
1 BACKGROUND 

Experimental studies on local scour available in the 
literature have been mainly focused on clear-water 
(CW) scour conditions, where the average flow ve-
locity, U, is smaller than the critical flow velocity, 
Uc, for the initiation of sediment motion. In reality, 
however, the situation is quite the opposite: scour 
around bridge piers and abutments takes place under 
live-bed (LB) scour conditions (U > Uc) and the 
scour process is the combination of sediment erosion 
and refill of the scour hole from upstream. CW scour 
experiments are preferred to LB experiments due to 
a more simple configuration of the facilities. Fur-
thermore, a typical depiction of the process shows 
that the maximum scour depth is reached at the lim-
iting CW conditions (i.e. U ≈ Uc) whereas the ex-
pected scour depth in live-bed conditions will be 
smaller, due indeed to hole refill by the upstream 
sediment transport, even though a second peak in 
depth might be found for very high transport intensi-
ties (e.g., Melville, 1997 among many others). 

LB scour at bridge piers has been investigated in 
several works, e.g., Melville (1984), Fischer & Jain 
(1987), Chiew (1993), Kothyari et al. (1993), Mel-
ville (1993), Sheppard & Miller (2006), Tafarojno-
ruz et al. (2012), Hong et al. (2014), and Ettmer et 
al. (2015). Live-bed experiments have been also 
conducted with reference to marine structures, such 
as offshore wind farms, in most cases accounting for 

oscillatory flows (Whitehouse et al., 2011, Petersen 
et al., 2012, and Sumer et al., 2013). However, all 
these studies have considered free-surface condi-
tions, as the most typical ones for rivers and coastal 
areas. To the best of our knowledge, no studies on 
LB scour at piers in covered flow are available in the 
scientific literature. Analyses of CW scour in cov-
ered flow (considered prototypal of ice-covered riv-
ers) were instead performed and results were com-
pared to analogous ones for free-surface conditions, 
finding that scour depths in covered flows were 
slightly larger than those with a free surface (e.g., 
Hains & Zabilansky, 2004, Radice et al., 2009, and 
Wu et al., 2016). This is likely due to the fact that 
the upper boundary layer makes the flow concentrate 
closer to the sediment bed. Some arguments in this 
respect were also given by Radice & Tran (2012). 

In this paper we present results from LB scour 
experiments conducted in covered flow with a circu-
lar pier. Preliminary tests were performed (without 
the pier) to characterize the pattern of developing 
bedforms. A CW run was also carried out as repre-
sentative of a benchmark scour level for comparison 
with depths from the LB tests. 

2 EXPERIMENTS 

The experiments reported herein were run at the Hy-
draulics Laboratory “G. Fantoli” of the Politecnico 
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di Milano, Italy. We used a rectangular closed con-
duit, 5.8 m long, 0.40 m wide and 0.16 m high. The 
bottom was covered with a layer of PBT grains, hav-
ing median diameter d50 = 3.0 mm and density ρs = 
1.27 kg/dm3. 

Preliminary runs were performed to determine the 
threshold flow velocity corresponding to the incipi-
ent motion of sediment. The sediment layer had a 
thickness of 3 cm during these runs. Starting from a 
low flow rate for which no particle motion was ob-
served, the discharge was progressively increased 
until the critical conditions were reached and then 
exceeded. The threshold condition was quantitative-
ly predetermined (following Radice & Ballio, 2008) 
as that corresponding to a dimensionless sediment 
transport rate per unit width of 6×10-5. The solid dis-
charge was measured counting the number of parti-
cles passing over a plate in a given time duration. 
The critical flow rate was 13.2 l/s. 

Other preliminary runs were executed to charac-
terize the pattern of developing bedforms with two 
different discharges (Q/Qc = 1.2 and 1.4, where Q = 
flow discharge and Qc = threshold discharge for in-
cipient motion of the bed sediment). Both water and 
sediment were recirculated: water was conveyed by 
the facility circuit, while sediment was manually 
taken out from a sediment catcher in an outlet tank 
of the channel and placed into a sediment feeder lo-
cated above the first section of the channel. A laser 
distance sensor was used to measure the temporal 
evolution of the bed elevation at 4 m from the inlet. 
Sediment feeding rates were adjusted in order to pre-
serve the mean bed elevation, thus avoiding general 
aggradation or degradation, and were equal to 
7.8×10-7 and 6.2×10-6 m2/s for the two hydrodynam-
ic conditions, respectively. 

A recess section enabled scour holes to be formed 
by the flow impacting a pier model during scour 
tests. The pier used in this work was a telescopic 
PVC cylinder with 6 cm diameter, that was placed at 
4.5 m from the inlet of the channel, to ensure devel-
opment of the flow and morphologic features. The 
pier diameter was 15 % of the conduit width; con-
traction scour was never observed, consistently with 
literature indication according to which the ratio of 
pier size to flume width would significantly impact 
the scour levels for relatively large values (for ex-
ample, Breusers & Raudkivi, 1991, provided a 
threshold value of 0.4). The cylinder consisted of 
two parts. The upper part could slide into the lower 
part, which formed a jacket for the upper part, so 
that the cylinder could be completely buried in the 
sediment bed. Prior to the execution of a scour test, 
uniform flow conditions were achieved with the cyl-
inder sank under the bed surface, to allow for ad-
justment of initial conditions for scour. Before the 
start of the actual scour test, continuous measure-
ments of the bottom elevation were taken at a fixed 
point 1 cm upstream of the face of the cylinder, in 

Table 1. Bedform test results. 
Test 
 

Q 
[l/s] 

Q/Qc 
 

T 
[s] 

∆D 
[mm] 

λD 
[mm] 

ΤD 
[s] 

BF1 15.8 1.2 22,200 -* -* -* 
BF2 18.4 1.4 5,700 20 830 713 
* No evident bedforms. 
 
order to determine the reference average non-
scoured bed level. Once a stable initial condition 
was set, the upper part of the cylinder was rapidly 
lifted up, out of the sediment bed, thus initiating the 
scour process. The measurement of the bed elevation 
upstream of the pier was continued during this ex-
perimental phase. Frequent measurements of the wa-
ter discharge were made by a magnetic flow-meter in 
order to verify the maintenance of constant condi-
tions in the channel. 

The LB experiments with the cylindrical pier 
were carried out with the same flow rates (Q = 15.8 
l/s and 18.4 l/s corresponding to Q/Qc = 1.2 and 1.4) 
that were previously used for the preliminary exper-
iments with bedform development in the absence of 
the obstacle. The laboratory campaign also included 
a CW run with a discharge of 11.9 l/s (Q/Qc = 0.9) 
that was used as a benchmark for comparison with 
the LB tests. 

3 RESULTS OF PRELIMINARY TESTS FOR 
BEDFORMS 

Details of the preliminary runs for bedform devel-
opment are listed in Table 1, where T is the duration 
of the experiment. For the LB experiment with Q/Qc 
= 1.2, bedforms were not observed, the sediment 
transport taking place with a plane-bed condition. 
This is in agreement with earlier experimental cam-
paigns performed in the same facility (e.g., Cam-
pagnol et al., 2015, where the bed remained flat until 
Q/Qc = 1.3 that was the largest transport condition 
investigated). 

For Q/Qc = 1.4, the sediment bed started to evolve 
and change from smaller bedforms (ripples) to big-
ger ones (dunes) until stable conditions were 
reached. Figure 1 depicts the time series of fluctua-
tions of the bed elevation around the mean value. A 
relatively regular patterns can be observed, from 
which the value of ∆D as the dune height was esti-
mated as an approximation of the maximum differ-
ence between crests and troughs. The period of 
dunes, TD, was preliminarily estimated by counting 
the number of observed bedforms and dividing it by 
the test duration. The length of the dunes, λD, could 
not be obtained from the temporal measurements 
and was independently measured by a meter during 
the experiment. A celerity of propagation of the 
dunes could then be estimated as c = λD/∆D = 1.2 
mm/s. A conceptual model of dune propagation in-
dicates that the volume of one dune, WD = 



0.5×λD×∆D×B (with B as the width of the conduit) 
would pass through any transverse section in a time 
equal to TD, resulting in a sediment transport dis-
charge Qs = 0.5×λD×∆D×B×(1-p)/TD, with p as po-
rosity. According to this, another estimator of the 
dune celerity is c = 2×Qs/[B×∆D ×(1-p)]. Considering 
the feeding rate used in the experiment and a tenta-
tive value of p = 0.4, one obtains c = 1.0 mm/s. The 
two values obtained for the celerity of migration of 

the dunes are in agreement with each other. There-
fore, even if the dune properties that have been 
roughly estimated here should be object of a more 
thorough evaluation, the results of independent 
measurements are consistent with the simple concep-
tual model and indicate a relationship between bed-
form height and celerity, similarly to what happens 
for water waves. 

Figure 1. Bedform fluctuations around mean bed elevation for test BF2. 
 

 
Figure 2. Scour evolution at pier for different flow rates. 

 
Figure 3. Scour evolution (with logarithmic time axis) and estimation of equilibrium time and scour depth. 
 



Table 2. CW and LB test results. 
Test 
 

Q 
[l/s] 

Q/Qc 

 
T 
[s] 

dse 
[mm] 

te 
[s] 

CW 11.84 0.9 46,880 112* 46,880* 
P1 15.78 1.2 9,580 98 600 
P2 18.40 1.4 6,670 94 300 
* The equilibrium was not achieved. 
 

Bedform results from test BF2 were compared 
to several bedform height, length and period pre-
diction tools available in the literature. It should be 
remarked here that available predictors are actually 
referred to open-channel flows rather than covered 
flows. Garcìa (2008) mentioned that well-
developed dunes tend to have wave heights ∆D 
scaling up to about one-sixth of the flow depth H; 
i.e. ∆D/H ≤ 1/6. Such a condition was verified in 
the present case, where ∆D/H = 20/140 < 1/6. Ju-
lien & Klaassen (1995) analyzed a large number of 
laboratory and field data and proposed a simple re-
lation λD/H = 6.25 as a reasonable first approxima-
tion for dune length, which reasonably fits the pre-
sent results where λD/H = 830/140 = 5.9. Julien & 
Klaassen (1995) also proposed an equation for 
dune height ∆D = 2.5×H×(d50/H)0.3 = 111 mm, 
which greatly exceeds the actual dune height value 
in test BF2. Finally, in Julien & Klaassen’s (1995) 
analysis, dune length was also described by λD = 
2.5×∆D×(H/D50)0.3 that correctly predicts the meas-
ured value if the 111-mm value is used for ∆D in-
stead of the measured one. A few more dune length 
calculation formulae can be found in the literature 
by Yalin (1964) and Van Rijn (1984), where dune 
lengths are expressed as λD = 2πH and λD = 7.3H, 
respectively. These two predictors are similar to 
that from Julien & Klaassen (1995). 

Reasonable prediction of our bedform features 
by formulae developed for open-channel flow 
would point at similar bedform initiation mecha-
nisms for subcritical open-channel flow and 
closed-conduit flows. This finding confirms, for 
example, the indications of the theoretical analyses 
of Engelund & Fredsøe (1982), although the phe-
nomena responsible for bedform creation remain to 
be determined. Yalin (1977) argued that the for-
mation of dunes may be caused by the large-scale 
oscillations. Large, but low-frequency, eddies ap-
pear at a relatively regular interval, resulting in de-
crease and increase in bed shear stress. This is the 
reason for local deposition and erosion of sediment 
particles on leeside and stoss side, respectively. 
Yalin explained the decrease and increase in bed 
shear stress corresponding to near-bed decrease 
and increase (with respect to standard distribution) 
in velocity gradients. 

On another hand, differences between rates of 
bed-form development for closed-conduit flows 
and equivalent open-channel flows have been ob-
served, in that closed-conduit bed forms develop 

much more rapidly (Coleman et al., 2003). These 
differences in growth rates for bed forms in open-
channel and closed-conduit flows have been ex-
plained to arise due to how these respective flows 
respond to the increasing bed roughness associated 
with the growing bed forms. 

4 RESULTS OF SCOUR TESTS 

Figure 2 depicts the measured scour depth evolu-
tion in time for the two different LB tests and the 
CW one. The two LB runs are much shorter than 
the CW experiment, since it was more difficult to 
maintain stationary conditions for these tests (due 
to loss of sediment through the downstream catch-
er). The LB test P1 at Q/Qc = 1.2 was run for ap-
proximately 2 hours and 40 minutes; after that the 
pier was pushed back into the jacket, the discharge 
was set to Q/Qc = 1.4 and the channel was let to 
run for 1 hour in order for the sediment to fill the 
scour hole and allow the bedforms to fully develop 
to equilibrium; then, the pier was pulled out again 
and the second pier test, P2, lasted for approxi-
mately 1 hour and 50 minutes. The CW test was 
run for 13 hours; however, the equilibrium was not 
reached within this duration. Results of LB and 
CW pier scour tests can be seen in Table 2, where 
dse = equilibrium scour depth; and te = equilibrium 
time of scour. For tests P1 and P2 the equilibrium 
time te was easily and robustly estimated (Fig. 3) 
following this method: (1) the mean equilibrium 
scour depth was determined by drawing a horizon-
tal line in the equilibrium phase (for test P1 the av-
erage scour depth was dse = 98 mm, while for test 
P2 dse = 94 mm); then, (2) a line was drawn fitting 
the scour data in the rising phase, and its intercep-
tion with the line representing equilibrium scour 
depth was used to find the equilibrium time of 
scour (for test P1 te = 600 s, for test P2 te = 300 s). 
Since the equilibrium was not achieved in the CW 
test, time te in Table 2 corresponds to the total du-
ration of the test, and scour depth dse is the scour 
depth at the end of the test. 

Our LB experiments were characterized by a 
similar behaviour in the development phase before 
they reached the equilibrium stage. As the ratio 
U/Uc increased, the equilibrium was reached in a 
shorter time (see again Fig. 3) and with decreasing 
scour depth value dse. 

Also for the scour runs, for the condition of 
Q/Qc = 1.2 oscillations were not evident. There-
fore, the scour oscillations after equilibrium were 
analyzed for test P2 and are depicted in Fig. 4. 
Comparison of Figs. 4 and 1 highlights that, for 
this hydrodynamic condition, fluctuations of the 
scour depth were characterized by similar ampli-
tude and period to those of bedforms (∆D = 20 mm 
and Ts = 713 s, see also Table 1). Nevertheless, the 



 
Figure 4. Scour oscillations around equilibrium value for test P2. 
 
shape of the oscillations was different in the two 
cases, since the front of the dunes was much steep-
er than the tail whereas the scour fluctuations were 
approximately symmetric. It was therefore shown 
that the passage of bedforms through the erosion 
hole determined a deformation of these geometric 
features. This effect was related with the fact that, 
when a dune reached the edge of the erosion hole, 
it determined an avalanche of sediment, temporari-
ly depositing at the hole bottom before it was erod-
ed again by the action of the vortex system. 

5 CONCLUSIONS 

The results of live-bed scour experiments with a 
cylindrical pier were presented. To our knowledge, 
this was the first time that such experiments were 
performed with a covered flow. In the development 
phase, the scour evolution is similar to clear-water 
experiments, with increasing scour rates for in-
creasing flow intensities; time to reach equilibrium, 
on the contrary, decreases rapidly for increasing 
flow intensities. These findings were qualitatively 
similar to typical depictions of the scour process in 
open-channel flows, but quantitative comparisons 
of scour values for open-channel flow and covered 
flow available in the literature (only for clear-water 
conditions) showed that the covered-flow condition 
can induce slightly larger scour values. 

We also performed an analysis of the dune 
properties (length, height, period and celerity) 
based on the results of preliminary tests, and a 
comparison with literature predictors showed vari-
able levels of agreement. Oscillations of the scour 
depth after equilibrium were compared to fluctua-
tions of the bed elevation related with bedforms, 
finding similar amplitude and period but different 
shape. 

Follow-up work will include (i) realization of 
additional experiments to investigate experiment 
repeatability and other hydrodynamic conditions, 
(ii) a more thorough investigation of the bedform 
and scour fluctuations taking advantage of signal-
processing methods, and (iii) a comparison of the 
scour values with literature data and predictors for 

live-bed scour in open channels, to extend the 
comparison between open-channel flow and cov-
ered flow to live-bed conditions. 
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