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Experiments and numerical simulations are carried out to study clear-water scour around three bridge
piers with cylindrical, square, and diamond cross-sectional shape, respectively. To handle movable-bed
channels with embedded hydraulic structures, the fluid–structure interaction curvilinear immersed
boundary (FSI-CURVIB) method is employed. The hydrodynamic model solves the unsteady Reynolds-
averaged Navier–Stokes (URANS) equations closed with the k-x turbulence model using a second-order
accurate fractional step method. Bed erosion is simulated by solving the sediment continuity equation in
the bed-load layer using a second-order accurate unstructured, finite-volume formulation with a sand-
slide, bed-slope-limiting algorithm. Grid sensitivity studies are carried out to investigate the effect of grid
resolution on the predictive capability of the model. Comparisons of the simulations with the experimen-
tal data show that for all three cases the agreement is reasonable. A major finding of this work, however,
is that the predictive capability of the URANS morphodynamic model improves dramatically for the dia-
mond shape pier for which sediment transport is driven primarily by the shear layers shed from the pier
sharp edges. For piers with blunt leading edge, on the other hand, as the circular and square shapes, the
URANS model cannot resolve the energetic horseshoe vortex system at the pier/bed junction and thus
significantly underpredicts both the scour depth at the nose of the pier and the rate of scour growth. It
is also shown that ad hoc empirical corrections that modify the calculated critical bed shear stress to
enhance scour rate in the pier leading edge need to be applied with caution as their predictive capabilities
are not universal but rather depend on the pier shape and the region of the flow.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Flows around hydraulic structures in natural mobile-bed chan-
nels are characterized by arbitrary geometric complexity, due to
the inherent morphologic richness of bed bathymetry and a wide
variety of hydraulic structures (e.g. barbs, bridge piers, abutments,
spur-dikes, etc.), and are dominated by energetic coherent vortical
structures. Such vortices interact with sediments on the bed leading
to local scour, which could endanger streambed stability and under-
mine the structural reliability of embedded hydraulic structures. Lo-
cal scour is one of the major failure modes of bridge piers. Briaud
et al. [7], for instance, report that as of 1999 more than 1000 of about
600,000 bridges in the United States failed with 60% of these failures
being due to scour. Furthermore, local scour could be an important
factor in the design of offshore wind and hydrokinetic turbine farms.
According to Sumer [52] the cost of a wind turbine foundation in
environments where scour protection is a key design issue could
be more than 30% of the total turbine design and installation cost.
ll rights reserved.
The role of unsteady coherent vortices as the primary mecha-
nism for initiating scour around bridge foundations is well estab-
lished and documented in several previous studies. Baker [5] was
among the first to visualize the turbulent horseshoe vortex system
(THSV) that develops in the upstream junction of a cylindrical pier
with a flat, rigid bed for Reynolds numbers up to 90,000 (based on
the pier diameter D and the approach flow velocity) and was able
to identify primary and secondary vortical structures wrapping
around the pier. Dargahi [9] employed a visualization technique
based on hydrogen bubbles to also study the flow around a cylin-
drical pier on a flat rigid bed. His experiments revealed the pres-
ence of an intricate THSV system consisting of up to five highly
energetic necklace-like vortical structures in the front of the cylin-
drical pier, which appeared to form, interact with each other and
merge in a periodic or quasi-periodic manner. In a follow-up study
Dargahi was the first to study and describe qualitatively the flow
patterns upstream of the pier mounted on a mobile bed along with
the initiation and progression toward equilibrium of the scour pro-
cess [10]. Several other experimental studies focusing on the
dynamics of the THSV system for cylindrical piers on a flat rigid
bed have also been reported by Devenport and Simpson [11], Agui
and Andreopoulos [2], Doligalski et al. [13] and Seal and Smith
[49]. Martinuzzi and Tropea [32] and Hussein and Martinuzzi
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[22] have also studied the flow field around other pier-like geom-
etries with square and rectangular cross-sections mounted on a flat
rigid bed. Dey et al. [12], Graf and Istiarto [20], and Roulund et al.
[47] investigated mean flow and turbulence kinetic energy distri-
bution inside the equilibrium scour hole around cylindrical piers.
A recent comprehensive study was reported by Unger and Hager
[54] who carried out particle image velocimetry (PIV) experiments
of bridge pier flows over a wide range of Reynolds numbers. They
found that a strong downward flow in the front of the cylinder and
the THSV are the main culprits for the initiation and subsequently
growth of the scour hole. They also reported that the primary con-
tribution to local scour occurs in the region situated in front of the
pier where the flow is dominated by the energetic THSV system.

In addition to the several experiments, a number of computa-
tional studies have also been reported in the literature. Most of
these studies have focused on the flow patterns on a flat rigid bed
but several of them have also reported results for mobile bed cases.
Computational studies using unsteady Reynolds-averaged Navier–
Stokes (URANS) models by focusing on flow patterns around piers
on a flat rigid bed have been reported by Mendoza-Cabrales [34],
Richardson and Panchang [45], Tseng et al. [53], Nurtjahyo [36],
Ge and Sotiropoulos [17], and Salaheldin et al. [48]. URANS models
are, in principle, capable of resolving periodic, large-scale vortex
shedding from hydraulic structures and have yielded promising re-
sults in simulating turbulence past very complex bridge pier geom-
etries (e.g. Ge and Sotiropoulos[17]). However, it should be noted
that the two-equation isotropic eddy viscosity turbulence models
that are typically used to close the URANS equations tend to over-
predict the magnitude of the eddy viscosity at the junction of the
bridge foundation with the bed and could, thus, suppress and sig-
nificantly underpredict the intensity of the all important for scour
initiation THSV system [17,57,45,3].

To overcome the inherent limitations of URANS models,
researchers have employed hybrid, integrating URANS and Large-
Eddy Simulation (LES), and LES models to simulate the THSV
dynamics past hydraulic structures. Paik and Sotiropoulos [42,43]
were the first to apply the detached-eddy simulation (DES) ap-
proach, a hybrid URANS/LES model, to simulate the dynamics of
large-scale coherent vortices past a bridge abutment and the cylin-
drical wing-shaped pier studied experimentally by Deveport and
Simpson [11]. They showed that DES can capture the rich dynamics
of coherent vortices induced by hydraulic structures, reproduced
the experimentally documented bi-modal fluctuations of the THSV,
and explained the underlying physical mechanisms that give rise
to such complex unsteady phenomena. Escauriaza and Sotiropou-
los [14] recently applied the same DES approach to study the
dynamics of the flow past the cylindrical pier mounted on a flat
rigid bed studied experimentally by Dargahi [10] and obtained
results in good agreement with the experimental observations.
Several other studies have also been reported employing LES and
DES, which have further reinforced the experimental observations
and shed new insights into several aspects of the coherent dynam-
ics of flows past hydraulic structures [53,8,40,14,30,31,28,29]. In a
number of these studies simulations have been carried out for
bridge foundations on mobile beds but with the shape of the bed
frozen and prescribed from experimental measurements at equi-
librium [30,31,41]. LES and DES simulations have been shown to
reproduce correctly the dynamics of large-scale vortices past
bridge foundations and accurately predict the turbulence levels
produced by these large-scale organized motions (e.g. Paik et al.
[41]). Using such methods, however, to develop engineering mod-
els of sediment transport and scour is challenging due to the exces-
sive computational resources required. It is well known for
instance that the time-scale of scour to approach equilibrium is
much larger than the time scale of turbulence fluctuations-the for-
mer being of the order of hours or days while the latter are of the
order of seconds or smaller. Such disparity in temporal scales
makes coupled hydro-morphodynamic simulations of scour using
LES or DES impractical for engineering calculations. For that most
previous work on numerical prediction of scour have employed
RANS or URANS turbulence models, which are far more economical
than LES or DES.

Olsen and Melaaen [39] and Olsen and Kjellesvig [38] carried
out the first 3D steady RANS, coupled hydro-morphodynamics
numerical calculations of flow and scour around a cylindrical pier
mounted on a bed covered with mobile, non-cohesive material in
order to predict the local scour on the non-cohesive sediment
materials for clear-water scour regime. Roulund et al. [47] and
Nagata et al. [35] also simulated the flow and local scour process
around wall-mounted vertical cylinders using URANS models un-
der live bed condition. Escauriaza and Sotiropoulos [14] where
the first to explore the dynamics of scour using DES to simulate
the flow past a cylindrical bridge pier coupled with a Lagrangian
model of bed load transport. These simulations were not intended
to predict the growth of scour and its approach to equilibrium but
rather to elucidate the Lagrangian dynamics during the initial
stages of the phenomenon. Their results shed new fundamental in-
sights into the problem by showing that phenomena that have
been shown to characterize scour initiation under clear-water con-
ditions in the laboratory (such as intermitency, saltation, sliding
and near-wall streak formation) can be captured by a Lagrangian
model that is based on a coherent-structure resolving hydrody-
namic model. In addition, Escauriaza and Sotiropoulos [14] showed
that the bed-load flux exhibits multi-fractal scaling. In a more re-
cent study, Escauriaza and Sotiropoulos [15] developed a coupled
hydro-morphodynamic model using DES and the Arbitrary
Lagrangian Eulerian approach to simulate bed deformation. They
solved the Exner equation coupled with a novel transport equation
for calculating the instantaneous sediment velocity field in the
bed-load layer, which was based on the Lagrangian model devel-
oped earlier by the same authors [14]. Escauriaza and Sotiropoulos
[15] applied their model to simulate the evolution of scour in the
vicinity of the cylinder studied experimentally by Dargahi [10]
and showed that the model was able to capture the growth and
propagation of bed-forms within and around the scour hole with
physically realistic statistical properties. Due to the long computa-
tional times required by their model, however, Escauriaza and
Sotiropoulos [15] reported simulations for only the initial stages
of the scouring process.

The objective of this paper is twofold: (1) to extend a recently
developed method for coupled hydro-morphodynamics simula-
tions in arbitrarily complex domains to flows past hydraulic struc-
tures [26]; and (2) systematically investigate the predictive
capabilities of the URANS approach for various bridge-pier geome-
tries. The governing equations are solved in a background Carte-
sian or curvilinear mesh that does not conform to the shape of
embedded solid boundaries (e.g. the bed of a natural stream,
embedded hydraulic structures, etc.) using the curvilinear im-
mersed boundary (CURVIB) method [19,18,26]. The method was
extended to simulate bed morphodynamics by Khosronejad et al.
[26]. The sediment transport model considers only bed load trans-
port and turbulence is modeled using the URANS equations closed
with the k-x model [56] with wall functions. The dynamically
evolving shape of the sediment/water interface, which, as required
by the CURVIB method, is discretized with an unstructured trian-
gular mesh, is calculated by solving the non-equilibrium sediment
mass balance equation in the bed-load layer, the so-called Exner-
Polya equation [50], using the numerical approach developed by
Khosronejad et al. [23]. To facilitate the validation of the numerical
model for flows in channels with embedded hydraulic structures,
in this work we also carry out a series of laboratory experiments
using cylindrical, square and diamond-shaped piers mounted in
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rectangular flume with mobile bed. Calculations are carried out for
all cases studied experimentally and the computed results are
compared with the experimental data in terms of both the tempo-
ral evolution of maximum scour and equilibrium bed elevation. A
grid sensitivity study is also carried out to investigate the relative
importance of numerical errors due to the discretization of the
governing equations and turbulence closure modeling assump-
tions in the overall predictive capabilities of the numerical method.

In what follows, we first briefly present the hydrodynamic and
morphodynamic models. Subsequently we present the laboratory
experiments we carried out to collect bed elevation data to validate
the numerical simulations. This is followed by the presentation and
discussion of the simulation results for the three test cases we con-
sider in this work (cylindrical, square and diamond shaped piers)
to investigate the predictive capability of the URANS model in sim-
ulations of local scour past bridge piers. We also present and dis-
cuss the results of a grid refinement study for each test case. In
addition, we present the results of an investigation seeking to ex-
plore the predictive capabilities and physical consistency of previ-
ously proposed empirical formulas that attempt to modify in an ad
hoc manner the shear stress at the leading of the pier to improve
the predictions of URANS scour models [23,60]. Finally, we sum-
marize the main contribution of this work and discuss modeling
challenges that still remain in the numerical simulation of local
scour processes around bridge pier hydraulic structures using UR-
ANS based models.
2. The hydrodynamic model

2.1. Governing equations

The hydrodynamic model solves numerically the three-dimen-
sional, incompressible, URANS and continuity equations closed
with the k-x model [56]. The governing equations are non-dimen-
sionalized using the bulk velocity U and a characteristic length
scale (equal to the flow depth H in this study) as the velocity and
length scales, respectively. The governing equations for the mean
flow are formulated in generalized curvilinear coordinates using
the full-transformation formulation proposed by Ge and Sotiropo-
ulos [18] as follows. Using tensor notation (repeated indices imply
summation) the transformed equations read as follows:
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Re ¼ UH

m in which mis fluid kinematic viscosity.
The governing equations for the k-x model [56] read in general-

ized curvilinear coordinates as follows [24]:
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where lt is the dynamic eddy viscosity, q is the density, and the clo-
sure coefficients are given as a = 5/9, b = 3/40, b⁄ = 9/100, and
r⁄ = 1/2. The components of the Reynolds stress tensor in Eq. (2)
are calculated using the Boussinesq hypothesis as follows:

sij ¼ �2ltSij þ
2
3
qkdij ð6Þ

where Sij is the Reynolds averaged strain-rate tensor.
2.2. The CURVIB flow solver

The details of the numerical method for solving the mean flow
and turbulence closure governing equations have already been
documented extensively elsewhere [18,6,24] and only a brief sum-
mary of key elements of the method will be given here.

The governing equations are discretized in space on a hybrid
staggered/non-staggered grid arrangement [19,18] using the sec-
ond-order accurate QUICK scheme for the convective terms along
with second-order accurate, three-point central differencing for
the divergence, pressure gradient and viscous-like terms. The time
derivatives are discretized using second-order backward differenc-
ing [24].

The discrete mean flow equations are integrated in time using
an efficient, second-order accurate fractional step methodology
coupled with a Jacobian-free, Newton–Krylov solver for the
momentum equations and a GMRES solver enhanced with multi-
grid as preconditioner for the Poisson equation. For more details
the reader is referred to [18,6,24].

Geometrically complex computational domains are handled
using the sharp-interface CURVIB method [18], which was re-
cently extended by Khosronejad et al. [26] to enable coupled hy-
dro-morphodynamic simulations. To facilitate a brief description
of the method in the context of the present work, consider a
straight open channel with a layer of mobile sediment covering
the channel bed and an embedded hydraulic structure, like a
bridge pier, mounted on the bed (see Fig. 1). It should be noted
that even though we focus herein on straight open channels, the
method is general and readily applicable to simulate flows in
natural meandering waterways (see Kang et al. [24,25]). The
background computational domain consists of a straight channel
that outlines the actual channel but is sufficiently deep to
contain entirely the sediment/water interface at all times. The
computational domain is discretized with a boundary-fitted cur-
vilinear mesh, so that meandering open channels can also be
handled. The sediment/water interface and embedded bridge pier
are discretized with unstructured grids immersed in the back-
ground domain and treated as sharp-interfaces in accordance
with the CURVIB formulation. Note that for the sake of our dis-
cussion we assume for the time being that the sediment/water
interface is fixed; the method for calculating the deformation
of the bed and its interaction with the flow will be discussed
in the subsequent section. According to the CURVIB formulation,
the governing equations are solved at the background grid nodes
in the fluid phase (fluid nodes) with boundary conditions speci-
fied at fluid nodes in the immediate vicinity of the sediment/
water and bridge pier/water interfaces (denoted as immersed
boundary (IB) nodes). All nodes inside the sediment layer and
bridge pier domains (denoted as external nodes) are blanked
out from the computation. Boundary conditions for the velocity
components and turbulence quantities are reconstructed at all
IB nodes using the wall modeling approach within the CURVIB
framework (see next section). The efficient ray-tracing algorithm
developed by Borazjani et al. [6] is applied to re-classify the grid
nodes every time when the bed geometry changes due to local
scour.



Fig. 1. Typical view of the CURVIB grid system used for the flow domain (structured grid in black), pier body (unstructured mesh in grey), and sediment layer (unstructured
grid in red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The following wall modeling approach is adopted to reconstruct
the velocity components at IB nodes and the bed shear stress on
bed surface [27]:

U
u�
¼

yþ yþ 6 yþo
1
j lnðEyþÞ yþ > yþo
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ð7Þ

where U is the velocity magnitude at the nearest node to the wall
boundary (located at distnace y off of the wall), yþ ¼ yu�

t

� �
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dimensional distance in wall units, u⁄ is the shear velocity, j is
the von Karaman constant, yþo ¼ 11:53 [27], and E is the roughness
parameter, which is related to the roughness Reynold number
kþs ¼ u�ks=t as follow [27]
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where ks is the effective roughness height of the wall boundary, B is
additive constant = 5.2. DB is the roughness function which reads
as follows [27]:
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The effective roughness height ks plays an important role in quanti-
fying the influence of roughness on the bed and solid boundaries
(i.e. side walls and bridge pier structures). Theoretically, for a sta-
tionary flat bed in real waterways ks should be equal to the median
grain size d50. In practice, however, for mobile beds somewhat high-
er values are adopted [59]. In the present mobile bed simulations
we employ a value of ks = 3d50 for the bed and treat the side walls
and bridge pier structures as hydraulically smooth surfaces.

Finally, it is important to mention that the CURVIB solver is fully
parallelized using the message passing interface (MPI) communi-
cation standard to run on parallel high-performance clusters.
3. The bed morphodynamic model

We describe herein the bed morphodynamic model developed
by Khosronejad et al. [26]. In its present form the model is only
applicable for cases for which all sediment transport occurs in
bed load mode within a live layer of thickness dBL (set equal to
2d50) just above the bed (the bed is located at elevation zb above
a datum level). The temporal variation of the bed elevation is gov-
erned by the sediment continuity equation, the so-called Exner-
Polya equation [44], which reads as follows:

ð1� cÞ @zb

@t
¼ �r � qBL ð10Þ

where c is sediment material porosity, r denotes the divergence
operator, and qBL is the bed load flux vector.

Since in the CURVIB method the bed is meshed by an unstruc-
tured triangular grid, Eq. (10) is discretized and solved using a fi-
nite volume method suitable for unstructured grids. Using the
divergence theorem, Eq. (10) can be discretized at a given triangu-
lar element on the bed as follows [26]:

ð1�cÞDzb
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¼� 1
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X
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½qBL � ðds�dBLÞ�ie ¼�
1
Ah

X
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where Dzb is the bed elevation change over time step Dt, Ah is the
projection of triangle bed cell area on horizontal plane or horizon-
tal projected area of cell face, the summation is carried out over
the three edges of the triangular element (ie = 1,2,3), ds is the
vector along a cell edge with length equal to the edge length,
dBL is the vertical vector along z-axis with length equal to bed load
layer thickness dBL, n (=ds � dBL) is the unit normal vector to the
cell face edge. The bed load flux vector qBL is calculated as follows
[26]:

qBL ¼ wkdskdBLuBL ð12Þ

where w is the local non-equilibrium sediment concentration on
the bed, kdsk is the length of edge ie, and uBL is the flow velocity vec-
tor parallel to the bed surface both at the edge of the bed-load layer.
The calculated velocity vector and bed shear stress (and
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correspondingly the sediment concentration) are projected onto the
cell centroid at the edge of the bed-load layer by applying the law of
the wall [26]. The bed load flux qBL at the cell face is then calculated
using the GAMMA scheme (for more details see Khosronejad et al.
[26]). The non-equilibrium bed concentration w is computed at
each cell center on the bed as follows:

w ¼ 0:015
d50

db

T
3
2

D
3

10
�

þ w� ð13Þ
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In the above equations: q and qs are the fluid and sediment densi-
ties, g is the gravitational acceleration, T is the non-dimensional
excess bed shear stress [55], s⁄cr is the critical bed shear stress,
and s⁄ is the bed shear stress ¼ ffiffiffiffiffiffiffiffiqu�

p� �
with u⁄ calculated using

Eq. (7). The first and second term on right hand side of Eq. (13) rep-
resents the deterministic equation of Van Rijn [55] for the equilib-
rium sediment concentration and non-equilibrium part of bed
sediment concentration, respectively. The non-equilibrium part of
bed sediment concentration is calculated based on the net sedi-
ment-flux into the bed cell at the previous time step. In other
words, the actual (non-equilibrium) bed sediment concentration
is computed as a combination of an equilibrium concentration
and the net sediment flux into the bed cell of volume of AhdBL. In
our model, and unlike previous studies in which the non-equilib-
rium transport equation of bed load is considered to account for
the non-equilibrium condition in the sediment transport process
[59,58], we calculate the non-equilibrium sediment concentration
from the corresponding sediment concentration transport equation
within the bed load layer (Eq. (13)). The characteristic length for
sediment to adjust from non-equilibrium to equilibrium transport
is assumed to be equal to the characteristic length of flow field
(the flow depth in this study). Note that the divergence of the
bed-load transport [r � qBL]⁄ in Eq. (13) is calculated using the solu-
tion at the previous time level. The critical bed shear stress is com-
puted using Shield’s criterion for the flat bed critical bed shear
stress (s⁄c0) and then corrected for a bed with transverse and longi-
tudinal bed slopes (for more details see [26]).

In order to prevent the bed slope from exceeding the sediment
material angle of repose, a mass-conservative sand-slide algorithm
has been applied [26]. After solving the Exner-Polya equation and
computing the new bed elevation, the entire bed is swept (for all
the Kmax number of bed cells) to identify bed cells at which the
maximum bed slope is larger than the angle of repose. The afore-
mentioned local slope correction procedure is then applied only
to the so identified bed cells. Because a single application of this
algorithm may not be sufficient to identify and correct all cells
with excess slope, the algorithm is applied iteratively until all
slopes are smaller than the material angle of repose. The bed
sweeping sequence during each iteration of this algorithm is alter-
nated between the upstream-to-downstream and downstream-to-
upstream directions. For more details the reader is referred to [26].
4. Hydrodynamics and morphodynamics coupling

To simulate coupled hydro-morphodynamic interactions we
employ a partitioned fluid–structure interaction (FSI) approach
[6]. That is, we partition the problem into the fluid and sediment
domains and solve the governing equations for the flow and the
bed morphodynamic equation (Eq. (10)) separately in each domain
accounting for the interaction of the two domains by applying
boundary conditions at the sediment/water interface. More specif-
ically, to solve the governing equations for the flow boundary con-
ditions need to be specified at the bed, i.e. bed location and
velocity, while to solve the bed change equation (Eq. (10)) the
velocity components and bed shear stress from the flow domain
are required to calculate the sediment fluxes (for more details on
how to prescribe the boundary conditions on the two domains
see [6,26]). In this work we found that the loose-coupling FSI
approach to be sufficiently robust for the problems we considered
and as such we employ it in all subsequent simulations. The loose-
coupling flow-bed interaction method we employ is discussed in
details in [26].
5. Laboratory study

We study experimentally turbulent flow in a straight open
channel with a bridge pier mounted vertically on the bed and cen-
tered along the channel centerplane at 4 m downstream of the
channel inlet (see Fig. 2). Three different pier geometries are inves-
tigated: a cylindrical pier with diameter of 16.51 cm; a diamond-
shaped pier with width of 23.35 cm; and a square-shaped pier with
edge length of 16.51 cm. The mobile-bed flume is 10 m long and
has a rectangular cross-section that is 1.21 m wide and 45 cm
deep. The flume contains a 20 cm deep layer of uniformly graded
non-cohesive fine sand material with a mean particle diameter of
d50 = 0.85 mm. All rigid walls including the bridge pier surface
and flume side-walls are hydraulically smooth.

A series of five experiments, all under clear-water scour condi-
tion, is carried out for each of the pier geometries. For each exper-
iment, the initial flat-bed elevation was recorded at the start of
the experimental run and the flow was allowed to evolve in time
until the equilibrium scour depth was reached. A high-definition
digital camera was installed within each pier and used to observe
the time evolution of scour and determine the final equilibrium
scour depth. Using a vertical shaft, the vertical position of the
camera could be adjusted so that the scouring process at different
angles and elevations could be captured (see Fig. 2). The equilib-
rium condition is assumed to be reached when the rate of in-
crease of scour depth does not exceed 5% of the pier diameter
over a period of 12 h [33]. When this condition was met, the flow
was stopped and the final equilibrium bed topography was mea-
sured at sub-millimeter accuracy with a laser range finder. Table
1 shows the various flow parameters and scour hole properties
for each pier geometry. Photographs of the equilibrium scoured
bed for each pier shape are presented in Fig. 3. The details of
the measured bed topographies for each case are presented in
subsequent sections of this paper where numerical simulations
are compared with measurements.

Local scour around cylindrical and square shaped piers has
already been studied experimentally in previous studies and vari-
ous aspects of the underlying morphodynamics have been consid-
ered [10,47,1,23]. To the best of our knowledge, however, our work
is the first to study local scour around a diamond pier shape. Be-
cause of the specific cross-sectional shape of the diamond pier,
and in particular its sharp leading edge, it is reasonable to antici-
pate that the scour dynamics for this case should be quite different
than for the blunt leading edge cylindrical and square shapes. Our
results indeed show that the diamond shape leads to significantly
smaller equilibrium local scour depth in front of the structure as
compared to both the cylindrical and square shapes. The differ-
ences among the three shapes will be discussed in more detail in
a subsequent section of this paper.



Fig. 2. Schematic of the three pier shapes studied experimentally: (a) cylinder , (b) square, and (c) diamond bridge pier geometry. The location of the digital camera mounted
inside each pier to monitor local scour growth is shown in (a).

Table 1
Range of flow and scour dimensional parameters in the present the experiments. h, Ub, Sm, and dm represent the flow depth (m), approaching flow velocity (m/s), maximum local
scour depth (cm) and maximum deposition height (cm), respectively.

Pier shape h Ub Re � 10�4 Fr Sm dm

Cylinder 0.13–0.20 0.21–0.32 2.9–6.3 0.18–0.28 7.5–17.5 3.9–4.3
Diamond 0.10–0.236 0.15–0.38 3.2–4.9 0.10–0.34 9.2–19.8 3.9–4.4
Square 0.14–0.24 0.11–0.32 2.5–5.4 0.06–0.26 9.6–18.4 4.1–4.5

Fig. 3. Scoured bed at equilibrium for the experimental flume with (a) cylinder (Re = 46000 and Fr = 0.18 and flow is from left to the right), (b) square (Re = 30000 and
Fr = 0.19 and flow is from right to the left), and (c) diamond (Re = 36000 and Fr = 0.13 and flow is from bottom to the top) bridge pier geometry.
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As shown in Table 1, for the cylindrical shape the experiment
was run with a bulk inflow velocity of 0.25 m/s corresponding to
a uniform flow depth of 18.6 cm with a corresponding Reynolds
number of Re = 46,000 and a Froude number of Fr = 0.18. The max-
imum scour depth for this case occurred at an angle of 45� from the
upstream horizontal plane and was measured to be 6.7 cm. The
equilibrium scour depth at the nose of the pier is within 94–98%
of the maximum scour depth. This is to be expected since it is
now well understood that for cylindrical piers (see [14]) the bi-
modal fluctuations of the energetic THSV could yield very high val-
ues of the instantaneous bed shear stress in the upstream junction
of the pier with mobile bed causing significant scour to occur in
this region. In our experiments we further observe that the scour-
ing process begins at the side of the cylinder at an angle between
40� to 60� from the upstream horizontal plane. After nearly
5 min since the start of the flow, scour also emerges at the nose
of the structure presumably due to the dominant role of the THSV.
It is worthwile to note that in their recent Lagrangian computa-
tional study of sediment transport, Escauriaza and Sotiropoulos
[14], found that the initiation of saltation in the bed-load layer
occurs in what they referred to as ‘‘recurrent ejection events’’. Dur-
ing such an event, groups of sediment grains are lifted of the bed
and travel downstream with velocities faster than the average
velocity for all the other particles at the same time. Their simula-
tions also showed that most of these events initially occur near
the cylinder/bed junction at an angle approximately equal to 40�
from the symmetry plane [14], which is consistent with what we
observed in our experiments.

For the square shape case, the bulk inflow velocity in the exper-
imental flume was 0.22 m/s corresponding to a uniform flow depth
of 13.9 cm with a corresponding Reynolds number of Re = 30,000
and a Froude number Fr = 0.18 (see Table 1). During the early
stages of the scour process (t < 5 min), scour starts at the two
upstream corners of the square and these are also the two locations
where the maximum scour depth (approximately equal to 7.6 cm)
is observed at equilibrium. Significant scour is also observed for
this case at the nose of the pier (i.e. the center of its upstream face).
Depending on the Froude number, the ratio of the equilibrium
scour depth at the nose of the pier to the maximum scour depth
varies between 0.78 and 0.94.



Table 3
Computational parameters used for the square case. y+ is the minimum near-wall grid
spacing in wall units, Ns is the number of nodes used to discretize the unstructured
triangular mesh at the sediment/water interface, and Dt is the time step.

Grid Number of grid nodes y+ Ns Dt

As 241 � 121 � 41 46 10500 0.05
Bs 301 � 161 � 53 35 13284 0.025
Cs 361 � 181 � 61 29 15053 0.015
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Finally for the diamond shape the bulk inflow velocity in exper-
imental flume was 0.21 m/s corresponding to a uniform flow depth
of 15.7 cm with a corresponding Reynolds number of Re = 32,000
and a Froude number of Fr = 0.17 (see Table 1). During the early
stages of bed evolution, two scour holes form at the two side cor-
ners of the pier. These are also the two locations where the maxi-
mum scour is observed at equilibrium, which is measured to be
approximately 8.3 cm. In stark contrast with the other two cases,
very little scour is found for this case at the sharp leading edge
of the pier.
Table 4
Computational parameters used for the diamond case. y+ is the minimum near-wall
grid spacing in wall units, Ns is the number of nodes used to discretize the
unstructured triangular mesh at the sediment/water interface, and Dt is the time step.

Grid Number of grid nodes y+ Ns Dt

Ad 269 � 141 � 53 39 9150 0.05
Bd 301 � 153 � 61 33 11261 0.025
Cd 341 � 165 � 69 28 12852 0.015
6. Numerical simulations

In this section we present the results of the numerical simula-
tions for the three pier geometries and compare the simulations
with the experiments. We carry out simulations on grids with
varying resolution, ranging from 2 to 5 million grid nodes to inves-
tigate the role of numerical errors on the ability of our method to
resolve the experimentally observed morphodynamics. More spe-
cifically, a major objective of our work is to identify the relative
importance of numerical resolution vs. errors induced by the
URANS turbulence model we employ in this work. It is well known,
for instance, that URANS models cannot capture the rich dynamics
of the energetic THSV at the upstream junction between the pier
and the bed for cylindrical piers [46,15,30,31,41,14]. Yet, the THSV
fluctuations are known to be responsible for initiating erosion and
scour around piers with blunt leading edge (see extensive discus-
sion in [15,14]). The role of the THSV, however, is not as clear for
a shape like a diamond where the presence of a sharp leading edge
may give rise to quite different flow patterns and scour dynamics.
In this work we seek to systematically probe these important
issues by considering different pier shapes and carrying out simu-
lations on grids of varying spatial resolution.

In what follows, we first discuss various computational details.
Subsequently we present and discuss the results for each case and
compare with the experimental data.
6.1. Computational details

For each case, the computational domain, i.e. the rectangular
open channel including the sediment layer, is discretized with a
background Cartesian grid that is stretched near the side walls
and the region where the structure is located (see Fig. 1). The sed-
iment/water interface and the surface of the structure are discret-
ized with unstructured triangular mesh, as required by the CURVIB
method, and embedded in the background Cartesian mesh. The
resolution of the unstructured mesh is for all cases comparable
to the resolution of the background mesh as required for the accu-
rate implementation of the CURVIB method (see Khosronejad et al.
[26] for details).

For each case, we employ three, successively finer, background
computational grids denoted as grids A (coarsest), B, and C (finest).
The subscripts c, s, and d are used with each grid to identify the
cylinder, square and diamond shaped piers, respectively. The
details of the various computational grids, including number of
Table 2
Computational parameters used for the cylinder case. y+ is the minimum near-wall
grid spacing in wall units, Ns is the number of nodes used to discretize the
unstructured triangular mesh at the sediment/water interface, and Dt is the time step.

Grid Number of grid nodes y+ Ns Dt

Ac 301 � 141 � 53 47 14710 0.05
Bc 353 � 161 � 61 41 16156 0.025
Cc 393 � 185 � 69 32 17950 0.015
grid nodes, near wall spacings, number of unstructured grid nodes
for the immersed boundaries, and time increments are summa-
rized in Tables 2–4.

For all test cases, time-accurate simulations were carried out
and continued until the bed surface reached steady state. This
was established when the L1 norm of the relative change of bed
elevation between two successive time steps is less than 1.0% over
one flow-through period.

6.2. The cylindrical pier

As discussed above, the CURVIB method handles the sediment/
water interface as a sharp-interface boundary immersed in a back-
ground Cartesian or curvilinear grid. Consequently, as the bed
evolves toward equilibrium some background grid nodes that were
initially in the fluid domain get ‘‘buried’’ with sediment and
blanked out of the computation while nodes that initially were in
the sediment domain emerge in the fluid phase and become part
of the URANS solution domain. We begin the presentation of the
results by illustrating this inherent feature of the CURVIB method,
which enables it to simulate arbitrarily complex open channels
with embedded hydraulic structures. In Fig. 4 the calculated sedi-
ment/water interface at equilibrium for the cylinder case is super-
imposed with contours of mean flow velocity magnitude plotted at
several horizontal planes of the background grid near the base of
the cylinder. The velocity contours are plotted only at the back-
ground grid nodes which are in the fluid phase of the solution
domain and this is why as z increases (from Fig. 4a–f) they tend
to cover an increasingly larger portion of the horizontal plane.

In Fig. 5 we compare the computed equilibrium bed topography
on the three grid systems (Ac, Bc, and Cc) with the laboratory mea-
surements. A number of important observations can be derived
from this figure. First, it is evident from the comparisons of the cal-
culations on the three grids that no significant improvement in the
computed results has been achieved by refining the mesh from Ac

to Cc. The computed scour patterns on the three grids are nearly
identical to each other. Some appreciable, albeit still small, differ-
ences are only observed in the calculated deposition patterns
downstream of the cylinder where as the mesh is refined the max-
imum deposition region becomes slightly more inclined toward
the horizontal plane of symmetry. The maximum calculated scour
depth and deposition height vary from 6.34 cm and 4.32 cm,
respectively, on grid Ac to 6.31 cm and 4.34 cm, respectively, on
grid Cc. Another important observation that follows from Fig. 5 is
that the computed maximum equilibrium scour depth (approxi-
mately 6.3 cm) and deposition height (approximately 4.3 cm) are



Fig. 4. Calculated equilibrium bathymetry and flow patterns for the cylinder case. Mean velocity magnitude contours are plotted at several horizontal planes located at (a)
z = �5 cm; (b) z = �3 cm; (c) z = �2 cm; (d) z = 0; (e) z = 1 cm; and (f) z = 3 cm, where z = 0 is the location of the initial flat bed. The flow direction is from right to left.

Fig. 5. Comparison of measured (bottom) and computed (top) bed topography at
equilibrium (in cm). Computed results are shown for grids Ac (bold line), Bc (dashed
line) and Cc (dashed-dotted line) to gauge the importance of grid refinement (see
Table 2 for details of the various grids). The flow direction is from left to right.

Fig. 6. Time evolution of the bed elevation around the cylindrical pier. Both the
deposition (positive values) scour (negative values) levels are plotted. Circles, bold
line, dashed line, and dashed-dotted line represent the measured scour depth, and
computed scour depth on grids Ac, Bc, and Cc, respectively.
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within 6 and 5%, respectively, of the corresponding measured val-
ues of 6.7 cm and 4.1 cm. A significant qualitative difference does
exist, however, between the measured and computed scour pat-
terns. The former show a maximum scour region that wraps
around the entire front half of the cylinder, starting from the pier
nose and extending up until approximately 80� angle from the hor-
izontal plane. The simulations, however, show that regardless of
the density of the grid employed the maximum scour is always
confined in a small pocket at the side of the cylinder. This discrep-
ancy, which will be discussed later in more detail, should be attrib-
uted to the inherent and well known inability of URANS models to
resolve the dynamics of the energetic THSV system at the upstream
junction of the cylinder with the bed, which drives most of the
scour in this region.

The calculated and measured time evolution of the maximum
scour depth are compared in Fig. 6. This figure also shows the com-
puted time evolution of maximum deposition height downstream
of the pier on the three grid systems. As shown in Fig. 6, the bed in
the experiment evolves rapidly during the first 25 min of scour.
Subsequently, the rate of growth of scour slows down and the
bed reaches a quasi-equilibrium state at approximately 60 min.
The calculated maximum scour and deposition evolutions are
identical on all three grids. The computed scour evolution is in
excellent agreement with the measurements for the first 5 min of
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the process but subsequently the simulated growth rate of scour
slows down significantly. As a result, for t > 5 min the simulated
bed evolves at a much slower than measured rate and finally
reaches equilibrium at approximately 180 min (i.e. at three times
as long as required for equilibrium to be reached in the experi-
ment). The reasons for the good agreement between experiments
and simulations should be attributed to the different mechanisms
that appear to drive the scouring process at early times. As
observed in our experiments and also documented by other
researchers [10,21], during the first few minutes of the process
scour occurs at the sides of the pier (between angles of 45� and
90�) driven by the increase in the local bed shear stress above
the critical value due to the acceleration of flow as it is directed
around the pier. At later times, the THSV system grows and begins
to dominate, along with the local acceleration effect, the dynamics
of scour at the front part of the cylinder. As discussed above, the
URANS model is not capable of resolving the dynamics of the THSV
system and for that it cannot simulate the significant contribution
of the THSV unsteadiness to the scouring process at later times.
The URANS model, however, does reproduce the local acceleration
effect at the sides of the pier, which is a kinematic effect driven by
the contraction of the area available for the flow to pass due to
presence of the cylinder, and for that the simulations do capture
the initial stages of scour evolution during the very early stages
of the process. It is notable that the fluctuations of the calculated
scour depth and deposition height in Fig. 6 are induced by very
large scale, periodic vortex shedding in the wake zone downstream
of pier that were captured by URANS model.
6.3. The square pier

Fig. 7 compares the simulated equilibrium bed shape on all
three grids with the measurements. As for the cylinder case, the
three grids yield essentially identical bed bathymetry in the scour
region and small discrepancies are only observed in the deposition
region downstream of the pier. The calculated maximum scour
depth and deposition height vary from 6.84 cm and 5.21 cm,
respectively, on the coarsest grid system (grid As) to 6.88 cm and
5.24 cm, respectively, on the finest mesh system Cs. These values
are in good agreement with the corresponding measured values
of maximum scour depth 7.6 cm) and deposition height (5.5 cm).
Discrepancies between experiments and simulations are observed,
Fig. 7. Comparison of measured (bottom) and computed (top) bed topography at
equilibrium (in cm). Computed results are shown for grids As (bold line), Bs (dashed
line) and Cs (dashed-dotted line) to gauge the importance of grid refinement (see
Table 3 for details of the various grids). The flow direction is from left to right.
however, in the patterns of bed elevation contours both upstream
and downstream of the pier. In the upstream region the discrepan-
cies are similar to those observed for the cylinder case since the
calculated pocket of maximum scour does not extend all the way
to the symmetry plane of the pier as observed in the experiment.
In the downstream region, the simulated pocket of maximum
deposition is located somewhat further downstream from the pier
than in the experiment.

The calculated (on all three grid systems) and measured time
evolution of the maximum scour depth and the computed evolu-
tion of the maximum deposition height are shown in Fig. 8. As also
observed for the cylinder case, the time evolution of scour is prac-
tically identical on all three grids and the simulations are in excel-
lent agreement with the measurements for the first 6 min of the
process. At later times (t > 6 min) the simulations exhibit the same
underestimation of the measured rate of scour as also observed for
the cylinder case. In particular, on all three grids the growth of
scour slows down significantly and equilibrium is reached in about
100 min since the start of the simulation as compared to the
approximately 66 minutes required to reach equilibrium in the
experiment. It is worth noting, however, that in spite of the general
similarities between the cylinder and square pier shapes the simu-
lations for the latter case are in better overall agreement with the
measurements than for the former case. For example, as seen in
Fig. 6 for the cylinder case the simulations require nearly three
times as long time as in the experiment to reach equilibrium. For
the square shape, on the other hand, the simulations require only
50% more time than in the experiment to reach equilibrium. The
reasons for this apparent improvement in the predictive abilities
of our model insofar as the rate of scour growth is concerned is
not entirely clear. We could speculate, however, that the intense
shear layers that emanate from the two front corners of the square
cross-section contribute to the growth of scour much more than
the shear layers shed from the sides of the cylindrical shape. While
for both cases the URANS model fails to capture the rich dynamics
of the THSV at the nose of the pier (we discuss this more further
later in the paper), the model does resolve the local increase in
bed shear stress due to the shed shear layers and can thus repro-
duce their impact on the growth of scour. The importance of sharp
edges in a pier cross-section vis � à � vis the growth of scour rate
Fig. 8. Time evolution of the bed elevation around the square pier. Both the
deposition (positive values) scour (negative values) levels are plotted. Circles, bold
line, dashed line, and dashed-dotted line represent the measured scour depth, and
computed scour depth on grids As, Bs, and Cs, respectively.
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will be further clarified in the next section where we report the
results for the diamond shape.
Fig. 10. Time evolution of the bed elevation around the diamond pier. Both the
deposition (positive values) scour (negative values) levels are plotted. Circles, bold
line, dashed line, and dashed-dotted line represent the measured scour depth, and
computed scour depth on grids Ad, Bd, and Cd, respectively.
6.4. The diamond pier

Unlike the two previously studied cases, which involve piers
with blunt nose shape, the diamond shape is not conducive to
the formation of a stable THSV system due to its sharp leading edge
[51]. Thus, it is reasonable to anticipate that scour in this case
should primarily be driven by the two shear-layers that are shed
from the two side corners of the cross-section and the local
increase in bed shear stress these shear layers induce. The mea-
sured equilibrium bed elevation shown in Fig. 9 does support this
conclusion. As seen in the figure, the maximum scour for the dia-
mond shape (on all three grid systems) occurs around the two side
corners and very little scour is present at the pier nose. The lack of
any substantive scour at the pier nose for this case represents a sig-
nificant departure from the trends we observed for both the cylin-
drical and square shapes for which the maximum scour region
extended all the way to the pier nose.

As shown in Fig. 9, the grid refinement study shows no significant
change in the predicted scour and deposition patterns. The calcu-
lated maximum scour depth and deposition height are approxi-
mately 8.5 cm and 5.2 cm, respectively. These values compare very
well with the corresponding measured values of scour depth
(8.3 cm) and deposition height (5.5 cm). Also the calculated bed ele-
vation patterns are in very good overall agreement with the mea-
surements. In fact for this case the simulations capture correctly
the location of maximum scour and deposition patterns and the
overall shapes of the bed elevation contours. Some differences
among the three predictions and the experiments are only observed
in the deposition region. These regions, however, should be attrib-
uted to the effects of the large-scale vortex shedding from the pier
corners, which persists in the URANS simulations for very long times
and becomes more pronounced as the grid is refined.

The calculated (on all three grids) and measured time evolution
of the maximum scour depth and calculated maximum deposition
height are shown in Fig. 10. In stark contrast with what we
observed for the cylinder and square cases in the corresponding
Figs. 6 and 8, for the diamond shape the simulations capture the
measured temporal evolution of maximum scour with very good
accuracy. The simulations are in excellent agreement with the
measurements for the first 30 min of the process. For later times
the simulated scour rate slows down somewhat compared to the
measurements reaching equilibrium after approximately 100 min
compared to nearly 75 min in the measurements. At all instants
in time, however, the simulated instantaneous values of maximum
Fig. 9. Comparison of measured (bottom) and computed (top) bed topography at equilib
the importance of grid refinement (see Table 4 for details of the various grids). Flow dir
scour depth are at most within 10% of the corresponding measured
value at the same instant in time. This good overall agreement
between the numerical simulations and the measurements for this
case further reinforce our previous comments regarding the dimin-
ished role of the THSV system as a dominant scour mechanism for
the diamond pier case.
6.5. Assessment of empirical modifications of bed shear stress

The results we presented above underscore the limitations of
URANS morphodynamic models in predicting the growth of scour
at the leading edge of blunt piers. The reasons for this have already
been discussed in detail and are linked to the inability of the
URANS models to resolve the energetic fluctuations of the THSV
and the so-induced large instantaneous increments of the bed
shear stress in a region where the mean shear stress is very small.
To mitigate this shortcoming of URANS models, some researchers
have proposed and employed empirical modifications, which
increase the effective bed shear stresses (se) in the region of the
pier nose in an ad hoc manner to capture the depth of scour hole
in this region. For instance, Wu et al. [60] have used the following
relation to compute an effective bed shear stress to be used in Eq.
(15) in place of s⁄:
rium (in cm). Computed results are shown for grids Ad (a), Bd (b) and Cd (c) to gauge
ection is from left to right.



Fig. 12. Comparison of the measured bed elevation (bottom) and the bed elevation
computed using the correction of Eq. (18) (top) for the diamond pier case (in cm).
Computed results are shown for grid Cd. The flow direction is from left to right.
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ðs�Þe ¼ at �Max s�;bt
@zw

@s

� �
ð17Þ

where (s⁄)e is the effective bed shear stress, at and bt are empirical
coefficients, zw is water surface elevation, and s is space vector along
the sreamwise direction. Since superelevation of the water-surface
occurs at the nose of the pier, Eq. (17) acts to locally increase the
effective bed shear stress above the bed shear stress s⁄ computed
by the URANS model. In a similar study, Jia et al. [23] proposed
an empirical formula that augments the local shear stress in the
front of the pier by sensing the modest vertical downflow that UR-
ANS models typically yield in this region. According to this formu-
lation, Eq. (15) is modified by adding a correction term to its right
hand side as follows [23]:

T ¼ s� � s�cr

s�cr
þ

Cscs� w
wmax

s�cr
ð18Þ

where Cs = 3.0 is an empirical constant, cs� is the spatial averaged
bed shear stress around the pier, w is local mean vertical velocity
component close to the bed, and wmax is the infinity norm of vertical
velocity component around pier at the upper edge of the bed-load
layer.

We evaluate the predictive capabilities of the correction pro-
posed by Jia et al. [23] by implementing it to simulate the cylindri-
cal and diamond shaped piers. More specifically, we replace in the
model formulation Eq. (15) with the Eq. (18) and carry out calcula-
tions on the finest grid systems for each case (Cc and Cd).

Fig. 11 compares the measured and computed (by the Jia et al.
formulation) scour pattern around the cylinder pier at equilibrium.
The implemented correction obviously works well for this case in
the front of the cylinder as it does predict a deeper scour hole that
wraps around the entire front half of the cylinder as observed in
the measurements. The accuracy of the predicted results, however,
deteriorates significantly downstream of the cylinder where a non-
physical, large, elongated deposition bar develops extending sev-
eral cylinder diameters downstream. The computed deposition
patterns in this region are in gross qualitative and quantitative
dissagreement with the measurements.

The comparisons between experiments and simulations for the
diamond pier are shown in Fig. 12 and reveal especially interesting
trends. For this case, the performance of the model with the Jia
et al. ad hoc correction deteriorates dramatically in the leading
Fig. 11. Comparison of the measured bed elevation (bottom) and the bed elevation
computed using the correction of Eq. (18) (top) for the diamond pier case (in cm).
Computed results are shown for grid Cc. The flow direction is from left to right.
edge region of the pier relative to the baseline model without
any correction (see Fig. 9). This is because the empirical formula
senses the vertical downflow predicted by the URANS model and
augments spuriously the mean bed shear stress yielding much dee-
per, than measured, scour that spans almost the entire upstream
face of the pier.

It is, therefore, evident from the results presented herein that
the performance of the ad hoc correction of Jia et al. depends on
both the geometry of the pier and the region of the flow. For cylin-
drical piers it yields non-physical results in the wake of cylindrical
piers as well as in the leading edge region of sharp-edge piers like
the diamond case.

7. Conclusions and discussion

We have carried out numerical simulations and laboratory
experiments aimed at quantifying the predictive capabilities of
the recently developed hydro-morphodynamic CURVIB method of
Khosronejad et al. [26]. The method was applied to solve the UR-
ANS equations closed with the k-x model with wall functions.
Three pier geometries, a cylindrical, a square and a diamond, were
studied to investigate the effect of pier bluntness on the dynamics
of scour and the predictive capabilities of the model. For each case
extensive grid refinement studies were carried out to investigate
the effect of grid resolution on the accuracy of the numerical re-
sults. The results we presented herein show that the predictive
capabilities of the URANS hydro-morphodynamic model we em-
ploy in this work do not depend on the grid resolution. The system-
atic grid refinement studies we carried out for all three cases have
shown that the computed scour and deposition patterns, both in
terms of maximum values and overall patterns, are insensitive to
grid refinement. This finding points to the conclusion that the main
culprit for the observed discrepancies between experiments and
simulations should be the URANS turbulence model and/or the
morphodynamic model we have employed in this work.

A rather striking finding of our work is that the predictive capa-
bilities of our model depends on the details of the geometry of the
studied pier cross-section. For example, we obtained excellent re-
sults for the diamond-shaped pier both in terms of the temporal
evolution of scour and the overall spatial distribution patterns of
scour and deposition. In contrast, for the cylindrical and square
shapes the numerical model overpredicted the growth rate of scour
and failed to capture the region of deep scour at the pier nose.
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These findings should be attributed to the relative importance of
the energetic THSV system as a scour inducing mechanism as func-
tion of pier nose geometry. It has already been shown, for instance,
(see [51,16,9,10]) that the strength of the mean THSV and the
intensity of the bi-modal THSV fluctuations depend critically on
the details of the pier nose geometry and in particular on the so-
called bluntness factor (BF) [16], which is proportional to the pier
nose radius of curvature. Based on the definition given in [51], the
BF in our case varies from infinity for the flat-nose square pier, to
approximately 1.1 for the cylinder case, to zero for the sharp edge
diamond pier. As shown by Olcmen and Simpson [37] the bi-modal
fluctuations of the THSV diminish as the BF approaches zero and
the intensity of the THSV system weakens to the point that it
may be difficult to detect experimentally [51]. These experimental
observations are very much consistent with the results of our scour
experiments and our numerical simulations.

For the zero-bluntness diamond shaped pier the THSV is too
weak, if at all present, and does not contribute to local scour. In this
case, the local acceleration of the flow as it is redirected around the
two side corners of the cross-section provides the only mechanism
for increasing the bed shear stress about the critical value and
inducing scour in the vicinity of the pier. The maximum scour for
this case is confined in regions around the pier side corners and
very little scour is observed at the pier nose (see Fig. 9). The local
acceleration of the flow around the pier is a purely kinematic effect
and for that it is resolved by the URANS model. As a result, the
model produces equilibrium scour and deposition patterns and a
temporal evolution of scour which are in very good agreement
with the measurements. On the other hand, for the blunt square
and cylindrical shapes the bi-modal THSV fluctuations are strong
and give rise to large instantaneous and root-mean square (RMS)
values of the bed shear stress at the pier nose [15,30]. These large
instantaneous increments of bed shear stress combine with the lo-
cal mean acceleration effect around the sides of the pier giving rise
to a large scour hole of fairly uniform scour depth wrapping around
the entire pier leading edge region.

As has also been shown in previous studies for cylindrical piers,
isotropic URANS models are too diffusive to resolve the rich
dynamics of the THSV system and for that fail to capture the region
of deep scour at the pier nose [39,38]. There have been, however,
numerical studies reported in the literature (see for example
[1,23,60]) in which a URANS model was employed successfully to
reproduce scour patterns around the cylindrical piers. Such models
compensate for the inherent inability of the URANS hydrodynamic
model to resolve the driving mechanism of scour at the pier nose
(i.e. the intense fluctuations of the energetic THSV system) by add-
ing an ad hoc correction in the morphodynamic model. We inves-
tigated the performance of one such correction (Jia et al. [23]) by
carrying out simulations for the cylindrical and diamond pier
shapes. Our results showed that such ad hoc corrections are not
universal and need to to be applied with great caution since their
predictive ability varies both with the shape of the pier and the re-
gion of the flow. While the correction improves the performance of
the baseline URANS model in the leading edge region of the cylin-
drical pier, it yields spurious deposition patterns in the wake re-
gion. For the diamond shaped pier, the correction yields to non-
physical scour at the front of the pier and drastically deteriorates
the performance of the baseline model.

A major conclusion of our work is that the numerical prediction
of scour past blunt-nose piers continues to remain a major chal-
lenge. Clearly URANS models are not adequate in that regard.
Based on the recent results of Escauriaza and Sotiropoulos [15], hy-
brid URANS/LES or LES models that can resolve the rich dynamics
of the THSV should be used as the building block hydrodynamic
model for physics-based quantitative accurate simulations. As dis-
cussed in [15,41] several challenges do remain, however, for imple-
menting such high-resolution models as predictive scour tools.
These include: (1) the computational time and excessive computa-
tional resources such models require to reach equilibrium; and (2)
the lack of quantitative physics-based criteria linking instanta-
neous transport processes at the bed with instantaneous flow
properties near the bed. The former can be addressed by further
advances in computational algorithms taking advantage of mas-
sively parallel computational platforms while the latter require
new sophisticated experiments aimed at providing the much
needed physical insights (see for example Diplas et al. [4]).
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