Ansari et al. (2002) and Kothyari et al. (2014) ob-
served similar erosion patterns in case of clay-sand and clay—sand—
gravel mixtures, respectively. Also, Mazurek et al. (2001) observed
similar erosion patterns in the case of scour caused by submerged
circular turbulent impinging jets in clay—sand mixtures.

All experiments were conducted under clear-water conditions on
CG and CSG mixture beds. No sediment deposition was observed
at the wake of the pier, whereas significant deposition of sediment
was observed when experiments were conducted with cohesionless
sediment beds. Different scour hole shapes were observed in CG
[Figs. 1(a and b)] and CSG [Figs. 2(a and b)] sediment mixtures.
Scour patterns in these sediments were thus drastically different from
those noticed for cohesionless sediments. The shape of the scour hole
changed with increasing the clay content in the sediment bed. In
particular, the resistance to erosion increased with increasing clay
content in the bed, which affected the shape of the scour hole de-
veloped under various clay percentages of CG and CSG mixtures.
Comparatively, larger scour depths were observed in CG mixtures
[Fig. 1(b)] than in CSG mixtures [Fig. 2(a)] for the same clay con-
tent. It is evident from Table 2 that CSG mixtures have greater values
of UCS than those of CG mixtures. Larger scour depths in CG
mixtures might be attributed to the lower resistance offered against
erosion owing to lesser UCS values.

Influence of Clay Content and Unconfined
Compressive Strength on Scour Depth

Figs. 3—-6 were prepared to investigate the influence of clay content
and unconfined compressive strength of the cohesive sediment

Run no CG2.1
P.=20%
D=0.1152m
Up,=0.716 m/s
UCS = 3.68 kN/m?

mixtures on the scour depth at the side (d,,,) and the wake
(d.py) of the pier. It is evident from the figures that the scour depth
reduces with increasing clay content and unconfined compressive
strength in the sediment bed. In other terms, the resistance ability of
cohesive sediment mixtures to the erosion increases with increment
of clay content and UCS (Jain and Kothyari 2010). Here, it is note-
worthy that the scour depth reduced significantly in CSG mixtures
rather than in CG mixtures for clay content >20% (Figs. 3 and 5).
Similar results were also observed by Lodhi et al. (2016, 2018)
in the case of experiments on variation of temporal depth of
scour around submerged and partially submerged spur dikes. In
Figs. 4 and 6 scour processes initiated very late for the experiments
with larger values of UCS owing to the greater resistance against
erosion. The shear stress is not large enough in comparison to the
resistance of bed sediment owing to larger values of UCS (Kothyari
et al. 2014).

Variation of Temporal Scour Depth around Piers

To quantify the scour depth around circular piers founded in cohe-
sive sediments in comparison to those of cohesionless sediments of
similar bulk characteristics, Figs. 7-10 were prepared. Experimen-
tal data of the present study were used to this purpose for various
proportions of clay content in CG and CSG sediment mixtures. In
Figs. 7 and 8, the instantaneous maximum depths of scour (d;),)
were computed using Kothyari and colleagues’ (2007) approach
by considering CG and CSG mixtures to be cohesionless, whereas
d.ps and d,,, are the instantaneous observed scour depths at the
sides and the wake of pier in cohesive sediment mixtures bed, re-
spectively. It is worth noting that the Kothyari and colleagues’
(2007) approach refers to the maximum scour depth at a given time
regardless where it occurs. It can be observed from these figures
that scour depths in cohesive sediments were much smaller than
those calculated by considering sediments as cohesionless. How-
ever, Figs. 7 and 8 indeed revealed that scour depth was drastically
different in cohesive sediment mixtures. Under similar flow condi-
tions scour depths in cohesive sediments are significantly smaller
than those of sediments with equivalent grain sizes, but in absence
of cohesion. In these figures the ratio of Z“T’Z =1 indicates scour

Run no CG4.1
P.=40%
D=0.1152m

U, =0.704 m/s
UCS = 15.68 kN/m?

(a) (b)
Fig. 1. (a) Scour hole patterns around bridge piers in CG mixtures (Run CG2.1); and (b) scour hole patterns around bridge piers in CG mixtures
(Run CG4.1).
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Run no CSG4.2
Pc=40%

D =0.089m

U, =0.980 m/s
UCS = 51.47 kN/m?

(@)

Run no CSG5.1
P.=50%
D=0.1152m
U,=0.861 m/s
UCS = 52.34 kN/m?

(b)

Fig. 2. (a) Scour hole patterns around bridge piers in CSG mixtures (Run CSG4.2); and (b) scour hole patterns around bridge piers in CSG mixtures

(Run CSG5.1).

13’, h(m) U, (mfs) S, D (m)
I 0.125 0.550 0.003 0.1152
Clay-Gravel e 20% 0.114 0.716 0.003 0.1152
0.25 LA 50% 0.087 1.011 0.005 0.1152
o 0 0.115 0.390 0.003 0.1152
Clay-Sand-Gravel a 20% 0.122 0.614 0.003 0.1152
[ * 50% 0.099 0.861 0.005 0.1152
0.204
. - ™ n n - -
0.154 =
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= .
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= 0104 fLee e
" g oot 2 ¢ A
o g O . 3 °
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Fig. 3. Scour depth variation with time at the sides of the pier for different clay percentages in CG and CSG sediment mixtures.

depth in cohesionless sediment under the same flow conditions. It
is also evident from these figures that the scour depth reduces dras-
tically when clay content is more than 30%. Hence, the whole data
sets have been analyzed for two ranges clay of percentages, that is,
10%-20% and 30%-50% to incorporate its effect.

Analogously, Figs. 9 and 10 show the temporal variation of
scour depths at the wake of the pier for various unconfined
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compressive strengths. The whole set of data was classified in
three ranges of UCS for both types of sediments mixture. It
was observed that the UCS of the sediment mixtures increases
with increasing clay percentage in sediment mixture; hence, it
increases the resistance ability of sediment bed against scour.
Similar results were reported by Robinson and Hanson (1995) in
the context of head cut erosion testing of clay—silt—sand mixtures
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UCS (kN/m) b (m) U, (m/s) S, D (m)

(m 3.68 0.114 0.716 0.003 0.1152
0.15 Clay-Gravel ® 908 0.115 0.760 0.003 0.1152
’ |A 1406 0.087 1.011 0.005 0.1152
o 11.30 0.122 0.614 0.003 0.1152
Clay-Sand-Gravel A 3633 0.117 0.780 0.003 0.1152
0.124 % 5234 0.099 0.861 0.005 0.1152
oo
o E nmEE
n
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] om
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Fig. 4. Scour depth variation with time at the sides of the pier for
different unconfined compressive strengths in CG and CSG sediment
mixtures.

and by Jain and Kothyari (2009, 2010) in the context of erosion of
CG and CSG sediment mixtures.

Therefore, the functional relationship for the computation of
scour depths at the sides and the wake of piers founded in CG
and CSG sediment mixtures can be rewritten here as

It is necessary to mention here that shear strength parameters C,
and ¢, were determined for pure clay only and appropriate weight-
age was given by multiplying cohesion with clay percentage for
various CG and CSG mixtures. Therefore, the variable C, /¢, could
not elucidate the variation in scour depth clearly. This finding was
in harmony with the results by Kothyari et al. (2014) in the case of
scour at the wake of piers and by Lodhi et al. (2016, 2018) in the
case of scour around submerged and partially submerged dikes
founded in CG and CSG sediment mixtures. Therefore, the variable
C,./®, was also removed from further analysis. It is important
to replace P, and UCS, with (1 + P,.) and (1 4+ UCS,) so that
Eq. (14) also applies to cohesionless sediment (i.e., P, =0)
(Jain and Kothyari 2009, 2010; Kothyari et al. 2014) and then
Eq. (14) can be rewritten as follows:

dep(s/w
SO — f1(1 4 P, (14 UCS). 1] (15)
sp

Finally, the functional relationship in Eq. (15) is used to com-
pute the scour depth at the sides and the wake of the pier founded in
CG and CSG sediment mixtures.

Nonlinear multiple regression analysis of all pertinent dimen-
sionless parameters was carried out by Statistica version 8.0 soft-
ware and the following new relationships are proposed.

For scour depths at the sides of the pier it was found that

d.
P F 16
= (16a)

where F,; = functional cohesion parameter for CG and CSG sedi-
ment mixtures, which is given by

d(‘ < C >
cp(s/w) *
— = P.,—,UCS,, t, 14
a, "5, (14 Fpo = m,[(1+ Py (1+ UCS. ()] (16b)
P, h(m) U,(ms) S, D (m)
w0 0.125 0.550 0.003 0.089
Clay-Gravel e 10% 0.117 0.593 0.003 0.089
0.18 LA 30%  0.113 0.774 0.003 0.089
: o 0 0.115 0.390 0.003 0.089
Clay-Sand-Gravel A 10%  0.118 0.538 0.003 0.089
% 30% 0.116 0.786 0.003 0.089
0.15
. - n | ] n
n
| |
0.12 L.
0 .
\/E. ™
=% 0,09 s & A4
o A
A
] e ; ; o o
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Fig. 5. Scour depth variation with time at the wake of the pier for different clay percentages in CG and CSG sediment mixtures.
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UCs (N/m?) 1 (m) U, (/s) S, D (m)

m 3.68 0.114 0.716 0.003 0.1152
Clay-Gravel e 9.08 0.115 0.760 0.003 0.1152
0.10 (A 1568 0.125 0704 0.005 0.1152
o 11.08 0.127 0.589 0.003 0.089
Clay-Sand-Gravel A 41.09  0.116 0.786 0.003 0.089
[ * 53.09 0.080 1.066 0.005 0.089
0.08
" m m @ H E m
T 006 .
"g [ ]
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Fig. 6. Scour depth variation with time at the wake of the pier for
different unconfined compressive strengths in CG and CSG sediment
mixtures.
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Fig. 7. Temporal variation of dimensionless scour depth at the sides of
the pier in CG and CSG sediment mixtures for different percentages of
clay content.

When clay content is 10%—20%, then

m, = 0.0102; m; = —9.7657; m, = —0.0914;
my = 0.3385 (adjusted R? = 0.844)

and when clay content is 30%—-50%, then

m, = 0.0003;m; = —9.5363; m, = —0.3789;
ms = 0.6566 (adjusted R*> = 0.808)

For scour depths at the wake of the pier it was found that

deW _ F

17
a, (17a)

pw

where F,, = functional cohesion parameter for CG and CSG
sediment mixtures, which is given by
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Fig. 8. Temporal variation of dimensionless scour depth at the wake of
the pier in CG and CSG sediment mixtures for different percentages of
clay content.

" vcs=o0
Clay-Gravel ® UCS<I0 kN/m;
la UCS>10 KN/m?
B UCS=0
Clay-Sand-Gravel 2 UCS <30 kN/m?
% UCS >30 kN/m?
100 # " o
13 " 4 * %
o * #*
° o U ; " % A "
L] [ ] A
A ¢ ] : 5 * A g i i
. A @ . Toaow %3 o
° & s * g 8 Mg Huy
104 . . 8 ﬁ A L o 4
. . . . s 8 s, '?gg
° [
dgp . . LI
B - L l “
]
1 o B BeEan
0.1 ‘ T :
100 1000 10000 100000
Time (sec)

Fig. 9. Temporal variation of dimensionless scour depth at the sides of
the pier in CG and CSG sediment mixtures for different UCS values.

Fl)w = I’l(,[(l + Pc)nl (1 + UCS*)HZ(I*)M] (17b)
When clay content is 10%—20%, then
n, = 0.004;n;, = —3.577;n, = —0.238;
ny = 0.342  (adjusted R? = 0.852)
and when clay content is 30%—-50%, then
n, = 0.00001;n; = —8.715;n, = —0.232;
ny = 0.7513  (adjusted R> = 0.808)

The goodness of fit between calculated and observed values of
scour depth was analyzed by the same parameters as considered
and described by Jain and Kothyari (2009) and Lodhi et al.
(2016), viz., discrepancy ratio (R;), mean discrepancy ratio (R;),
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Fig. 10. Temporal variation of dimensionless scour depth at the wake of the pier in CG and CSG sediment mixtures for different UCS values.

Table 4. Comparison, in terms of mean discrepancy ratio (R;), difference-based average discrepancy ratio (R,), standard deviation of estimate (o),
logarithm-based standard deviation of estimate (o), difference-based standard deviation of estimate (0,), and logarithm-ratio-based average discrepancy
ratio (D,), between observed and computed values of scour depth at the sides and the wake of piers founded in CG and CSG sediment mixtures

Percent of data-points in the ranges
Scour depth based on discrepancy ratio (R;)

region 0.75-1.25 0.5-2.0

0.33-3 R

Number of

o o, o4 D, data sets N

Side 52.57 92.57
Wake 59.40 95.22

99.42 1.1134
99.70 1.0334

0.1134
0.0335

0.4309 0.1551 0.01459 0.01828 350
0.3981 0.1483 0.0106 —0.01242 335

d,s(Observed ) s

0.1 ~ & -

0.01 5

2 Bands indicating
4 0.5 and 2 times

D%D scour depth

0.001 A = -

¥4 dcp_‘.(Computed )
0.0001 - T T T
0.0001 0.001 0.01 0.1 1

Fig. 11. Comparison of observed versus computed scour depth at the
sides of the pier.

difference-based average discrepancy ratio (R,), logarithm-ratio-
based average discrepancy ratio (D,), standard deviation of esti-
mate (o), and the difference-based (0,) and logarithm-based (o)
standard deviation of estimate. The results in terms of the preceding
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parameters for the comparison between calculated and observed
values of scour depth at the pier sides and its wake region founded
in CG and CSG sediment mixtures are given in Table 4.

The comparisons between observed and computed values of
scour depths through Egs. (16) and (17) are shown in Figs. 11
and 12, respectively. From these figures, it is observed that the
proposed relationships yielded good outcomes with experimental
data and around 92.57% of the data sets at the sides and 95.22%
of the data sets at the wake of the pier lies under maximum error
fold lines, as can be seen in Figs. 11 and 12. The scattering of
data in Figs. 11 and 12 illustrates acceptable regarding parallel re-
sults stated by Kothyari et al. (2014) for pier scour, Lodhi et al.
(2016, 2018) for scour around submerged and partially submerged
spur dikes, and Jain and Kothyari (2009, 2010) for sediment
transport in the case of sediment mixture beds prepared with CG
and CSG.

Concusions

Laboratory experiments were conducted to study the influence of
cohesion on scour depth around bridge piers founded in CG and
CSG sediment mixtures. Firstly, experiments conducted with cohe-
sionless sediment revealed that the initiation of scour started from
the sides of the pier immediately after the experimental run started.
The scour hole extended toward the pier nose where the maximum
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Fig. 12. Comparison of observed versus computed scour depth at the
wake of the pier.

scour depth was observed at the equilibrium stage. In the case of the
experiments conducted with CG and CSG sediment mixtures, scour
started from the sides of the pier, at a point where separation of flow
occurred, and, typically, the maximum depth of scour at the equi-
librium stage was still observed at the sides of the pier. From the
experiments it was found that the clay content and unconfined com-
pressive strength are strongly influential parameters on the scour
depth at piers founded in CG and CSG sediment mixtures. Specifi-
cally, the tendency of cohesive sediment mixtures to resist the ero-
sion increases with increasing the clay content and UCS. This effect
is more pronounced in CSG mixtures than in CG. New relation-
ships [i.e., Egs. (16) and (17)] are proposed to predict the scour
depth at the sides and the wake of cylindrical pier embedded into
CG and CSG sediment mixtures. These equations highlight the
governing effects of the percent of clay, P, and the dimensionless
unconfined compressive strength, UCS,, on local scour processes
at piers in cohesive soils. The comparison between computed and
observed scour depth is depicted in Figs. 11 and 12. It was found
that the proposed relationships yielded satisfactory outcomes with
maximum error of two folds for 92.57% of the total data for scour
depth at the sides and 95.22% of the total data for scour depth at the
wake of the pier.

Limitations

The present study is confined under clear-water scour conditions.
Two cylindrical piers having diameter of 8.9 and 11.52 c¢m, respec-
tively, were tested. The cohesive sediment mixtures were prepared
using equal proportion (by weight) of sand and gravel mixed with
varying percentages of clay (10% to 50% with increments of 10%).
The experiments were conducted with uniform gravel and uniform
sand having median grain size of 2.7 and 0.24 mm, respectively. All
experiments were performed with only one type of clay, viz., clay
with high compressibility.
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in the published article.
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Notation

The following symbols are used in this paper:
B =flume width (m);
CG = clay—gravel;
CSG = clay—sand—gravel;
C, = cohesion (kN/m?);
C, =cohesion in dimensionless form;
D =pier diameter (m);
D, =logarithm-ratio-based discrepancy ratio between
observed and computed values;
D, = grain size dimensionless form;
d, = weighted arithmetic mean diameter of prepared CG and
CSG mixture (m);
d. =instantaneous scour depth in cohesive sediment (m);
dpm = maximum depth of scour around pier in cohesive
sediment (m);
= instantaneous scour depth at the sides of the pier in
cohesive sediment mixture (m);
d.,, =instantaneous scour depth at the wake of the pier in
cohesive sediment mixture (m);
» =maximum depth of scour around pier in noncohesive
sediment (m);
d, = instantaneous scour depth in noncohesive sediment (m);
d,, = calculated instantaneous scour depth in cohesionless
sediment at pier under similar flow conditions (m);
d, = dimensionless depth of scour in noncohesive sediment;
dsy = median particle size (m);
dg, = sediment size for which 84% by weight of the material
is finer (m);
e =void ratio;
F;=densimetric particle Froude number;
F ;53 = densimetric particle Froude number for incipient
~ sediment entrainment at pier;
F ;; = densimetric particle Froude number for incipient
sediment entrainment in the approach channel;
F s = parameter related to the cohesion of CG and CSG
mixtures at the sides of the pier;
F,,, = parameter related to the cohesion of CG and CSG
mixtures at the wake of the pier;

d

cps

d

P

g = gravitational acceleration (m/s?);

¢’ =relative gravitational acceleration (m/s?);
h =approach flow depth (m);

LL =liquid limit (%);

N =total number of data;

OMC = optimum moisture content (%);

P =percentage of clay (%);

PI = plasticity index (%);

PL = plastic limit (%);

R, = difference-based average discrepancy ratio;
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R;, =hydraulic radius (m);
R; =mean discrepancy ratio;
S, =bed slope of flume;
T =time parameter (s);
t, = dimensionless time;
U, = approaching flow velocity (m/s);
UCS = unconfined compressive strength (kN/m?);
UCS, =unconfined compressive strength of cohesive sediment
mixture in dimensionless form;
u = approaching velocity of flow (m/s);
W = antecedent moisture content (%);
W ... = moisture content required to saturate the soil sample (%);
W =ratio of actual to Proctor’s optimum molding water
content;
XRD = X-ray diffraction;
zg =reference length (m);
B=D/B =element obstruction;
¢. =angle of friction of cohesive sediment (degrees);
¢, = angle of internal friction of noncohesive sediment
(degrees);
¢, =internal friction for cohesive sediment mixture in
dimensionless form;
v, =dry density (kN/m?);
7, = specific weight of sediment (kN/m?);
~, = specific weight of water (kN/m?);
o = standard deviation of estimate;
0, =logarithm-based standard deviation of estimate;
o, =difference-based standard deviation of estimate;
o, =sediment gradation; and

o, =sediment gradation of sediment mixtures.
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