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Abstract: Large debris transported by flood affects scour features at bridge piers and increases the risks of structural
failure. Geometric characteristics of the debris and the relative position of the pier with respect to the river bank are
important parameters for the scour process. The interaction between the water flow and debris accumulation increases
the shear stress, turbulence and consequently enhances the scour depth at the pier. This paper aims at analyzing such
effects on scour evolution at bridge piers. To this end, two series of tests were carried out under clear water condition
with different debris geometries and percentage blockage ratios. Experimental evidences showed that the pier position
only influences scour evolution and equilibrium morphology for low water depths. Conversely, its effect becomes
negligible for scour at bridge piers with debris accumulation and higher water depths. Useful practical relationships have
been derived, with satisfactory prediction capability of the scour evolution for all the tested configurations.
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INTRODUCTION

Large debris (LD) accumulation represents a key aspect in
scour related problems at bridge piers that should be carefully
taken into consideration for a correct design of the structure and
realistic assessment of the scour mechanism. LD accumulation
determines flow obstruction and results in a significant modifi-
cation of velocity field in correspondence with the bridge pier.
Consequently, both shear stress acting on the bed material and
lift action in the pier wake region significantly vary, enhancing
the chances of failure due to an increase of the scour hole geo-
metric characteristics.

The catastrophic 1993 upper Mississippi river basin flood is
an example of the high damage capacity of floods on bridge
pier (Hagerty et al., 1995). In fact, the main cause of bridge
failures was due to accumulation of debris on secondary road-
way bridges. Therefore, debris accumulation at the bridge piers
assumes a fundamental importance and requires further investi-
gations in order to optimize bridge pier design and increase
bridge resilience.

Bridge pier scour is a topic that has been deeply studied over
the last decades. Specifically, many researchers investigated
scour process in correspondence with bridge piers, providing
useful insights on its mechanism and empirical (or semi-
theoretical) relationships to predict the maximum scour depth.
Among others, Chiew (1995), Franzetti et al. (1994), Kan-
dasamy and Melville (1998), Laursen (1958), Masjedi et al.
(2010), Melville and Sutherland (1988), Raikar and Dey
(2008), Raudkivi and Ettema (1985), Richardson and Davis
(2001), Shen et al. (1969) and Tang et al. (2009) analyzed the
scour phenomenon and evidenced the main parameters govern-
ing the scour process. Some of the mentioned studies also fo-
cused on effective countermeasures to limit its extension (e.g.,
collars, rip rap, sills, etc.). Overall, Melville (1997), Sheppard
(1999) and Zarrati et al. (2010) showed the role of several key

parameters influencing the scour process, e.g., the approaching
water depth 4, the pier diameter D, the flow intensity U/UL,
where U indicates the average approach flow velocity and U, is
the critical flow velocity, and bed material mean diameter dso.

Other studies also focused on scour evolution, highlighting
that scour depth increases up to reach an asymptotic value at
the equilibrium condition (Barbhuiya and Dey, 2003; Chang et
al., 2004; Dey, 1999; Dey and Barbhuiya, 2005; Franzetti et al.,
1989; Kothyari et al., 1992; Link et al., 2008; Melville and
Chiew, 1999; Melville and Coleman, 2000; Oliveto and Hager,
2002, 2005; Zevenbergen, 2000).

More recently, the effect of logs and woody debris on the
river morphology and flow deflection has been investigated
(among others, Abbe and Montgomery, 2003; Andreoli et al.,
2007; Braudrick and Grant, 2001; Gurnell et al., 2002; Waller-
stein and Thorne, 1996). Nevertheless, these studies focused on
the accumulation in rivers and creek beds rather than at bridge
piers. Lyn et al. (2003) studied the hydraulic mechanism of LD
accumulation at bridge crossing. They showed that the relative
dimension of the logs with respect to the depth of water is a
crucial parameter in determining debris trapping potential.

Nevertheless, only a few studies provide design procedures
to assess the influence of debris accumulation on the bridge pier
scour. In particular, Melville and Dongol (1992) conducted a
series of experimental tests using a cylindrical accumulation
extending downstream of the bridge pier. The influence of the
accumulation on the scour hole was observed and useful practi-
cal relationships were developed involving the concept of
equivalent bridge pier diameter. Furthermore, Diehl (1997)
found that debris accumulation is one of the major factors be-
hind bridge failures in the USA, because of the increased flow
obstruction due to sediment accumulation, modified angle of
attack deflection and discharge capacity of the bridge (Kattell
and Eriksson, 1998). Successively, Mueller and Parola (1998)
and Parola et al. (1998) investigated the flow field pier scour in
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the presence of debris accumulation and highlighted the signifi-
cant variations with respect to the case of isolated pier. They
showed that hydrodynamic forces depend on debris frontal
shapes, accumulation roughness, porosity and blockage ratio
(see also Bradley et al., 2005; Briaud et al., 2006; Parola et al.,
2000; Zevenbergen et al., 2006).

More recently, Pagliara and Carnacina (2010) and (2011) in-
vestigated the effects of debris roughness and shape on scour
evolution. They found that the scour mechanism is slightly
affected by debris roughness and provided empirical relation-
ships to estimate scour hole geometry. They validated their
formulas by using a large database, including data of other
authors obtained under different hydraulic conditions.

Although numerous studies have been conducted on the top-
ic, the effect of the distance of the bridge pier from the channel
wall on the scour evolution is still underexplored. Apparently,
no studies are present in the open literature dealing with such
effect in the presence of LD accumulation in correspondence
with an isolated pier. Therefore, new experimental tests were
conducted to fill this gap of knowledge. More specifically, two
series of tests were carried by varying the distance of a single
bridge pier from the channel wall, both in the presence and
absence of LD accumulation. Experimental tests evidenced that
scour depth decreases with distance from channel wall for
isolated piers (reference configuration), while it increases with
LD accumulation for any pile position with respect to the corre-
sponding reference configuration. Useful empirical equations
are proposed to estimate the scour depth evolution for all the
tested configurations.

MATERIALS AND METHODS

Experimental tests were carried on in a glass-walled, hori-
zontal channel 7.6 m long, 0.61 m wide and 0.5 m deep. Flow
discharge was measured by means of a KROHNE® Optiflux
2000 electromagnetic flow sensor. The discharge was supplied
by means of a sluice gate provided with a flow straightener.
The bridge pier was simulated using a plexiglass cylinder with
diameter D. The flow depth in the channel was regulated by a
movable weir located at its end and it was kept constant during
tests. The movable bed was simulated by using a sand material,
whose granulometric characteristics are: dso = 1.0 mm, o= 1.2
and ps = 2440 kg/m®, where dso is the mean diameter, o is the
non-uniformity coefficient and p; is the sediment density. Ac-
cording to Melville and Chiew (1999), Oliveto and Hager
(2005), Raudkivi and Ettema (1983) and (1985) bed forms do
not occur for the tested channel bed material, as well as cohe-
sive and armoring effects are assumed to be negligible
(d50>09mm and o<1.3, respectively). Furthermore, the
sediment entrainment velocity U. and the Shields’ parameter 6
were estimated by adopting the criterium proposed by Wu and
Wang (1999). Namely, following such approach, it is possible
to estimate the critical shear velocity u’. and the energy line
slope i.. Then, using Manning’s formula with a Strickler coeffi-
cient n = 0.047ds0o""®, U. can be evaluated. The predicting capa-
bility of such approach was also tested by Pagliara and Car-
nacina (2010) who conducted experiments in the absence of the
pier, resulting in a good agreement between observations and
predictions. All the tests were conducted by keeping the ratio
constant at U/U. = 1, as, for uniform bed materials and under
clear-water conditions, the maximum scour depth occurs for
U~ U. (Melville, 1997).

Two series of experimental tests were conducted. The first
series consisted of 25 reference tests, which were carried out in
the absence of any LD accumulation. Namely, these tests were

conducted using two pier diameters (D =0.03 m and 0.04 m)
by varying the non-dimensional distance of the pier axis from
the channel wall in the range 1/12 < p,/b < 1/2, where p, indi-
cates the distance of the pier axis from the channel wall and 4 is
the channel width. The choice of the two pier diameters adopt-
ed in this study was based on previous findings of other au-
thors. Namely, according to Oliveto and Hager (2002), the
effect of D/b on the maximum scour depth is negligible for
D/b<0.1. In addition, Pagliara and Carnacina (2010) showed
that the effect of the parameter D/dso can be neglected in the
tested conditions. Figure 1 shows six views (planar, side and
frontal) of a pier located symmetrically and asymmetrically in
the channel, respectively, along with the main geometric and
hydraulic parameters. zna indicates the maximum scour depth,
and /4, dq and ¢4 are debris longitudinal length, width and sub-
merged height, respectively. For each test, channel bed was
carefully levelled and slowly filled up until reaching the desired
water depth. Water flow could enter the channel very slowly, to
avoid scour around the pier during hydraulic conditions set-up.
Then, the target discharge O was set and the water depth /4 at a
distance of 0.5h upstream of the pier axis was measured and
kept constant by regulating the downstream sluice gate (Oliveto
and Hager, 2002; Melville and Dongol, 1992). This instant was
considered as the test beginning (¢ = 0 s). During every test, Zmax
always occurred in correspondence with the upstream side of
the pier, regardless of the pier diameter and position in the
channel, and was surveyed by means of a +£0.5 mm precise
clear scales glued on both the sides of the pier. For each test,
Zmax Measurements were taken at t=1, 2, 4, 8, 15, 30, 60, 90,
120 minutes from the test beginning and, subsequently, after
every 1-hour up to the selected test duration ¢* (generally rang-
ing between 6 and 8 hours, see Table 1).

Table 1. Summary of experimental tests conducted without
inclusion of LD.

Test D polb 0 h/D Zmax t
(cm) ) (/s) () (cm)  (hour)
1 3 1/2 33.50 5.67 5.50 7.5
2 3 1/4 33.50 5.67 5.70 8
3 3 1/4 17.00 2.67 5.80 6
4 3 1/12 17.00 2.67 6.20 6
5 3 1/12 33.50 5.67 5.90 7
6 3 1/12 8.00 1.40 4.50 6
7 3 1/6 17.00 2.67 6.10 6
8 4 1/2 17.00 2.00 6.90 6
9 4 1/2 33.50 4.25 7.20 6
10 4 1/12 17.00 2.00 8.20 6
11 4 1/12 8.00 1.05 6.00 6
12 4 1/12 33.50 4.25 7.30 6
13 4 1/2 8.00 1.05 5.20 6
14 4 1/6 8.00 1.05 5.90 6
15 4 1/6 17.00 2.00 7.00 6
16 4 1/6 33.50 4.25 6.70 6
17 3 1/2 8.00 1.40 4.80 6
18 3 1/2 17.00 2.67 6.50 6
19 3 1/4 17.00 2.67 7.20 72
20 3 1/6 17.00 2.67 6.10 6
21 3 1/6 8.00 1.40 4.70 6
22 3 1/6 33.50 5.67 5.50 6
23 3 1/2 33.50 5.67 4.30 6
24 3 1/2 17.00 2.67 5.10 6
25 3 1/2 8.00 1.40 4.20 6
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Fig. 1. Diagram sketch of the experimental apparatus along with the main hydraulic and geometric parameters: planar views of a pier
located (a) symmetrically and (b) asymmetrically; side views (section A—A”) of a pier located (¢) symmetrically and (d) asymmetrically;
and frontal views (section B-B’) of a pier located (e) symmetrically and (f) asymmetrically.

The selected test duration ¢* allowed us to reach equilibrium
condition for the adopted channel bed material (Pagliara and
Carnacina, 2010, 2011). This occurrence was further verified
by conducting a special test of longer duration (test 19 in Table
1, t*=72 hours). In this regard, it is worth mentioning that the
difference between the maximum scour depths at t = 6 and 72
hours was approximately equal to 4%, that is negligible in
terms of practical applications. At the end of each test, channel
bed morphology was surveyed by using a £0.1 mm precise
point gauge.

The second series of experiments consisted of 56 tests
(Table 2) and was conducted to investigate the effect of LD
accumulation for a bridge pier asymmetrically located in the
channel. Namely, tests with pier diameter D =0.03 m were

conducted in the presence of LD accumulation simulated by
using two different plexiglass boxes (Type A and B,
respectively). Type A was characterized by the following
geometric dimensions: /[;=0.15 m, ds=0.2 m, and debris
height hs=0.09 m; whereas, for Type B, [=0.09 m,
di=0.17m and hs=0.16 m. Also, the channel set-up and
measurement methodology were the same as described above,
as well as the adopted bed material. Tests were conducted for
py/b ranging between 1/6 and 1/2 and ¢* between 6 and 22.3
hours. According to Pagliara and Carnacina (2010) and Pagliara
et al. (2015), the percentage blockage ratio
AA = 100[(da—D)t4)/(bh) varied between 6 and 18%. Figure 2
shows two pictures of test 55. Table 2 summarizes the values of
the main parameters characterizing the second series of tests.
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Table 2. Summary of experimental tests conducted with inclusion of LD.

Test D polb 0 h/D Zimax t Debris AA
(cm) () (Is) ) (cm) (hour) type (%)
26 3 1/2 17.00 2.67 7.30 6.0 B 6.00
27 3 1/2 8.00 1.40 7.00 6.0 B 6.00
28 3 1/4 17.00 2.67 7.90 6.0 B 6.00
29 3 1/4 33.00 5.67 7.20 6.0 B 6.00
30 3 1/4 8.00 1.40 4.50 6.0 B 6.00
31 3 1/4 17.00 2.67 9.90 6.0 B 12.00
32 3 1/4 33.00 5.67 10.20 6.0 B 12.00
33 3 1/4 8.00 1.40 8.00 6.0 B 12.00
34 3 1/4 17.15 2.67 11.00 6.0 B 18.00
35 3 1/4 8.00 1.40 7.70 6.0 B 18.00
36 3 1/4 33.00 5.67 11.50 6.0 B 18.00
37 3 1/4 17.00 2.67 8.10 6.0 A 6.00
38 3 1/4 8.00 1.40 5.70 6.0 A 6.00
39 3 1/4 33.00 5.67 8.10 6.0 A 6.00
40 3 1/4 17.00 2.67 8.30 6.0 A 12.00
41 3 1/4 8.00 1.40 6.20 6.0 A 12.00
42 3 1/4 17.00 2.67 9.70 6.0 A 18.00
43 3 1/4 8.00 1.40 6.40 6.0 A 18.00
44 3 1/4 33.50 5.67 9.70 6.0 A 12.00
45 3 1/4 33.50 5.67 9.60 6.0 A 14.75
46 3 1/6 17.00 2.67 7.00 6.0 B 6.00
47 3 1/6 33.50 5.67 8.10 6.0 B 6.00
48 3 1/6 8.00 1.40 4.90 6.0 B 6.00
49 3 1/6 17.00 2.67 9.60 6.0 B 12.00
50 3 1/6 33.50 5.67 11.00 6.0 B 12.00
51 3 1/6 8.00 1.40 6.70 6.0 B 12.00
52 3 1/6 17.00 2.67 12.20 6.0 B 18.00
53 3 1/6 8.00 1.40 7.10 6.0 B 18.00
54 3 1/6 33.50 5.67 13.50 6.0 B 18.00
55 3 1/6 17.00 2.67 8.00 6.0 A 6.00
56 3 1/6 8.00 1.40 7.00 6.0 A 6.00
57 3 1/6 33.50 5.67 8.10 6.0 A 6.00
58 3 1/6 17.00 2.67 11.30 6.0 A 12.00
59 3 1/6 33.50 5.67 10.70 6.0 A 12.00
60 3 1/6 8.00 1.40 6.30 6.0 A 12.00
61 3 1/6 17.00 2.67 10.80 6.0 A 18.00
62 3 1/6 8.00 1.40 6.80 4.0 A 18.00
63 3 1/6 33.50 5.67 10.20 6.0 A 15.00
64 3 1/2 33.50 5.67 7.40 22.3 B 6.00
65 3 1/2 33.50 5.67 10.70 20.4 B 12.00
66 3 1/2 33.50 5.67 10.40 6.0 B 18.00
67 3 1/2 17.00 2.67 9.40 21.4 B 6.00
68 3 1/2 17.00 2.67 12.30 22.4 B 12.00
69 3 1/2 17.00 2.67 11.00 6.0 B 18.00
70 3 1/2 8.00 1.40 7.80 21.5 B 6.00
71 3 1/2 8.00 1.40 9.00 21.6 B 12.00
72 3 1/2 8.00 1.40 5.60 6.0 B 18.00
73 3 1/2 33.50 5.67 7.00 21.2 A 6.00
74 3 1/2 33.50 5.67 7.40 6.0 A 12.00
75 3 1/2 33.50 5.67 10.60 6.0 A 18.00
76 3 1/2 17.00 2.67 9.50 21.4 A 6.00
77 3 1/2 17.00 2.67 9.00 6.0 A 12.00
78 3 1/2 17.00 2.67 10.60 6.0 A 18.00
79 3 1/2 8.00 1.40 7.60 21.4 A 6.00
80 3 1/2 8.00 1.40 6.80 6.0 A 12.00
81 3 1/2 8.00 1.05 6.20 6.0 A 18.00
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Fig. 2. Pictures of Test 55 (debris type A). Particular of (a) the debris during the test and (b) the scour equilibrium configuration at the end

of the test.

RESULTS AND DISCUSSION
Dimensional analysis

In this section, the main non-dimensional parameters gov-
erning the scour depth evolution at bridge pier will be identified
and empirical relationships will be derived. To do so, we based
our dimensional analysis on earlier studies conducted by Mel-
ville and Chiew (1999) and Pagliara and Carnacina (2011) and
introduced the parameter p, to take into account the distance of
the pier from the channel wall. Therefore, for reference tests,
the maximum scour depth at bridge pier zm« can be expressed
as a function of: 1) bridge pier and channel geometry (D, Sip, b,
Pp), With Sy, indicating the shape of the pier; 2) flow character-
istics (g, h, v, p), where ¢q is the unit discharge, v is the kine-
matic viscosity of water and p is the water density; 3) bed mate-
rial characteristics (dso, 0, 4), with 4 = (ps;—p)/p indicating the
sediment relative density and ps the sediment density; 4) time ¢
and 5) gravity acceleration g:

Zmax:f(D: Shp> b,Pp, q, h: v,p, 8, dSO’O-’ A’ t) (l)

Assuming ¢, p and dso as repeating variables, in principle we
should obtain eleven non-dimensional groups, i.e., the non-
dimensional maximum scour depth zu./D should depend on ten
non-dimensional parameters. Nevertheless, the number of the
governing parameters can be significantly reduced by consider-
ing that: 1) the effect of the parameter D/dso on zma/D is negli-
gible in the tested range (Melville, 1997; Raudkivi and Ettema,
1983); 2) zma/D does not depend on the Reynolds number
Re = (4Uh)/v for tested flow conditions (Franzetti et al., 1989,
1994); 3) no armoring effect occurs for selected channel bed
material (o< 1.3); 4) U/U. is kept constant in all of the tests; 5)
zmax/D does not depend on S, as all of the tests were conducted
with a cylindrical pier; 6) the effect of the parameter D/b on
zma/D is negligible for the adopted experimental apparatus
(Shen et al., 1969); 7) one granular bed material was used for
channel bed, i.e., o and 4 are constant. Therefore, the governing
functional relationship (for reference tests) can be written as
follows:

Zmax h P,
s (21,0 @

where T" = (hUt)/(hD) is the non-dimensional time.

The presence of debris modifies the functional relationship
Eq. (1) as four additional variables should be taken into consid-
eration, i.e., du, ta, ls and Shi, where Sia is the debris shape.
Therefore, for tests with LD accumulation, Eq. (1) can be gen-
eralized as follows (Pagliara and Carnacina, 2010):

Zmaxzf(D5 Shp’ b,pp’ q, ha V,P585 dSO’ g, A,t, ddﬂ las lda Shd) (3)

Following the dimensional analysis conducted for Eq. (2),
four additional non-dimensional parameters can be derived, i.e.,
dalb, li/b, A4 and Sp. Among these, only the parameter A4
affects the variable zm./D. In fact, it can be observed that:
1) the shape of the debris is the same for both Type A and B;
2) the effect of the parameter du/b is negligible in the tested
range, as well as 3) the effect of the parameter ls/b (Pagliara
and Carnacina, 2011). Thus, for scour at pier with LD accumu-
lation Eq. (2) becomes:

Zmax h . D,
— =(=.T;,— 4

D ( D’ d» b ’AA) ( )
where T's= (hU?)/[(d+~D)ts+hD] is the non-dimensional time
(Pagliara and Carnacina, 2010). Note that 7°;= T" for reference
tests, as du = D in the absence of LD accumulation.

Temporal evolution for reference configuration

For reference tests and symmetrically located pier, Kothyari
et al. (1992), Oliveto and Hager (2002) and Pagliara and Car-
nacina (2010) observed that the scour evolution follows a loga-
rithmic law. In particular, Pagliara and Carnacina (2010) and
(2011) showed that the scour evolution is characterized by a
linear trend in a semi-logarithmic chart, and its slope depends
on U/U. and h/D. Therefore, they introduced the temporal scour
evolution parameter £ and re-arranged Eq. (2) as follows:

Zmax 1 T 5
F*f H(l—()) Q)]

In agreement with the findings of Melville (1997), Pagliara
and Carnacina (2010) observed a slight dependence of & on the
parameter A/D for py/b=0.5 and h/D > 2, i.e., £ can be ex-
pressed as only function of U/U.. Conversely, the scour evolution
is influenced by 4/D for /D < 2, thus resulting in & (#/D, U/U.).

Based on this observation and considering that present refer-
ence tests were conducted for U/U. = 1 (i.e., U/U. is constant),
1.05 < h/D <5.67 and 1/12 < p,/b <1/2, the functional relation-
ship proposed by Pagliara and Carnacina (2010) can be re-
arranged as follows:

= (57) ®

Data analysis was conducted in steps. The first step aimed at
understanding the effect of the variable py/b on zww/D.
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Fig. 3. Relationships zma/D vs. T" for different p,/b values and (a) h/D = 5.67, (b) h/D = 4.25, (¢) h/D = 2.00, and (d) #/D = 1.40.

Therefore, data points relative to selected tests were plotted in
graphs (zma/D)(T"), for different p,/b values (Fig. 3). More
specifically, Figs 3¢ and 3d reveal that the role of the parameter
pp/b is more prominent for 4/D <2, thus confirming the find-
ings of previous studies relative to symmetrically located piers
(Melville, 1997; Pagliara and Carnacina, 2010). Whereas,
zmax/D does not depend on p,/b for higher values of the parame-
ter 4/D (see Figs 3a and 3b). Such behavior can be reasonably
explained considering that flow acceleration occurring in the
region between the pier and the channel wall is more significant
for lower tailwater. In fact, a more longitudinally extended
scour morphology at equilibrium takes place in correspondence
with the channel wall for lower 4/D and p,/b values, reflecting
an increase of shear stress acting in such region of the channel.

Based on these observations, the second step of the data
analysis aimed at finding the functional dependence of the
variable & on 4/D and p,/b. To do so, 13 selected tests were
chosen to calibrate the empirical expressions of & appearing in
Eq. (5). It is worth noting that we have several values of &),
corresponding to the scour depth measurements z.«(f) taken
during each test. The analysis was limited to 7" > 800 (approx-
imately corresponding to ¢ ranging between 30 s and 60 s), as
the scour evolution is highly uncertain in the very first develop-
ing phase (Pagliara and Carnacina, 2010). Data analysis al-
lowed us to corroborate that &) values pertaining to each test
are very similar. Therefore, we can reasonably assume the
average value &, of each test for the following elaborations.

Figure 4 shows that & only depends on p,/b and the effect
of h/D is negligible for #/D > 2. In addition, &, values for A/D
< 2 exhibit a similar trend but are generally lower. In both the
cases, the interpolating lines are characterized by the same
slope and &, can be expressed as & = a(p,y/b) + ¢, where a and
c are coefficients. By assuming a linear variation of the coeffi-
cient ¢ with 4/D for 1.05 < h/D < 2, we obtain:

P,
£ =-0.031-L+0.194

; ™

valid for 1/12 < p,/b < 1/2 and 2 < h/D < 5.67 (R? = 0.87), and

Py
b

valid for 1/12 < pp/b < 1/2 and 1.05 < h/D <2 (R* = 0.94).

It is worth noting that Eq. (7) and (8) are analytically con-
sistent, as the coefficient ¢ of Eq. (8) is equal to 0.194 for
h/D = 2. Thus, Eq. (5) becomes the general predicting equation,
in which &= &, calculated either using Eq. (7) or Eq. (8) de-
pending on the value of the parameter 4/D.

Then, Eq. (5) was tested using all data of present study. Fig-
ure 5a shows the comparison between measured and calculated
values (using Eq. (5)) of the variable zu./D at different instants.
Furthermore, we also tested Eq. (5) with data of Ettema et al.
(2006), Sheppard et al. (2004), and Wang et al. (2016). It is
worth noting that other authors’ data pertain to tests conducted
for pp/b =1/2, 0.8 < U/U: < 0.96 and 0.3 < h/D < 15.6. There-
fore, a slight over-estimation of the equilibrium non-
dimensional scour depth should be expected for lower U/U.
values. In Fig. 5b, we contrasted the ratio Zmax meas/Zmax cale With
U/U., evidencing that the calculated value of the maximum
scour depth (Zmax cate) converges to measured value of the maxi-
mum scour depth (Zmax meas) for U/U. =1.

h
£ =-0031L+ (0.0365+o. 122) ®)

0.3
X h/D>2
o A/D =1.05
—-—Eq.(7)
—Eq. (8), h/D =1.05
wy 02 b X%
KR ——— o X
0.1 1 1 1
0 0.2 0.4 0.6 0.8
p,/b

Fig. 4. & (pp/b) for /D >2.00 and h/D = 1.05.
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Fig. 5. (a) Comparison between measured and calculated values (using Eq. (5)) of the variable zma/D at different instants;
(b) (Zmax meas/Zmax cale)(U/U) for data at equilibrium derived from Ettema et al. (2006), Sheppard et al. (2004) and Wang et al. (2016).

Temporal evolution with LD accumulation

56 tests were carried out with LD accumulation at the pier
under different water depths, percentage blockage ratios and the
pier locations. Based on the dimensional considerations report-
ed above and in agreement with the findings of Kothyari et al.
(1992) and Oliveto and Hager (2002), Eq. (4) can be re-written
as follows:

Zmax _ ¢ I T:; 9
D "\ ©
where the scour evolution parameter £”can be expressed as:
. (h P,
& =1(5.20) (10)

For py/b = 0.5, Pagliara and Carnacina (2010) showed that
the scour evolution in presence of LD does not depend on the
parameter relative water depth for 2.67 < 4/D < 5.67. Therefore,
they proposed the following equation to estimate &*

4 u 0.4
£=0.1835 (UAA ~ )70.0986

c

an

valid for 2.67<h/D<5.67,0.6 <U/U:<1,and 5.4 <A4 < 12.1.

As mentioned, the ranges of variation of the parameters 4/D
and A4 are 1.40 < /D <5.67 and 6 < A4 < 18 for present tests
with LD accumulation. Therefore, following the approach
adopted for reference tests, tests were distinguished into two
groups according to the value of the parameter A/D, i.e., for
1.40 < /D <2.0 and 2.0 < /D < 5.67. Data points pertaining
to selected tests belonging to the two distinguished groups were
plotted in Fig. 6. Namely, Fig. 6a shows (zma/D)(Td") for
h/D =5.67 and Figs 6b and 6¢ show the same for 4/D = 2.67
and for #/D = 1.40, respectively.

In addition, tests were selected in order to highlight the ef-
fects of the parameters p,/b and AA4. For example, in Fig. 6b, we
report data points pertaining to tests 31 and 49. Such tests are
characterized by the same AA4 but different p,/b. It is apparent
that the effect of the parameter p,/b is negligible in terms of
temporal evolution. But, the comparison between data point
relative to tests 46, 49 and 52 evidences a significant increase
of the scour depth with A4. Same considerations apply for tests
reported in Figs 6a and 6c.

Likewise, the effect of the parameter 4/D on zma/D(T4") ap-
pears to be negligible for 2.0 < A/D <5.67. In this regard, it is
worth comparing the values of zua for tests 28 and 29 and tests
31 and 32 in Figs 6a and 6b. Such values result to be very close,
thus confirming the findings of Pagliara and Carnacina (2010).
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Fig. 6. (zma/D)(T4") for different p,/b and A4 values with (a)
h/D =5.67, (b) h/D =2.67, and (c) h/D = 1.40.
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Conversely, a significant effect of #/D can be pointed out for
1.40 <h/D <2.0. In fact, zmw/D decreases with A/D, as clearly
shown by Fig. 6¢. For example, by comparing the values of Zuax
pertaining to tests 46, 47 and 48, a significant reduction of the
maximum scour depth can be observed for test 48.

As for the role of the parameter p,/b on scour depth evolu-
tion with LD accumulation, experimental evidences suggest a
different behaviour with respect to that observed for reference
tests. Namely, the effect of p,/b on zma/D is negligible for all
tested conditions. This occurrence is essentially due to the
modification of the flow characteristics caused by the debris,
which results to be much more significant than that due to the
pier position. In this regard, it is worth noting that equilibrium
morphologies of tests with same A4 and A/D values are charac-
terized by similar features, reflecting a similar distribution of
shear stresses acting on the granular bed.

Based on these observations and following the analysis
methodology adopted for reference tests, 8 plus 15 tests were
selected to calibrate the scour evolution parameter £ appearing
in Eq. (11) for 1.40 < A/D <2.0 and 2.0 < h/D < 5.67, respec-
tively. Also in this case, each test is characterized by several
values of &’(¢), corresponding to the measured scour depth
zmax(f). For each test, the values of &77) (calculated assuming
U/U. = 1) were found to be very similar, allowing us to assume
an average value &7, for the following elaborations.

0.8
@ o pJb=1/6
O p/b=1/4
0.6 r
A p/b=12
— Egq. (12)
<504
02 r
0 1 1 1 1
0 1 2 3 4 5

Figure 7 shows £%(A4%*) and corroborates the negligibility
of the parameter p,/b on the evolution process. Namely, Fig. 7a
evidences that Eq. (12) proposed by Pagliara and Carnacina
(2010) also applies for present tests with LD accumulation and
is valid for U/U. =1, 1/6 <pp/b < 1/2,6 < AA < 18 and 2 < h/D
<5.67 (R?> =0.87).

& =0.1835A4"%-0.0986 (12)

Conversely, &%, decreases with A/D for lower tailwater
depths (Fig. 7b). By assuming a linear variation of &% with
h/D, the following Eq. (13) (R?> = 0.87) can be derived:

, h h
£ = (0.1762 5 0.1688) AL+ (—0.2365 5" 0.3744) (13)

and is valid for U/U:. =1, 1/6 < pp/b < 1/2, 6 < A4 < 18 and
1.40 < h/D < 2. Note that Egs. (12) and (13) are consistent, i.e.,
by substituting #/D =2 in Eq. (13) we obtain the same coeffi-
cients of Eq. (12). Therefore, by assuming £’= &%, given either
by Eq. (12) or Eq. (13) in Eq. (9), we obtain a general predict-
ing equation to estimate the evolution of the maximum scour
depth at bridge pier with LD accumulation. Figure 8 shows the
comparison between measured and calculated values (using Eq.
(9)) of the variable zna/D at different instants for all the tests
conducted in the present study.

Fig. 7. £2/(AA4%) for different p,/b values and (a) 2 < h/D < 5.67 and (b) /D = 1.40.
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Fig. 8. Comparison between measured and calculated values (using Eq. (9)) of the variable zua/D at different instants for (a) 2 < h/D < 5.67

and (b) 1.04 <W/D < 2.
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Fig. 9. Equilibirum morphologies for test (a) 2 and (b) 32. Units of the legend and axes are expressed in cm.

Overall, the presence of LD accumulation has negligible ef-
fect on the location of the maximum scour depth, that occurs in
correspondence with the upstream side of the pier, regardless of
the debris characteristics. But it contributes to deeply modify
the equilibrium morphology, involving all scour features (i.e.,
area, volume, length, width and depth). Figure 9 shows two
examples of equilibrium morphologies pertaing to Test 2 and
32. They are characterized by identical hydraulic conditions
and pier position. It can be observed that the presence of the LD
accumulation in test 32 results in a scour depth that is almost
double than that of test 2. In addition, the scour formation
reaches the channel wall. In this regard, the present analysis
provides some interesting and unprecedented information that
can be helpful for hydraulic engineers. It is worth noting that
the configurations investigated in this study usually occur in
natural contexts. For example, in curved river branches, float-
ing debris can easily accumulate in correspondence with bridge
piers. Therefore, the estimation of maximum scour depth is
essential not only to correctly design pier foundation, but also
to reduce the risk of bank failure.

Finally, as this is the first study analyzing the combined ef-
fect of pier distance from the channel wall and LD accumula-
tion on scour at bridge pier, different pier diameters were used.
Based on experimental evidences, it is reasonable to assume
that no substantial differences in terms of scour mechanism
could be pointed out for D/b < 0.1. However, for D/b>0.1, there
could be a contraction effect, resulting in an increase of the
scour depth, all other parameters being constant. Therefore,
further tests are needed to investigate such effect. Likewise, a
more comprehensive analysis could be performed by varying
the roughness, shape and percentage blockage ratio of the LD
accumulation.

CONCLUSIONS

The effect of bridge pier distance from the channel wall on
the scour evolution was investigated with and without large
debris accumulation. Two different debris types and three per-
centage blockage ratios were tested. Data analysis revealed that
pier location influences the maximum equilibrium scour depth
and its evolution only in the case of isolated pier, whereas its
effect becomes negligible in the presence of large debris accu-
mulation. As for the flow depth, we corroborated the findings
of other studies, evidencing that low relative tailwaters signifi-
cantly influence scour evolution and equilibrium condition for
all the tested configurations. Conversely, scour mechanism
slightly depends on this parameter for higher water depths.
Empirical equations were developed to predict both the scour

depth at equilibrium and its evolution in the tested range of
parameters. Such equations were also tested with data at equi-
librium of other authors, showing a satisfactory predicting
capability regardless the different tested conditions. Further
investigations are needed to explore the effect of flow charac-
teristics on scour process when the approaching flow velocity is
lower than the critical velocity.
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NOMENCLATURE

a = coefficient (-)

b = channel width (m)

¢ = coefficient (-)

D = pier diameter (m)

dx = particle diameter for which xx% of material is finer (m)
da = debris width (m)

g = gravity acceleration (m s2)

h = approach flow depth (m)

ha = debris height (m)

ic = energy line slope (-)

la = debris length (m)

n = Manning’s coefficient (m™? s)

pp = distance of the pier from channel wall (m)

g = unit discharge (m?s™)

O = discharge (m’s™)

R’ = determination coefficient (-)

Re = Reynolds number (-)

Sira = debris shape (—)

Sip = bridge pier shape ()

T" = non dimensional time for reference tests ()

T4" = non dimensional time for tests with debris
accumulation (-)

t = time (s)

t" = test duration (s)

ta= debris submerged height (m)

u’. = the critical shear velocity (m s™)

U = approach flow velocity (m s7)

U. = critical flow velocity (m s)

Zmax = Maximum scour depth at bridge pier (m)

Zmax cale = calculated maximum scour depth at bridge pier (m)

Zmax meas = measured maximum scour depth at bridge pier (m)

AA = percentage blockage ratio (—)

A = sediment relative density (—)

&= scour evolution parameter for reference tests (-)

&’= scour evolution parameter for tests with debris (-)

& = average scour evolution parameter for reference tests (-)

&% = average scour evolution parameter for tests with debris (-)

v = kinematic viscosity of water (m?s™)

p = water density (kg m)

ps = sediment density (kg m™)

o = sediment uniformity (-)

6 = Shields’ parameter (—)
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