ARCHIVES OF CIVIL AND MECHANICAL ENGINEERING

Vol. X 2010 No. 2

Sediment particlesand turbulent flow simulation
around bridge piers

R. PASIOK, E. STILGER-SZYDLO
Institute of Geotechnics and Hydrotechnics, Wroctaw University of Technology,
Wybrzeze Wyspianskiego 27, 50-370 Wroctaw, Poland.

Scientific surveys regarding the mechanisms of transportation of bed materia grains from the scour hole
are undersupplied in literature. This work takes into account the mechanisms behind aloca scour, associated
with a bridge pier impact. In order to gather information about the flow field, an appropriately formulated
numerical model of flow was used, the so-called LES (large-eddy simulation). The numerical analyses car-
ried out in this work, examining the mechanisms of the transportation of bed material grains by means of
asuitably formulated flow model, congtitute theoretical background for the analysis of velocity fields around
bridge piers. Those analyses will come in handy during hydraulic computations of bridges.
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1. Introduction

Bridge architectural structures are founded in complex and complicated geological-
engineering conditions [16]. Typically, in the subsoil there occur low-bearing soils
(mud aggregates and peats), large, concentrated vertical and horizontal loads trans-
ferred by the bridge supports onto the subsoil, as well as a deep scour of the river bed.
Those circumstances impose the necessity of using deep foundations, following high-
quality subsoil investigation. A designer should take into account rigorously the bed
scour next to the supports. World statistics confirm that about 80% of all bridge failures
were caused by the wash-out of piers (Figure 1). Hence, the proper designing and main-
tenance of the supports — because of that potential threat — are responsible, to a great
extent, for the bridge endurance.

Scouring isaparticular form of bed erosion, caused by the impact of hydrodynamic
forces, leading to the river-bed lowering. It occurs both during the freshet aswell asin
normal flow conditions. Scour intensity grows with the increase of the flow velocity.
A scour hole is a hollow, brought about by scouring. The scouring process consists of
such components as.

e aggradation (deposition of the sediment that comes from river-bed erosion) and
degradation (lowering of the stream bed level, which results from the deficiency of
sedimentation of the material coming from the river basin upper part);
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¢ general scour (stream bed lowering along the entire watercourse bed profile or on
its considerable part) — periodical or in course of freshets;

e local scour (the entrainment of bed material next to bridge piers and abutments),
in form of:

a) clear-water scour — when there is no rubble movement from the areas located
higher,

b) live-bed scour — when the rubble is entrained from higher areas to the scour hole
beneath.
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Fig. 1. An example of bridge scour [22]

The size of the scour holes depends on the shape of the building that affects the
flow. It is the shape of the buildings that generates a turbulent flow, which, in turn,
conditions the occurrence of the structures that affect bed scour process. Most of the
researchers concentrate on the scour hole shape and its evolution in time, leaving aside
an exact survey of the behaviour of particular bed materia grains.

A complex phenomenon of scouring around bridge piers is one of the leading
causes of bridge failure but its mechanisms are still under investigations [10]. Numeri-
cal models are often presently used for turbulent flow investigations [12]. The paper
exemplifies the use of such model to track mass particles in a vicinity of cylindrical
pier. Flow observations reveal that a complex ordered flow pattern (Figure 2) occurs
even in a case of simple geometry hydraulic structure [8].

Models based on Reynolds averaged Navier—Stokes (RANS) equations give as a re-
sult a statistical flow field characteristics and applying them to highly unsteady flow
objects studies is limited [20]. Flow objects are coherent fluid packets that temporarily
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move along similar trgjectories. The object size (called often an object scale) can be
much diversified. There are many other works aimed at flow structure description [6],
[17]. In acase of cylindrical pier most often specified objects are: downward flow at the
upstream side of a pier, horseshoe vortex and vertical wake vortices. These vortices are
accompanied by considerable velocity and pressure gradients. Many authors suggest that
the objects participate in bed material transport [3]. The paper gives a brief description
of large-eddy simulation (LES) formulated for present study. Similarly to RANS, the
model is based on Navier—Stokes equations. Although, degrees of freedom (number of
parametersinvolved) of exact solution are limited by variablesfiltering [2].
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Fig. 2. Flow pattern around cylindrical pier with a developed scour hole
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To get the exact solution all the space and time scales of the solution must be
taken into account. Then, there is no need to introduce additional assumptions con-
cerning different turbulent scales interaction, i.e. we do not need a turbulence model.
Thisis called a direct numerical simulation (DNS). It demands great computational
power as the grid must be very fine and accurate higher order numerical schemes
must be used. The computational cost of DNS is proportional to the Reynolds num-
ber cubed (Re).

The computational domain was discretized by finite volume method [7]. Second
order finite difference schemes were used for equations approximation. Finaly, a dis-
crete particle motion model was formulated for spherical mass particles.

Scientific surveys regarding the mechanisms of transportation of bed materia grains
from the scour hole are undersupplied in literature. Due to the complex characteristics
of the flow around bridge piers, such observations inflict significant difficulties. This
work takes into account the mechanisms behind aloca scour, associated with a bridge
pier impact. In order to gather information about the flow field, an appropriately for-
mulated numerical model of flow was used, the so-called LES (large-eddy simula-
tion). Even for minor average flow velocity values, the alteration of flow direction or
separation may trigger the occurrence of some remarkably durable flow structures,
with characteristic large velocity gradients.

2. Turbulent flow model

The model is based on Navier—Stokes (N-S) equations for incompressible fluid
%JJFV- (uu) =—£Vp+V-v(Vu+VuT). (1)
Y2

Equations (1) are solved only for a certain range of turbulent object scales. To
maintain influence of objects not directly included in the solution a model of their
action is introduced — this is analogous to a turbulence model in RANS. RANS, how-
ever, does not give much information about the flow objects of our interest. In LES we
solve directly large-scale anisotropic turbulence objects that can be represented on
a computational mesh. These are called resolved objects or scales. It is assumed that
the smaller objects, which cannot be represented on a mesh, are more isotropic and
much easier to model. These are subgrid scale objects. The size that separate resolved
and subgrid scalesis called a cut-off length and should be placed sufficiently far in the
inertial subrange of turbulent energy spectrum, i.e. where the energy transfer is de-
scribed by the Kolmogorov law. Considering the turbulent energy spectrum the differ-
ence between RANS and LES can be easily depicted (Figure 3). In RANS, practically
al the spectrum is modelled. In LES, by variables filtering procedure [5], an exact
solution for a considerable part of the spectrum is obtained. Therefore, in LES we get
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much more detailed flow information than in RANS. Nevertheless, it should be noted
that LES comes at much bigger computational cost.

RANS LES
E(k) E(k) E(k} E(k) E(k) E(k)
= + = w + K
k Kk k k k k
TOTAL RESOLVED MODELLED TOTAL RESOLVED MODELLED

Fig. 3. Decomposition of turbulent energy spectra (E(k)) in RANS and LES, k is a wave number
(inverse characteristic length of objects) — adopted from [15]
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The influence of unresolved subgrid scales is expressed by the subgrid model. In
this work the dynamic Smagorinsky model is used in which subgrid scale viscosity
defined by Equation (2) [15]. To obtain the effect of energy transfer between resolved
and unresolved scales an eddy-viscosity concept is formulated and it is assumed that
the subgrid stress tensor 7 depends on rate of strain tensor of resolved scales. Smago-
rinsky model coefficient Cs is calculated during simulation on the basis of velocity
field of the resolved scales.

Filtered N-S equations together with subgrid model can be written as
(g—‘:+v-(uu)=—1Vp+v-v(vU+vUT)+V-r. 3)

o)

The equations represent conservation law for an infinite small space-time region.
To use them in finite volume method they must be integrated over the control volume
and time (as LES is intrinsically unsteady). In the presented work a collocated, un-
structured mesh is used.

t+At d t+At 1
| —IGdV+IV-(GG)dV—J.V-veﬁ(VG+VGTjdV}dt=—J{—J‘Vf)dv}dt, (4)
dtV \ \% t pV

t

where:
Vg ISasum of kinematic viscosity v and modelled subgrid viscosity vgss.

Solution of the algebraic equations system for all transported quantities is obtained
by iterative conjugate gradient method Bi-CGSTAB [18]. The pressure matrix is solved
in PISO procedure [9].
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3. Solid particles ssmulation

A discrete particle motion model is based on equation resulting from Newton's
second law. Considering forces acting on a particle, friction and gravity is taken into
account. The friction force is computed on the basis of friction coefficient Cp in the
formulation of Schiller and Nauman [4]. Equation of particle motion reads

du u.—u

—P=-_"P "1y, 4
. . g (4)
where:

u, isvelocity of particle,
u isfluid velocity in the computational cell (volume) in which the particle resides
at the moment,
7y IS particle momentum relaxation time [13].
8mp 4 Pp D

= > = — y (5)
mCpD* Ju, —u| 3 pCp |u,—-u]

Tu

where:
» appliesto the discrete phase, i.e. solid particles,

misamass,

p isdensity,

D is particle diameter. Equation (5) is solved independently from fluid equations —
fluid phase is frozen while the new particles positions are solved, then particles are
frozen and their momentum is added as a source term to the momentum equation of
fluid. The decoupling let us avoid stability problems in momentum calculations. Parti-
cles model includes a simple collision hard sphere model [11].

When a collision between two particles occurs, algebraic equation of momentum
conservation is used. Particles velocities after collision are computed on the basis of

coefficient of restitution Cg = ui/uy® = (UZ5 —ug)/(uZ - u’) (Figure 4b), where u,
is relative particles velocity magnitude before (™) and after collision (*). A change
of colliding particles momentum is

AM g, =m, (1+CR)(uy” ~u3’), (6)

mm,

where m, = .
m+m,
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Fig. 5. Instantaneous velocity stream traces and marker particles around
acylindrical pier with ascour hole
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Fig. 6. Positions of mass particles generated close to the bed on downstream side
of the scour hole (particles size not to scale)

Fig. 7. Example of particles positions at various levels and times. See text for details

The corrected velocities

AM AM
u=u’-——=2 and uF =uf -—=2

: (7)
m

are used as an initial condition for particles motion Equation (5).
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When the particle enters the computational domain its position is found by check-
ing for which cell the condition g <0, B =(x—c)-n;is met for al wallsi (Figure

44). Then an efficient “from face to face” method is used for particles tracking [13].
Particle doesn’t change the cell if

_(c=x)-n,

2 g =X
LA (U, AL) -,

(8)

and passes across a face if 4, <1 — then the new particle position is calculated as
Xnaw = Xolg + AU AL
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Fig. 8. Instantaneous vertical component of velocity in scour hole [m/s] — dashed line for negative values
4. Results

The models described above are used for studies of flow and particles motion
around a cylindrical pier with a scour hole. It is not a scouring model at piers. The aim
of computations is to investigate trajectories of particles already lifted from bed — par-
ticles are randomly generated dlightly above the bed. Turbulent objects that develop
around a pier: horseshoe vortex and wake vertical vortices are greatly affected by the
existence of a scour hole — al the vortices are much more intense. The previous stud-
ies [14] with marker-particles (i.e. with zero mass) indicated the possible mechanism
of transporting particles out of the scour hole. The markers tended to concentrate in
vertical vortices cores, regions of local vorticity maxima and pressure minima. Once
trapped into a vortex core, markers were transported out of the scour hole (Figure 5).
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Simulations with mass particles do not show such effect. Some of the particles
generated dlightly above bed level on downstream side of pier are lifted up as shown
in Figure 7. The results of simulations performed for limited range of mass particle
diameters indicate that particles move rather in a strong jet directed towards the sur-
face. The jet is enclosed by downstream pier wall and vertical wake vortices. The ver-
tical vortices are the main driving force for the jet. Figure 7 shows example particles
positions at various levels above the bed (z= 0.5 isthe initial bed level). Arrows show
velocity vectors directions and magnitude. Brightness corresponds with vertical ve-
locity component value.

5. Prevention of bed scour next to bridge piers

The numerical analyses carried out in this work, examining the mechanisms of the
transportation of bed material grains by means of a suitably formulated flow model,
congtitute theoretica background for the analysis of velocity fields around bridge piers.
Those analyses will come in handy during hydraulic computations of bridges.

In contemporary designing the authors take into account the occurrence of bed
scour holes at the bridge supports, and so they adjust the pier foundations to the
maximum value of the forecasted declining of the soil around them. The largest gen-
eral and local scour is forecasted, and on that basis the foundations are designed in
such away so that the bridge piers are stable in case of predicted wash-out.

When determining anticipated scour, one takes into consideration hydraulic condi-
tions that will occur after the bridge crossing is built; it is also indispensable to analyse
the angle of the flow to piers (angle of attack), in order to assess the rate by which the
water flow under the bridge will decrease. Hydraulic computations of bridges include:
determining minimum clear span as well as the expected deepening of the river bed in
the bridge cross-section, local scour at the piers and the height of swell under the
bridge. The minimum clear span is settled on the basis of permissible scour values in
the bridge cross-section. Bridge clear span should be estimated by means of a trial
method, which entails: determining minimum clear span, the settling of the assumed
location of abutments and piers as well as their size, the computation of predicted
scour and swell values, and then, their comparison with the conditions given in [21].
Many computational cases are taken into account, depending on: flow type, scour
proneness of the river bed, the way the rubble progresses. By means of an analysis of
the river bed scour, the size of the bed lowering in a bridge cross-section is deter-
mined, which is expressed by the degree of bridge cross-section scour. That is the
relation of average depth values after and before the river-bed scour, calculated for a
reliable datum of water level. Permissible values of the degree of scour, depending on
the support foundation type, are presented in [21].

Basic knowledge about the flow is provided by diverse measurement techniques.
Another available source includes automatic devices recording local bed scour at the
bridge piers. They work in the manner of stationary echo sounders or they are equipped
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with the sensors that are fastened to elastic tapes, arranged radially around the piers
and embedded at different depthsin the river bed. The sensors may as well be attached
to the foundations or to vertical bars submerged in the river bed. By obtaining the
information on the scour progress, it is possible to undertake counteraction at the right
time. Among the methods of preventing the effects of river bed scour at the bridge
piers, the following should be enumerated: applying deep foundations, a suitable loca
tion and shape of the supports, soil reinforcement, appropriate control of the upper
course of the river (which has the impact on the lower course), as well as the tech-
niques of preventing or reducing erosion and local scour of the river’'s banks and bed.
The protection of the river bed against erosion includes the following methods: re-
ducing the hydraulic force that affects the banks and bed of a river, increasing the
resistance of the river's banks and bed to the hydraulic force impact. The first group
entails the modification of piers (by giving them a more streamlined shape or through
the encasing of a multi-pier frame with a reinforced concrete coating, which will eas-
ily stop the remains or debris carried along by the water; finaly, the devices connected
with piersthat locally change the stream course — for instance horizontal dabs over the
river bed or cascades constructed across the watercourse. The second group comprises
the protections of the river's banks and bed (by means of mattresses, rock fillings,
a sheet-pile wall etc.). The watercourse bed scour may be prevented by means of the
drowning of a mattress around the foundation and loading it with a rock filling. In-
stead of the mattress, it is possible to make a rock filling embedded below the water-
course bed level. In some cases, in order to prevent the river bed erosion, it is necessary
to apply regulating hydrotechnical architectural structures, e.g. longitudina dams, repel-
ling spurs (wing dams), cascades or the reinforcement of the river bed on along section
below the bridge location. To counteract the erosion of the river’s banks and bed, it is
also possible to use a cribwork in the form of wire-net containers that are filled with
stones (most frequently the container’s size is 2x1x1 m, whereas for the protection
against the bottom scour, smaller ones — 0.5 m thick — are used). The cribwork joined
with wire is a good safeguard for large surfaces of banks or bed. The protection and
reinforcement of a pier based on a shallow foundation that is located on a soft rock
prone to river erosion, may be achieved by means of embedding a reinforced well,
which would surround the foundation, into the rock or by installing piles next to the pier,
and constructing a structure that will transfer loads from the pier onto the well (piles).

An important issue is the question of how to reduce the danger posed to bridge
structures by floods. Basic principles for the designing of new bridges from that per-
spective should be as follows:

e bridge architectural structures should be located at the places where the stream di-
rection during the great water is the same as in the periods of low and average water,

e bridges should not be built at the places where islands, shoals and rubble sedi-
mentation are likely to occur,

o the foundations should be embedded at the depths that are out of the area where
scour affects horizontal and side bearing capacities of the supports,
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o the foundations should be protected againgt abrasion, which is caused by the bed
material carried by the stream of water,

o shallow foundations should be connected with the surrounding sheet piles, which
minimizes the inclination of piers, in case local bed scour occursin their proximity,

o the embankment under the driveways to the bridge should be protected against
the river scour.

6. Conclusions

The study was aimed at investigation of mass particles tragjectories around a pier.
Simulations for a limited range of mean flow conditions indicate that the particles
trajectories depend on intensity of wake vertical vortices being the main driving force
moving the particles out of the scour hole. These flow objects are highly unsteady and
demand sufficiently detailed modelling approach. LES has been shown to be efficient
way of modelling turbulent flow around submerged objects.

Simulations confirm strong interdependence of horseshoe vortex system and wake
vertical vortices. Wake vortices originate as corner vortices near bed on left and right side
of apier (Figure 2¢). Their character depends on horseshoe vortex strength which in turn
changes much as a scour hole develops. Therefore, it is suggested that al the major flow
structures around a pier (down flow, horseshoe and wake vortices) should be considered as
a one system rather than separate objects. As these flow gtructures are responsble for
scouring, investigating their mutual influence is akey to counteract their effects.
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Rozmycia i symulowanie przeptywu turbulentnego przy filarach mostowych

Brakuje w literaturze opracowan naukowych z zakresu badan mechanizmoéw transportu zia-
ren materiatu dna z dotu rozmycia. Ninigjsza prace nalezy zaliczy¢ do prac nowatorskich. Roz-
patruje ona mechanizmy rozmywania lokalnego, zwiazanego z istnieniem filaru mostowego.
Do zdobycia informacji 0 polu przeptywu wykorzystano odpowiednio sformutowany nume-
ryczny model przeptywu, tzw. symulacje duzych wiréw (LES — large-eddy simulation). Prze-
prowadzone w ninigjszej pracy analizy numeryczne, badajace mechanizmy transportu ziaren
materiatu dna z wykorzystaniem odpowiednio sformutowanego numerycznego modelu prze-
ptywu, stanowia teoretyczne podstawy analiz pola predkosci wokét filarow mostéw. Analizy te
beda pomocne przy obliczeniach hydraulicznych mostéw.



