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Abstract

An investigation of local scour at pier groups has been conducted with the aim of developing
design recommendations and scour depth prediction equations for the bndge pier groups. A
comprehensive series of steady uniform flow experiments was performed on groups of 2, 3, 4, and

6 model pters. All tests were conducted under clear-water scour conditions.

Parameters governing local scour depth around bridge piers include: flow charactenstics,
sediment properties, and pier size and shape. The effects of these parameters on the maximum local
scour depth for a single pier (D,), have been thoroughly investigated in the past. However, when
design criteria developed for single piers are applied directly to pier groups, this approach ignores the
following important group effects: 1) sheltering, 2) reinforcement, and 3) horse-shoe vortex (HS1)
compression. Furthermore, the group effects will alter with changes in pier spacing, 8, and flow
angle of attack, f. This study, which investigates the local scouring process for the
aforementioned groups of model bridge piers, and presents design relationships for predicting
the corresponding maximum local scour depths, is an attempt to address this limitation in

current design practice.

Initially the local scour was examined for five different single pier diameters (0.0127 m, 0.018
m, 0.025 m, 0.033 m, and 0.05 m). Having established single pier relationships, groups of 2, 3, 4,
and 6 equally spaced piers were examined, while altering alignment to the flow and separation
distances. For piers in line with the flow direction, downstream piers are sheltered by the upstream
ones resulting in reducing scour depth around downstream piers. This effect diminishes with the
increasing P if there is only one row of piersi.e., 2 and 3 pier groups. In the case of 2 rows of piers
aligned to the flow direction (i.e., 4- 2nd 6-pier groups), there is a specific range of p in which
downstream piers are exposed to the flow. As f§ increases, depending on pier spacing, the piers of
one row may shelter the downstream piers of the other row. The reinforcement effect is significant

only for small ratios of pier spacing/ pier diameter (S/d) when B<10°. In these ranges of S/d and 3,



the front prers are scoured more than that of a single pier Moreover, the scour depth of downsiream
piers, which are less than that of a single pier. increases with increasing S/d - The compressed (HNT)
arms aftect the local scour depth significantly it piers are staggered and S/d« 35 In this range of Sid,
the HSV arms are intensified, resulting in a deeper scour hole  However, this etfect also becomes

insignificant with increasing S/d.

The data obtained for each pier group were analysed, using a multiple regression model, ta
develop local scour depth prediction equations for the front, middle, and rear piers. The regression
model includes two important dimensionless parameters ([ and S/d) associated with group effects,
as regressors. The proposed prediction equations estimated the observed data and simtlar-type
published data reasonably well, within marginal errors. From a general practical view-point, the
number of prediction equations was reduced to two equations for all pier groups: one for the front

piers and the second one for the downstream piers (i.e. combined middle and rear piers).
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Chapter 1

Introduction

1-1 Statement of the Problem

In a study of bridge failures in the United States, Brice and Blodgett (1978) reported that
damage to bridges crossing waterways from major regional floods in 1964 and 1972 amounted to
about U.S. $100 million per event. During the Spring floods of 1987, 17 bridges in New York and
New England were damaged or destroyed by scour. In 1985, 73 bridges were destroyed by floods
in Permsylvania, Virginia, and West Virginia, (Richardson et al. 1991). In most cases, failures of these
bridges were due to local scouring in the vicinity of their support structures, Le., at the bridge piers

and/or abutments.



Assumning the riverbed in the vicinity of a bridge crossing is mobile (i.e., comprised of loose
alluvial materials), during flood events the scouring process will normally include: (i) general scour,
(ii) contraction scour, and (iii) Jocal scour. General scour occurs when the boundary shear stress,
exerted by water flowing over the loose boundary materials, exceeds the critical (threshold) values
required to initiate movement of the individual particles that make up the surficial layers of sediment.
Thus, general scour occurs when this critical condition is exceeded and whether the bridge is present
or not. Contraction and local scour occur in the presence of bridge piers and/or when the bridge
embankments encroach on the channel flows. The former is largely caused by the increased velocities
produced by the sudden reduction in the cross-sectional area of flow and the latter is produced by

large-scale turbulence shed and horseshoe vortices produced by the fluid-structure interaction.

For an unprotected columnar-shaped bridge pier installed in an alluvial channel, the principal
dimensions of the corresponding local scour hole are a function of: (i) flow characteristics, including:
approach velocity, depth and flow direction; (ii) sediment properties, including: representative grain
size, gradation and density; and (iii) bridge pier characteristics, including: size, shape and spacing.
However, for design purposes the anticipated maximum local scour depth (D,) is usually related to
the shape and width of the proposed pier structures through coefficients reflecting the design

conditions, ( Neill, 1964).

Since the pier's foundation structure (footing) is generally wider than the pier shaft and, since
(D,) has been found to depend largely on the maximum width of that portion of the structure exposed

to the flow, it is crucial that the footing remain unexposed throughout the local erosion process.



Conventional methods of avoiding or reducing the severity of local scour include the use of

(1) riprap around the base of bridge piers {Graziano et al. 1590), (i} collars and plates
(Odgaard and Wang 1987), (iii) grout mats and bags (Fortherby 1993), (iv) concrete blocks

(McCorquodale et al. 1993), and (v) false piles (Paice and Hey 1993).

Although scour around bridge piers could be better estimated if the three-dimensional horse-
shoe vortex structure were simulated analytically, most formulas for predicting local scour depth were
developed empirically by Laursen (1958), Chitale (1962), Ahmad (1962), Laursen (1963), Shen et
al. (1969), Breusers et al. (1977), and Melville and Sutherland (1988) among others. Because of the
complex interaction of the three-dimensional turbulent flow field around the pier with the erodible

stream bed, a unique analytical approach has not been obtained thus far.

Only recently have investigators used an analytical approach to solve some parts of the
problem. Applying the Reynolds average Navier-Stokes equations Olsen and Melaaen (1993) and
Cabrales (1993) found contradictory resuits in predicting local scour depth around a cylindrical bridge
pier. Although the former found encouraging results in simulating the three-dimensional scour pattern
for a relatively small scour hole, the latter found a discrepancy between the experimental results and
the results obtained from the mathematical model in determining the normalized bed shear stress
around the cylinder. Yanmaz and Altinbilk (1991) proposed a semi-empirical time-dependent analysis
of local scour depths using the sediment continuity equation for the scour hole around bridge piers.

The results of laboratory experiments were utilized to obtain the values of coefficients needed for



such an analysis. Other researchers developed empirical formulas which are more dependent on

experimental data than on an analytical approach, (Johnson (1992), and Kothyari et al. (1992a,b)).

There are a substantial number of bridge piers that have exposed pier groups (Jones et al.
1991). Some preliminary studies of scour around pier groups have been done but none give a
complete treatment of the problem. A study by FHWA (U.S. Federal Highway Administration)'
determined that scour for a group of piers would be no worse than scour at a solid pier with
dimensions equivalent to the individual piers touching one another. Hannah (1978) studied local scour
at pier groups with steady uniform flow under clear-water conditions using one sediment size. He
proposed modifying coefficients based on Neill's relationship developed for the case of a single pier
(Neill 1964). He showed that scour for a pier group was less than 20% greater than scour at a single

pier when the spacing exceeded five pier diameters.

Raudkivi and Sutherland (1981) studied local scour at pier groups in straight channels. They
found that the scour depths at rear piers were greater than the same at front piers for angles of attack
equal to or more than 45°. Nouh (1986) investigated experimentally the characteristics of flow under
clear-water conditions at pier groups in a meandering channel. He found that pier group transversal
spacing, longitudinal spacing, and relative pier group size (with respect to the channel width) affect
significantly the scour depth at the piers. Nouh found that the maximum seour depth at a pier group
in a meandering channel might reach a value of 2.20 times that for a single pier in a straight channel

and that scour depths at piers in the outer side of his meandering channel were generally larger than

t See Jones et al, (1991)



that at piers in the inner side of the channel.

1-2 Research Needs

In the past various research have attempted to develop design criteria using the following
different approaches: (i) the empirical approach, (ii) the analytical approach, and (iii) the semti-
empirical approach. Because of the complex nature of the probiem (highly 3-dimensional fluid-
structure-sediment interaction), the large majority of past contributions adopted the e:npirical
approach, based on field and/or laboratory (physical model) studies. Moreover, again to reduce the
level of complexity, most laboratory studies of the past developed their D,-relationships for different
single-pier scenarios (i.e., single piers having different shapes and alignments to the flow field).
Accordingly, when criteria developed for single piers are applied directly to pier or pier groups, this

approach ignores the possibly important group effect on D,.

This limitation of current practice regarding estimation of D, for bridge pier groups was
recently addressed in a summary of priority research needs on the subject identified by the U.S.
Federal Highway Admimistration (Jones et al. 1991). It was emphasised that . .. "there is very little
information on the effects of spacing between rows especially when the rows are staggered such that
there are no clear flow paths through a pier group." Also it was noted that there is considerable
controversy about what happens with pier scour when piers are close enough for the scour holes to
overlap. For example, do the horseshoe vortices somehow combine to create a much stronger erosive

force around 2 piers or do the piers scour like single obstructions and the only effect from the spacing



is the removal of the peak middle bed between the piers where the scour holes overlap?. "..A closer
study of pier-pier group interrelationships is required varing the pier groups with which to compare
the pier scour. Different pier groups need to be tested, i.e. 4 and 6 piers in rectangular grouping.
The effects of pier diameter variation needs to be examined. More two-pier teslts through all angles
of attack are required to better define the sheltering. wake and transverse zones, i.e. for separation

other than 5 diameter, . .. " Hannah (1978).

In summary, the current practice regarding estimation of maximum local scour for a pier
group (D) is to modify, through various correction factors, those expressions established for a single
pier (D,). Since these factors are empirically derived and usually site-specific, tilere is clearly a need
for further research on the subject of local scour around bridge pier groups. The principal goals of
this research will be to identify those parameters that strongly influence the group effect and to
develop empirical relationships for the front, middle, and rear piers in different grouping

arrangements.

1-3 Objective and Scope of the Study

The main objective of this study was to investigate experimentally, the effects of pier spacing
and flow angle of attack on local scour around bridge pier groups and also to develop local scour
depth prediction equations for the bridge pier groups. The experimental program of this study

comprised the following:



{A) an initial program of tests on various single-pier arrangements, to compare the accuracies

of several traditional scour-predicting formulae under difterent flow conditions

(B) The main experimental program of our study was to examine the very important aspect
of the influence of the flow angle of attack, P, of the approach flow and pier spacing, S, on D,. The
principal goal of the study was to develop, based on the rasults of the experimental program and the
related theoretical work, empirical relationships for predicting maximum local scour around bridge

pier groups D, under uniform clear-water flow conditions.

In this study, some tests for the case of a single pier were carried out to verify which pier
scour prediction formulas give reasonable results. Then, tests on pier groups, were performed under
clear-water conditions. Also, the results were compared with available data. In the second stage of
this study, experiments carried out on pier groups with different pier grouping arrangements (2, 4,
and 6 piers). Different pier spacings and flow angles of attack of the approach flows were applied.
Emphasis was placed on the impacts of group effects like spacing, reinforcement, and sheltering. In
some instances, tests were repeated at least twice if the trend of data for a specific case was
significantly different from the others. In these cases the avereage value was considered in the

analysis.

1-4 Study Program

The following conditions and parameters were tested to establish appropriate criteria for pier



or pier groups as a bridge support structure;
1) The hydraulic conditions applied in this study included:
- steady state approach flow conditions, and
- clear-water scour conditions,
2) The bridge pier arrangements tested included:
- single piers,
- groups of piers,
3) Also investigated were the effects of the following parameters and conditions on
local scour:
- spacing between piers in a group, and
- patterns of pier groups (different flow angle of attack),
4) The following measurements were carried out:
- flow depth,
- rate of water discharge,
- flow velocity,

- depth and dimensions of the scour hole.

1-5 Evaluation of the Results

An initial series of tests was carried out on a single pier to check the performance of various

pier scour equations which have been developed in the past. Formulas for single-pier arrangements



included those of Shen et al 1, and [T (1969Y, Laursen (1903), Jain and Fisher (1980), and Colorado

State University (CSUY*.

The main experimental program, which investigated the local scouring phenomenon around
bridge pier groups. fumished the data necessary for the development of the related empirical scouring
relationships. In this part of the program, experiments employing a set range of uniform fiow rates
and depths in the flume's test section were repeated for different pier grouping arrangements and
alignments to the approach flow. Related dimensional analysis identified the most important
parameters governing the problem. It is anticipated that included in these parameters were pier
spacing and flow angle of attack of the approach flow, which in tum gdvcm sheltering and

reinforcing effects and the compressed horseshoe and shed vortex mechanisms.

The reinforcing effect is related to the spacing between piers. The scouring potential of the
shed vortex is a function of the intensity of its convection speed and of the distance between the path
and the affected pier. Therefore, both spacing and angles of attack determine the degree of this effect
on the local scour. For a particular angle of attack the compressed horseshoe vortex pattern is

dependent on the pier spacing.

In short, in formulating an expression for estimating maximum depth of scour around pier

groups, two important parameters to consider are pier spacing and flow angle of attack of the

' See Jones (1984)

* See Richardson et al. (1991), pp. 52



approach flow.

1-6 Experimental Equipment

The experimental program was performed in a 7.7" long x 0.515™ wide x 0.6™ deep aluminum
flume. The flow was supplied by the laboratory pumping system. At the downstream end of the flume
an adjustable gate was used to control the water surface profile. Two screens installed upstream of
the flow measurement device eliminate large-scale turbulence effects of the entering flow. Model
pier(s) was/were fixed and mounted vertically on the flume bed. Sediment with D.,=0.49 mm was

used as the test bed materials.

Discharge was measured using a 90° V-Notch weir and flow depths were measured with a
vernier point gauge. Maximum local scour depth was measured using a thin wire probe. The velocity
of approaching flow was measured using a Pitot tube. To find the velocity profile in the test section

the velocity was measured using a mini-Propeller flow meter.

1-7 Thesis Description

Chapter 2 deals with literature review of the past contributions to this study. A review of the
following subjects s included: 1- local scour around the bridge piers and its mechanism, and 2-

parameters influencing local scour.

Chapter 3 covers the theoretical background of this study in which the following subjects are

10



discussed: 1- erosion of cohestonless sediments, 2- an analytical consideration of the behaviour of the
flow in the plane of symmetry ahead of a cylinder, 3- dimensional analysis, and 4- multiple linear
regression model.

In chapter 4, the experimental equipment and procedure will be discussed.

Chapter 5 is devoted to the results and discussions including: 1- preliminary tests on single
piers, 2- the effects of pier spacing and flow angles of attack on local scour depth for 2, 3, 4, and 6-
pier groups, and local scour depth prediction equations developed for pier groups.

Chapter 6 presents conclusions and recommendations for future research.

References are presented in chapter 7

Finally, appendix is presented at the end of the thesis

11



Chapter 2

Literature Review

2-1 Design Methodology

In design methodology, both hydrélogic and hydraulic aspects should be considered. Bridges
crussing streams should be designed to withstand the effects of scour from a superflood ( a 100-year
or 500-year flood) with little risk of failing. This requires careful evaluation of the hydraulic,
structural, and geotechnical aspects of bridge foundation design. Hydraulic studies of proposed bridge
sites are a necessary part of bridge design. These studies should address both the sizing of the bridge
waterway opening and the design of the foundations to resist scour. It is always cost-effective to

provide a foundation that will not fail, even from a very large flood event or superflood.

12



2-2 Scour at Bridge Crossings

When an alluvial stream is partially obstructed by a bridge pier, the flow pattern in the channel
around the pier is significantly changed. The pier produces an adverse pressure gradient just upstream
from the pier. The Loundary layer upstream of the pier undergoes a three-dimensional separation. The
shear stress distribution around the pier is drastically changed due to the formation of a horseshoe
vortex, resulting in scour around the pier, which, in turn, changes the flow pattern and shear,

(Kothyari (1992a)).

Three types of scour may occur at bridge sites (Raudkivi 1986):
1) general scour of the stream, which is a response to the flow regime, would occur
whether a bridge is built or not;
2) contraction scour, caused by contraction of the waterway by the bﬁdge and its

approaches; and

3) local scour, due to the interference with flow by piers and abutments. The local

scour is in addition to numbers 1 and 2 above.

"Generally, scour depths from local scour are much larger than the other two; often by a
factor of five to ten. But, if there are major changes in stream conditions, such as a large dam built
upstream or downstream of the bridge structure, long-term bed elevation changes can be the larger

element in the total scour," (Simons and Senturk (1992)).

13



2-2-1 General Scour

General scour occurs when the capacity of a river to carry sediment during flood flows or as
the consequence of various man-made alternations is increased. An example of the latter is mining
of sand and gravel in rivers and on flood plains. In this case the bed of the river is lowered during
floods. To estimate the mean velocity and the cross-sectional area for a given discharge, the elevation
and the slope of the water surface should be known in advance. Knowing the velocity and cross-
sectional arca, the average elevation of the bottom and the amount of scour can be estimated. An
assessment of long-term stream bed elevation changes shouid be made using the principles of river
mechanics. Such an assessment requires the consideration of all influences upon the bridge crossing;
i.e., runoff from the watershed to the stream (hydrology), the sediment delivery to the channel
(crosion), the sediment transport capacity of the stream (hydraulics) and the response of the stream

to these factors (geomorphology and river mechanics).

To organize such an assessment, the following three-level fluvial system approach can be
used:

1) a qualitative determination based on general geomorphic and river mechanics relationships;
2) an engineering geomorphic analysis using established qualitative and quantitative relationships to
estimate the probable behaviour of the stream system to various scenarios of future conditions; and
3) physical process computer modelling using mathematical models such as BRI-STARS (Molinas,

1993), WSPRO (Mueller, 1993) and the U.S. Corps of Engineers' HEC 6' to make predictions of

! See Richardson et al. (1991)
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quantitative changes in stream bed elevation due to changes in the stream and watershed.

In short, general scour at a bridge crossing is related to the flow and sediment-transport

processes of the river being crossed. Evaluation of this scour requires modelling of the river channel

for water and sediment routing,

2-2-2 Contraction Scour

Contraction scour occurs when the flow area of a stream decreases in the flow direction. The
more the flow area is reduced, the higher the average velocity and bed shear stress through the
contraction. Hence, there is an increase in erosive action in the contraction with more bed material
being removed from the contracted reach than is transported into the reach, This increase in transport
of the bed material from the reach lowers the natural bed elevation. As the bed elevation is lowered,
the flow area increases and an equilibrium condition is reached, i.e., the quantity of bed material that

is transported into the contracted reach is equal to that removed from the reach.

The increase in depth at a long contraction can be computed from the equations of motion
and continuity for sediment and water. For the water motion the Chezy equation can be used and for
the sediment transport a simple relationship to the average velocity (for definitions, see Fig. 2-1).

water: Q= constant = Q_+Q;

sediment : Q,= constant = Bg,= B(eU™)

in which; = discharge of sediment/m width (t= total load), U= depth-average flow velocity,

15



Q= discharge of water, Q,= discharge of sediment (volume of grains), Q/ discharge of water in the
floodplain, and Q, = discharge of water in the main channel (Fig. 2-1). Neglecting floodplain flow,
one finds:

Yor [ B\
£=[ _1} 1)
Yo \ B,

where ¢” = (m-1¥m or with m=3 to 5, &’ = 0.67 to 0.8, y,, = uniform flow depth upstream, and y,=
uniform flow depth downstream. The value of & = 2/3 corresponds to the value predicted by the

regime method.

In the case of overbank flow with discharge Q,, equation 2-1 becomes

Yo {B)_0
Yo {Bz] (Q"'Qf) -2

Experimental data to confirm the foregoing analysis are scarce. Sharma (1972) concluded
from field data that the scour depth between bridge piers (excluding local scour effects) is reasonably
predicted by the regime method. Norman (1975) concluded from field data that either Straub's', or

Laursen's' approach gives good results. However, other investigators debate about the value of yg,.

! See Breusers and Raudkivi (1991)
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2-2-3 Local Scour around Bridge Piers

Most researchers have investigated local scour around a single pier and have negiected the
effect of groups of piers to simplify the problem [ Chabert and Engeldinger (1956), Laursen and Toch
(1956), Laursen (1963 and 1984), Carstens (1966), Shen et al. (1966), Gole and Chitale (1967), Shen
et al. (1969), Melville and Raudkivi (1977), Jain and Fisher (1980), Qadar (1981), Raudkivi and
Sutherland (1981), Raudkivi and Ettema (1983), Melville (1984, 1992), Raudkivi (1986), Melville
and Sutherland (1988), Chiew (1989), Johnson and McCuen (1991), Johnson (1992), Qadar and
Ansari (1991), Richardson et al. (1991), Santoro et al. (1991), Yanmaz and Altinbilk (1991), Barbe
et al. (1992), Donguang et al. (1993), Fischer (1994), Glenn (1994), Landers et al. (1994), Dey et
al. (1995), and Jobnson and Ayyub (1996)]. A comprehensive kiterature review was made by Breusers
et al. (1977). They gave a "state of the art" report on the subject of local scour around cylindrical
piers. The report was restricted to the following conditions:

- cylindrical piers (all shapes),

- non-cohesive granular bed material, and

- one-way current (no tidal influence and waves).

They presented a critical review of the literature on model and field data and the empirical data were
compared with theory. The final result was recommended design criteria together with suggested
alterndtives for scour protection. Because of its importance the Breusers et al’s, report has been cited

by many investigators.

Shen et al. (1966) investigated the variation of shear stress immediately upstream from a pier
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in its scour hole using integration of the Navier-Stokes equation of motion in the boundary layer of
the secondary flow. They related the equations of motion and the continuity equation. However, they
neglected the effect of the momentum of the incoming flow, since the region of application was
sufficiently close to the cylinder. They assumed that; 1) the flow and vortex system are steady, 2)
there is no shear at the upper edge of the boundary layer, 3) the two-dimensional up coming flow
obeys the potential flow theory, 4) the boundary-layer thickness in the radial and tangential directions
are equal, and 5) a no slip condition exists at the bed and other simplifying assumptions. They
conciuded that the theory behind their analysis suffers in that it does not account for separation of the
flow boundary layer. Also, they found that the pressure distribution in the vicinity of maximum scour

(given by the potential theory) was not realized in physical situations.

Shen et al. (1966) also presented an analytical consideration of the behaviour of the flow in
the flow in the plane of symmetry (stagnation plane) ahead of a cylinder of infinite extent situated
normal to a steady incompressible shear flow. Using an imaginary control voiume in the
neighbourhood of a circular cylinder, they derived the basic integral equation about the control
volume. They applied boundary conditions to the control volume and used simplified assumptions to
govern the steady state equations of motion. However, they concluded that “ unfortunately except
for a few simplified flows, there appears to be no simple solution to the problem. It is possible that

they will have to be dealt with in an empirical manner.”

Most studies on the subject of local scour were carried out using physical models, [Chabert

and Engeldinger (1956), Shen et al (1966, 1969), Dietz (1973), Melville (1975, 1984, 1992),
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Breusers et al. (1967, 1977), Har. '»h (1978), Nouh (1986), and Raudkivi (1986)]. Many difterent

formulas for the maximum scour 1 were developed on the basis of these and similar studies.

2-2-3-1 The Mechanism of Local Scour

A strong pressure field is induced by the presence of a bridge pier, in a tlow field so that the
flow in front of the structure separates from the bed and rolls up to form the aforementioned scouring
vortex. The horseshoe system of vortices which develop around the pier has long been recognized
by investigators as the prime agent in the local scouring process, Keutner (1932), Tison (1940), Posey
(1945 and 1974), Laursen and Toch (1956), Neill (1964}, Bata (1960), Roper (1967), Highway

Research Board (1970), Melville (1975), and Shen et al. (1966).

Bata (1960), Moore and Masch (1965) and Tison (1937) attempted to find the magnitude of
secondary currents near the front face of a pier. They all agreed that the secondary currents, created
by the difference of stagnation pressures, caused scour but they were not able to correlate the
magnitude of secondary currents with maximum scour depth. Tarapore (1962) assumed a particular
velocity distribution in the scour hole to determine the maximum scour depth. However, his

assumption of the velocity distribution in the scour hole did not appear to be realistic.

A cylindrical pier which is positioned vertically in a wide stream is shown in Fig. 2-2. The
variation of the approach flow velocity with the depth is also shown in the figure. The bed of the

stream at the base of the pier is assumed to have small irregularities, but is essentially level initially.
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The stream flow around the pier in plan view will be essentially as shown in Fig. 2-3 for locations far
from the bed. As the streamlines converge around the upstream half of the pier, the stream pattern
is altered by the presence of the pier. A stagnation point is developed somewhere in the flow depth
along the line bb’ in Fig. 2-2. Above this point, there is a stagnation line and below it there is a
secondary flow. The position of the stagnation point depends on the velocity distribution and the
shape of the pier, however, Shen et al. (1966) claimed that the stagnation point occurs approximately

at 3/4 depth above the bed.

Since kinetic energy of the flow is converted fully or partially to potential energy or head, a
rise in the water surface occurs at line bb’ and part of the way to line cc’ as shc;wn in Fig. 2-2. The
magnitude or rise in the water surface is dependent on the undisturbed approach velocity, the three-
dimensional velocity distribution and shape of the pier. The rise in water surface can be predicted

reasonably well from two-dimensional ideal fluid theory.

2-2-3-2 The Horse-Shoe Vortex (HSV)

The HSV feature has a significant effect on local scour around piers. Although it is not the
initial cause for scouring, it develops as the result of separation of flow at the upstream rim of the
scour hole. "The horseshoe vortex extends downstream, past the sides ‘of the pier, for a few pier
diameters before losing its identity and becoming part of general turbulence. The horseshoe vortex
also pushes the maximum downflow velocity within the scour hole closer to the pier”,(Raudkivi,

1986). The HSV system which develops at the base of the pier is an important feature of the flow
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around the upstream half of cylindrical bridge piers. Moreover, the velocity component downward
on the front face of the cylinder and a boundary-layer separation upstream of the structure are other
characteristic features of the flow (Fig. 24). The vortex scour mechanism at bridge piers was studied
by Qadar (1981). He analysed the cause of the scouring process itself He illustrated the basic
mechanism of the vortex scouring ahead of a cylindrical pier placed in a flow field and aligned with
the fiow (Fig. 2-5a). Figure 2-5b shows a vertical section along the pier's longitudinal axis. 1t shows
how the approaching flow separates and rolls up to form the scouring vortex ABCDA. The vortex
develops a scour hole in the sand bed in front of the pier and in the process ultimately sinks into the

hole, causing gradual expansion in its size. In the ultimate equilibium condition the position GHIJKG

is occupied by the vortex.

In addition to & horseshoe vortex around the base of a bridge pier, the flow pattern (Fig. 2-4)

has some other components; namely:

1} downflow in front of the pier;

2) cast-off vortices and a wake; and

3) a bow wave.
The approach flow velocity, in the vertical plane of symmetry in the direction of flow, decreases from
the free surface downward to zero at the bed. The stagnation pressure, pu%/2 (p= density of water,
and u= mean flow velocity), decreases as well. In addition, the stagnation pressure causes sideward
acceleration of the flow past the cylinder. The separation of flow at the sides of the cylinder creates
the wake with the cast-off vortices at the interfaces to the main stream. The cast-off vortices are

translated downstream with the flow and interact with the horse-shoe vortex at the bed causing it to
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oscillate laterally and vertically. A bow wave develops at the surface with rotation in the opposite

sense to that in the horse-shoe vortex.

2-4 Clear-water and Live-bed Scour Conditions

Once the concept of this local scouring mechanism is understood, the next step is to determine
the size of the scouring vortex. The shape, and the width of the pier, along with the angle of attack
of the current affect the size of the vortex. As the maximum depth of scour is a function of the
strength of the vortex which develops ahead of the pier, the depth of the local scour can be estimated
in the next step. Two different approaches exist for estimating the depth of local scour. One estimates

scour around piers in a clear-water condition and the other considers a /ive-bed scour condition.

When the shear velocity U. or the velocity U exceeds about half the critical or the threshold
value for movement of the sediment, local scour starts. "The clear-water scour occurs if the velocity
U is less than the critical velocity U, At velocities greater than the threshold value, sediment is carried
into the scour hole from upstream and the equilibrium scour depth is reached when the rates of supply

and removal of sediment balance. This is the live-bed scour condition," (Raudkivi, 1986).

During a flood event, bridges over streams with coarse bed material are often subject to clear-
water scour at low discharges, live-bed scour at the higher discharges and then clear-water scour on
the falling stages. As indicated in Figs. 2-6a&b, clear-water scour reaches its maximum over a longer

period than live-bed scour. This is because clear-water scour occurs mainly in coarse bed material
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streams. In fact clear-water scour may not reach a maximum value until atter several floods Also,

maximum clear-water scour is about 10 percent greater than the maximum live-bed scour

Since the differences between clear-water and live-bed scour conditions were not clearly
distinguished by many investigators, the proposed prediction equations gave widely varying scour
depths’. Laursen (1952) suggested the following relations in the scouring process. He defined the rate

of the local scour in volume per unit time as follows:

— = 4,74, 2-3)

in which; q,= outgoing sediment, g,,= oncoming sediment. Three possibilities may happen as follows:

1- no scour if q,=q,=0
2- clear-water scour if 0 sg,«q, and q,>0
3- live-bed scour if g,2q,>0

Carstens (1966) defined a sediment mumber as an indication of the conditions necessary to

initiate clear-water scour as follows:;

U

oD, @4

N =

in which; N,= sediment number, U= mean velocity of the undisturbed flow, s= sediment specific

density, g= gravitational acceleration, and D, = representative sediment size. He defined N, as the

I See f 2-6-1 "Pier scour equations”
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sediment number at which local scour begins and N,,, as the value when continuous sediment
transport occurs. Carstens also stated that “ for irrotational flow, the velocity at the sides of the pier
is twice the approach velocity. Therefore, a reasonable approximation is that N,.;= N,../2.” The region
of a localized scour is restricted to the range of sediment number between 1.12 and 2.24, which

corresponds to N,,, and N, respactively.

Chabert and Engeldinger (1956) identified two types of scour: clear-water scour and live-bed
scour, according to the condition of sediment transport in the approach flow. Raudkivi and Ettema
(1983) considered clear-water scour at cylindrical piers, while Melville (1984) and Kothyari et al.

(1992b) considered live-bed scour at bridge piers of different shape.

For the most part, previous studies of local scouring around bridge piers have considered the
case of a single pier installed in a sand-bed channel and subject to clear-water, steady (uniform) flow

condittons.

2-5 Parameters Influencing Local Scour

The parameters influencing local scour may be classified into three categories:

1) streamflow characteristics, such as velocity of the approach flow, and flow depth; 2) bed
material characteristics, such as sediment size, density, and distribution, and cohesion of the material;
and 3) bridge pier characteristics, such as dimensions, shape, and surface condition of the pier, and

any protection system.
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2-5-1 The Influence of Flow Velocity

The depth of the local scour hole is closely related to the undisturbed approach flow velocity.
It is evident from published literature that under clear-water scour conditions, the local scour depth

increases almost linearly from a value of the ratio of shear velocity, U., to the critical shear velocity,
U

U.. of about 0.5 ( =0.5) to that of unity, reaching a maximum at the critical velocity,. Among

available data which clearly show this trend, are those of Chabert and Engeldinger (1956), Maza
Alvarez and Sanchez Bribiesca (1966) and Ettema (1980). The data obtained from the experiments

carried out by Ettema are shown in Fig. 2-7.

Chabert and Engeldinger {1956) studied the influences of flow velocity on the local scour.
They found two different regimes: 1) for velocities at or below the threshold velocity of movement
of the bed material, scour depth approaches a limit asymptotically (Fig. 2-8); for a larger velocity,

scour depth fluctuates due to the periodic dumping of material in the scour hole by moving dunes.

2-5-2 The Influence of Water Depth, Grain Size, and Pier Diameter

Chabert and Engeldinger (1956) using grain sizes D= 0.26, 0.52, 1.5 and 3.0 mm, pier
diameter d=2.5 to 30 cm, and water depth Y,=0.1 to 0.35, found that the grain size has only a small
influence on the local scour depth and for the water depth/pier diameter ratios larger than one, the

influence of water depth is also negligible.

Fttema (1980), Chiew (1984) and others showed that scour depth increases with flow depth
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up to a limiting value of the flow depth ratio Y/d (Y,= flow depth and d= pier width), beyond which
there is no influence of flow depth. The limit expressed by most researchers ranges from Y,/d =1 to
3. For clear-water scour conditions, Bonasoundas {1973) concluded that the effects of flow depth
become insignificant for Y/d>1 to 3. Chiew (1984) compared his data with Ettema (1980) and Chee's
(1982) data under clear-water condition to investigate the effects of flow depth on local scouring,
They claimed that the scour depth is independent of Y,/d when Y,/d>4 and d/Dy, >20 (Dy= grain

size, see Fig. 2-9).

Shen et al. (1966) found a negligible influence of grain size for D,;<0.5 mm. Laursen and
Toch (1956) found the same influence of grain size for D= 0.5 to 5 mm. On the other hand,
Bonasoundas (1973) and Ettema (1976) found some increase of scour depth for d= 0.6 to 4 mm.
Baker (1986) found that although scour depths are reduced dramatically as o, increases, at very high

flows (U/U_>4.0), scour depths become almost independent of o,.

Raudkivi and Ettema (1983) investigated the effect of sediment gradation on clear water
scour. Their results indicated that the value of the equilibrium scour depth, D,.(0,) [0,=(Ds, ,/D155)*°],
for nonuniform alluvial sediments can be estimated in terms of the geometric standard deviation, g,

of the sediment as follows:

(2-5)

The parameter K, is a function which depends on ¢, as shown in Fig. 2-10.
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Ettema (1980) using six pier sizes and sediment sizes from D,;=0.24 mm to 7.80 mm (fig 2-
11), showed that the maximum value of clear-water (D, /d),,,, is unaffected by particle size as long
as the value of d/Dy, is 20 to 25. For smaller values, the grains are large compared to the groove
excavated by the downflow, and the erosion process is impeded. The experimental results in fig 2-11

were divided into four groups:

1. d/Dy, 2130; the sediment is fine relative to pier diameter.
2. 130>d/Dy, >30; the sediment is of an intermediate size.
3.30>d/D,,28; the sediment is coarse relative to pier diameter and relative to the downflow.

4. d/Dy<8; the stones are so large that the erosion phase does not develop.

A distinct trend is apparent for nonripple forming sediments. For ripple forming sediments the

scour depth tends to be lower, except when g,~1.5, and the results are more scattered.

When U./U._<0.8 (U.= shear velocity and U._ = critical shear velocity), the formation of an
armour layer one grain thick or: the surface of non-uniform ripple-forming sands prevents the growth

of ripples and the scour develops as in a non-ripple-forming sediment.

2-5-3 The Effect of Flow Angle of Attack

For piers other than cylindrical, the depth of local scour depends on the alignment of the pier
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with the flow. The local scour depth is related to the projected widih of the pier, and this width
increases rapidly with the angle of attack of the flow. With an increasing angle of attack, the location
of maximum scour depth moves &along the exposed side of the pier from the front to the rear end of
the pier. Laursen and Toch (1956) published a graph of the multiplying factor for the scour depth K,

as a function of the angle of attack, P, and the ratio of pier length to width, L/d, Fig. 2-12.

Mostafa et al. (1993) introduced a skewness factor K to account for the influence of pier

skewness on the local scouring as follows (Fig. 2-13):

L. 0.68
Kf[;j-sm[}wos[}] (2-6)

The above expression fitted well the Laursen and Toch’s (1956) curves over the data range
25L/d<16. Further, they recommended that the local scour depth at skewed bridge piers be estimated
from an equation which is based on the projected width of a pier. The equation which accounts for

the effect of pier skewness is:

D’w =2.4K fKﬂt:?' -7

in which, D = maximum equilibrium depth of local scour, and K,= pier shape factor.

Ansari and Qadar (1994) proposed an expression for estimating the uitimate depth of local
scour at bridge piers, including the projected width of the pier (d') similar to that of Mostafa’s et al.

(1993) expression, as follows:
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d' =dcosp +Lsinp (2-8)

They attempted to correlate scour depth directly to the projected width of a pier. They

proposed the following equations to estimate the ultimate scour depth, D,, due to a bridge pier:

D=086(d); d <22m 2-9)

D =3.6(d)¢, d >22m (2-10)

The above projected width cannot be used in a pier group directly. Unlike a solid single pier
whose projected width varies linearly with P, in the case of a pier group the projected width changes
non-linearly with pier spacing. Thus, equation 2-6 or 2-8 cannot be applied to a pier group. The
projected width of each pier of a pier group contributes to the total projected width difterently for

any B.

2-5-4 The Effects of Shape of the Pier

According to Breusers et al. (1977) pier shapes can be classified into two categories:

1) blunt-nosed pier, where a strong horse-shoe vortex system and thus the maximum scour
depth occurs at the pier nose. The upstream pier shape should have a strong influence on the scour
depth, and the iength of the pier and downstream pier shape should have a minimum effect if the

blunt-nosed pier is aligned with the flow.

2) sharp-nosed pier, where the horse-shoe vortex system is very weak and the maximum scour
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depth occurs near the downstream end. For long piers under an angle of attack the point of maximum
scour depths shifis toward the downstream end of the pier. The effect of pier shape on scour depth
is significant, and many researchers have studied this effect, including: Flamant (1900), Rehbock
(1921), Yamell and Nagler (1931), Keutner (1932), Tison (1940), Ishihara (1942), Schneible (1951),
Laursen and Toch (1956), Chabert and Engeldinger (1956), Romita (1960), Knezevic (1960),
Varzeliotis (1960), Larras (1960), Paintal and Garde (1965), Shen and Schneider (1970), Ayala and

Grandon (1994), and Parola et al. (1996).

Durand-Claye (1873) investigated the effect of the shape of piers on scour depth. He
compared the results of the scour depth for the case of a square-nosed, a round-nosed and a
lm'angmﬂar—nosed rectangular pier. For the same approach flows the first one produced the maximum
scour depth, whereas the triangular one gave the smallest scour depth. Tison (1940) investigated the
influence of shape velocity profile and other parameters. He identified the curvature of the flow at the
upstrearn side of the piers as the main cause of secondary vertical currents and local scour. Chabert
and Engeldinger (1956) studied the influence of the pier shape and §. Fig. 2-14 shows that for f=0°,

scour depth may be minimized by streamlining the pier, but this advantage disappears for >10°.

An exception is formed by the system of 2 circular piers at a spacing of 3 pier diameters,
which shows only a minor influence of B (the influence of spacing regarding pier groups will be
discussed later). They also studied the influence of the pier shape on local scour, for more details see

Breusers et al. (1977).

30



2-6 Local Scour Around a Single Pier

The prediction of local scour holes that develop around bridge piers plays an important role
in their design. There are three different approaches to predict the depth of scour around bridge piers:
1) the empirical approach, 2) the analytical approach, and 3) the semi-empirical approach. The
University of Colorado in the United States, the University of Delft in Holland, the University of New
Zealand, the University of Auckland, and the University of Canterbury in New Zealand have
conducted many systernatic investigations concerning local scour around bridge piers. Most of these
studies produced empirical relationships based on laboratory data and also some field data. In

subsection 2-3-1 several empirical scour prediction formulas will be presented for the case of a single

pier.

Few studies have adopted the semi-empirical or analytical approaches to the problem. Based
on the application of the sediment continuity equation, Yanmaz and Altinbilk (1991) developed a
semi-empirical method, to determine the time variation of clear water local scour depth around single
cylindrical and square bridge piers. Olsen and Melaaen (1993) used a finite-volume model to solve
the 3D non-transient Navier-Stokes equations. A numerical model simulated the 3D scour pattern
around a cylindrical pier positioned in a movable-bed that was composed of plastic particles with a
relative density of 1.04. The K- turbulence model was used to solve the Reynolds-stress terms. The
numerical model was used to reproduce the geometry of a scour hole as measured on a physical
model. The scour depth after 12 hours was measured and compared with the computed values. They

found a good agreement between the results of the numerical and physical models. However, since
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they neglected the transient terms in their numerical model, they could rot verify the validity of the
numerical model for all cases of scour around obstacles. Nor was it verified that the model would
calculate maximum depth in the scour hole correctly. They used one the most powerful computers
(CRAY-XMP) in their analyses, but were only able to simulate a relatively small scour hole in their

numerical model,

Cabrales (1993) applied a K-¢ model to investigate numerically the surface shear stress
distribution in the vicinity of a circular cylinder mounted normally to a rigid flat plate. He derived the
governing equations from the Reynolds averaged Navier-Stokes equations with an eddy viscosity
approximation. He compared his results with those of Melville and Raudkivi (1977). Using their data,
Carbales found that the experimental results were not well reproduced by the mathematical model.
He concluded that some characteristics of the K-e model contributed to discrepancies observed
between the experimental and mathernatical results. For example, such a model uses an isotropic
eddy-viscosity formulation for the Reynolds-stress tensor, whereas the turbulence of 3D curved flows
is anisotropic. Moreover, the experimental data show significant discrepancies which suggest the
inadequacy of the K-€ model to reproduce bed shear stress distributions reported by Melville and

Raudkivi (1977).

Physical models and mathematical models are applied on the basis of the empirical or
analytical approaches respectively. Physical models produce empirical relationships, based on
laboratory o field data. For the most part, these empirical relationships are site specific and require

some modification (coefficients) before they can be applied elsewhere. On the other hand,
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mathematical models can be applied to predict local velocities, the eddy-viscosities and the bed shear-
stress to facilitate calculations of bed-load and suspended-load transport. The ultimate goal in

developing mathematical models is to simulate the development of the local scour hole in time.

2-6-1 Pier Scour Equations

Many researchers have developed scour depth equations using different approaches to the
problem. Each scour depth prediction formula gives different estimations and in some cases the
differences are very significant. Ahmed et al. (1993) measured river bed scours near bridge piers and
abutments on Alberta rivers. They compared the measured values with computed values estimated
by different equations. They found that while a few formulas underestimated scour depth, most

conventional formulas over-predicted the expected scour, some by as much as 500% (Fig. 2-15).

Live-bed scour formulas for predicting local scour depth around a single bridge pier include

those of:
Laursen (1958)":
D 170
4 ssit ) Zlal o 2-11)
Y, 15)| 7,
and Ahmad (1962):
! See Jones (1984)
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D Y E
— = %4.77Fr 3 -1) (2-12)
d d
Clear-water scour formulas include those of :
Chitale (1962):
D
7’ = -5.49Fr%+6.65Fr-0.51 (2-13)
0
where Fr = Froude number,
and Laursen (1963):
;
5 SD"[——I )[&) A1[e
_ Y\ 11.5])] ¥,

(2-14)

in which; t,= sediment shear stress, t.= critical shear stress, Shen et al. (1966)' gave a relation for

D, as: .

! See Breusers et al. (1977)
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in which; U= mean flow velocity and D= maximum scour depth.

For a circular pier equation (2-15) can be approximated by:

D v \*
= 1.35[ 7“] (2-16)

Shen et al. (1969) also derived the following relation, which is known as Shen I:

D= 0.000223Re %' (SI-units) -7

in which Re = Reynolds number. Veiga Da Cunha (1970) considered Re number an unsuitable
parameter to characterise the scour depth, since it varies with temperature. To avoid measuring the

temperature, Shen et al. (1969) gave the following (modified) equation, so called Shen II

2 |1
%z= 3.4Fr§[-g°-) 3 | (2-18)

The Colorado State University's (CSU) equation' takes the form:

! See Richardson et al. (1991)
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D 065
- - ?..0K,K2[ i) Fri¥ (2-19)
0

in which; K= correction for pier nose shape, K,= correction for angle of attack of flow, D= scour

depth, and Fr,= Froude of number of the approach flow upstream of the pier.

For live-bed scour, Jain and Fisher (1980) proposed the following relation:

D AN ‘
_d_’ = 2.0(Fr-Frc)°15[ 7"] (2-20)

and for clear-water scour:

D v\
3 = 1.85(Fr P25 0 2-21)
d (Fry [ d] (

in which Fr, = Froude number using critical velocity for initiation of motion.

Breusers et al. (1977) found the scouring depth as a function of eight parameters as follows:

D, = fi(P:v,8.D5p.P 0y i}’d) (2-22)

Using the thuorem of Vaschy-Buckingham and replacing some parameters they obtained:

UDp, U ¥ D
o80T A0 30 (2-23)
v 'AgD, 'd d

DJ‘
7
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where A=(p,-p)/p is the relative submerged density and U’ ={g},D'* in which: p= tluid density: p,=
sediment density, 1= hydraulic gradient; D, = the representative sediment size and v=

kinematic viscosity of fluid. They simplified equation (2-23) as follows:

D, ,}OD) D, _ 1% D,
— = —_——) gr — = fle— —— -
d 2 d d dd (2-24)

2
The term

u..D
is empirically related to ——=— 3 for the initiation of motion, where A is constant.
AgDso v
Equation 2-24 implies that the scour depth D, wiil depend mainly on the ratio of the mean velocity
to the mean critical velocity and the relative values of the grain size, the flow depth and the pier

diameter, Finally, Breusers et al. (1977) suggested the following relations for ﬁfactical applications:

D 7 Y,
G el rfe

f,(%ﬁo for %sO.S 236
f,(-%—) =(2—[-_j—-1) for 0.55.551.0 @-27)

37



and fl(—(_i) -1 g Loto (2-28)
U U

< [+

where f,(shape)= 1.0 for circular and rounded piers
= 0.75 for stream-lined shapes
= 1.3 for rectangular piers

f(B.LAd).

Simons and Senturk (1992) recommended the CSU equation and also compared this formula
using the graphical comparison of Jones (1984) with some of the commonly used equations (Fig. 2-
16). Based on laboratory data Melville and Sutherland (1988) introduced the following relation for

estimating the equilibrium scour depth:

D
= = KKKKKK, 2-29)

where the K's are the following expressions describing the influence of each parameter on local scour
depth: K= flow int~sity, K,= flow depth, K~ sediment size, K= sediment gradation, K,= pier shape,
and K,= pier alignment, respectively. The largest possible local scour depth was found to be as much
as 2.4. Multiplying factors, which have the effect of reducing this value, can be applied where clear-
water scour conditions exist (Kp), the flow depth is relatively shallow (K,), and the sediment is

relatively large (K,). In the case of noncylindrical piers, two additional multiplying factors are applied

! See Fig. 2-10,
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(K, and K;). The proposed method was found to be generally conservative, because it was based on
envelope curves to data [including previous data obtained by Breusers et al. 1977, Shen et al. (1971),
Laursen and Toch (1956), and Hanco (1971)]. This metiod also generally predicts smaller scour

depths than the previous methods because it takes into account the sediment grading.

2-7 Local Scour Around Pier Groups

The mechanism of scouring for a pier, which is part of a group of piers, is the same as for a
single pier, i.e. the HSV is the prime agent causing the local scour around each pier. In addition to

the single pier parameters, group effects are important if piers are not spaced far enough from each

other.

Depending on pier spacing, the HSV that develops around each pier may interact. In the case
of pier groups the following parameters should be considered in estimating the depth of the local
scour: sheltering effects, the flow angle of attack, and the HSV developed around each pier. Only a
few investigators have researched the group effect in a movable bed, [Dietz (1973), Hannah (1978),
Raudkivi and Sutherland (1981), Elliott and Baker (1985), and Nouh (1986)]. In general, these
investigations produced correcting factors which may be applied to formulas developed for a single

pier.

2-7-1 Movable Bed

Laursen and Toch (1956) produced a graph of coefficients to adjust aligned flow scour, to
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allow for P for rectangular piers of different length/breadth ratios (Fig. 2-12). They found that D,

grows rapidly as the pier becomes non-aligned to the flow and the L/d ratio increases.

Dietz (1973) conducted a series of experiments examnining the effects of S and  on D, for two
piers. He concluded that:

(i) scour at the front pier is independent of pier spacing,
(i) two independent scour holes form at a spacing of greater than 4 diameters,
(iif) at 25 diameters the downstream scour hole is still less than that at the front pier.
In stage 2 of his study, Dietz altered B and concluded:
(i) scour depths for a twin pier (2 piers touching) increase with angle of attack,
(i) for B< 30° and S of between 0.5 and 1 diameter, a common scour hole deeper than

that of twin piers is present. Forf}> 30° the hole is shallower,

(iii) independent scour holes form between 4 and 6 diameters spacing and this is
independent of f5.

(iv) for p<15° the depth of scour is less sensitive to non-aligned flow if S is between
2 and 4 diameters. '

Hannah (1978) studied local scour at groups of cylindrical piers with steady uniform flow and
clear-water conditions. A series of tests was first performed on single piers and for a pier length: width
ratio, 6:1 with semi-circular ends to provide a basis against which scour at pier groups could be
evaluated. Pier groups of various § and with different B were investigated for one flow condition. For
the sediment used in all tests, Dy=0.75 mm and 6= 1.32, where 6,=D;/Dy,. Four of the mechanisms

which affect scour at pier groups and are not present in scouring at a single pier are:

i) reinforcing: which causes increased scour depth at the front pier and is a

consequence of the dynamic equilibrium, which exists in the base of a scour hole when stable
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conditions have been reached. The scour hole formed around a downstream pier aids removal of the
sediment from around the piers. Equilibrium in a scour hole is dynamic in nature. Bed material is
observed to be continually lifted from the base of the scour hole by the HSV. However, matenal does
not have sufficient energy to be carried clear of the scour hole and hence, it drops back into the scour
hole. With a downstream pier placed so that the scour holes overlap, two effects which rid scouring
at the upstream pier are observed. Both effects reduce the energy required by the active bed material
(in the scour hole) to be carried clear of the scour hole. The first is a decrease in exit slope of the
scour hole and the second effect is to lower the bed level behind the scour hole (Fig. 2-17a ). As §

and f are increased, reinforcing diminishes.

it) sheltering: the presence of an upstream pier can cause a reduction of the effective
approach velocity for downstream piers. A second form of sheltering occurs if material scoured from
the upstream piers is deposited on the bed in front of the downstream piers. Flow is then deflected
upward from the bed and around the downstreami pier. The strength and thus the effectiveness of the
HSYV at this pier is thereby reduced. As pier separation increases, the velocity deficit in the wake of
the upstream pier disappears and the sheltering effect becomes negligible. This reduction decreases
the effect of the HSV and thereby reduces scour at downstream piers. Timonoff (1929) found that,
"if a downstream pier is placed on the same axis as the upstream pier, then in its immediate proximity

there is a definite sheltering effect." '

iii) shed vortices: vortices shed from an upstream pier are convected downstream,

following paths as illustrated in Fig. 2-17a. Should a second pier be placed close to one of these
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paths, the vortices, by virtue of their velocity and pressure distributions, assist in lifting matenial from
the scour hole. The scouring potential of the shed vortex is a function of the intensity of its
convection speed and of the distance between the path and the affected pier. This effect, therefore,
decreases more rapidly for piers in line with the flow than for those at 3, which place downstream

piers on the paths traced by vortices shed by upstream piers.

iv) “compressed” HSV: when piers are placed transverse to the flow, each will have,
except at very close spacing, its own HSV. Tlie interaction between piers in a group intensifies the
reinforcing and compressed HSV effects (Fig. 2-17b). Each pier has its own streamline. For example,

when cylindrical piers are spaced close together the flow velocity around piers will be increased.

Laursen and Toch (1956), Dietz (1973), and Elliott and Baker (1985), also studied the effect
of pier spacing on scour around bridge piers in a movable bed. Elliott and Baker found that the
scouring process will be affected by two processes: (1) the HSV’s around the base of the piers will
interact with each other, and (2) the flow will be accelerated by the contraction produced by the piers.
Moreover, their results showed that the effect of pier spacing on scour depth can be examined by
using the factor f,(x/d), where x= the pier centre line spacing, and d= pier diameter. Several later
works have modified the above factor. However, equations developed in these later studies were

derived only for clear-water scour, one set of pier geometries, one value of Y/d, and one sediment

type.

Nouh (1986) investigated experimentally the characteristics of flow (including velocities,
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turbulence intensities, and related boundary shear stresses) and clear-water scour at pier groups in
a meandenng channel. Nouh's study was an extension to the works of Hannah (1978) and Raudkivi
and Sutherland (1981), who investigated the influence of several parameters. These parameters were;
the location of the pier group with respect to the channel boundaries, the transversal pier spacing, the
longitudinal pier spacing, and the relative pier group size with respect to the channel width. A group
of 4 piers consisting of 2 lines in parallel was placed at different locations in the meandering test

section of the model channel (Fig. 2-18).

Nouh (1986) found that the levels of turbulence intensity inside his pier group were relatively
lower than that outside the group. Also, the normalised boundary shear stresses and related clear-
water scour around a pier group show significant variation with the location in his meandering
channel. The maximum scour depths were found to be larger at the front piers than at the rear piers,

and at the outer piers than at the inner piers.

Nouh (1986) performed another series of tests to study the effect of the transversal pier
spacing on maximum clear-water scour depths at the piers. The pier diameter was changed in each
test run to provide a constant relative pier group size with respect to the channel width throughout
the tests. It was found that the scour depths of the piers decrease as the transversal pier spacing
increases. This was supported by the maximum scour depth observed for a single pier in the

meandering channel which was larger than that observed at the pier in the long straight channel reach.

With relatively small transversal pier spacing, the observed scour depths at rear piers were
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larger than that observed at the front piers. Raudkivi and Sutherland (1981) found their results in
accord with the above-mentioned resuits. They found that the scour depths at rear piers were very

sensitive to [, and for > 45" these scour depths were greater than the same at front piers.

Jones (1989) investigated the effects of pier spacing on local scour depth in a movable bed.
The test included groups of piers equally spaced laterally and longitudinally at 1.5 xdia, 2.0 xdia, and
3.0 xdia centerline to centerline with the same outside dimensions of the pier groups in each case as
illustrated in Fig. 2-19. A corresponding equivalent rectangle was tested for each pier group where
the width of the equivalent rectangle was the cumulative projected width of the piers that obstructed
flow in the lateral direction. He found that in every case the scour for the pier- group was less than
the scour for the equivalent rectangle. Therefore, he suggested that pier groups that project above
the stream bed can be analysed conservatively by representing them as a single pier width equal to

the projected area of the piers ignoring the clear space between piers.

2-7-2 Fixed Bed

Chambarel et al. (1991} investigated flow past one and two circular cylinders for Re<500. The
tests were conducted in a wind tunnel with a rigid bed. Cylinders were aligned to the flow with
different S/d. They found that vortex shedding always occurs behind the downstream cylinder.
However, for the upstream cylinder, vortex shedding appeared only when the intervals of the two
cylinders exceeded a certain value (S/d=3). A discontinuous change of the vortex shedding frequency

and the flow pattern was found to be associated with the changed in the upstream base pressure. The



presence of the downstream cylinder tended to decrease the drag and to increase the lift. This was
because the downstream cylinder was in the wake of the upstream one, and the vortex shedding was

strongly influenced and synchronized by the upstream cylinder.

Chan and Lam (1993) simulated numerically the flow around two cylinders in various
arrangements (tandem, side by side, and staggered) in subcritical Re. They proposed a grid frec
method for high Re whereas the traditionally grid me:hods could give a satisfactory result only in low
Re. Among the grid free methods, they chose vortex methods to simulate the vorticity of the flow

field. Using the 2D-Navier-Stokes equation, they presented the vorticity transport equation as

follows:

dw 1 2
—+UVo=—V'w -3
ar Re (2-30)

From equation 2-30, instead of the transportation of momentum, the flow development can
be regarded as the results of vorticity generation %—w , vorticity convectir:i (U.V)w, and diffusion
H
of vorticity RLV“(.) , where w= angular velocity. For the vorticity generation, vorticity elements
e

called vortices of strength 1/2y*?At are shed from the selected separating points of every cylinder at

each individual time step (y" is the surface vorticity at separation).
Chan and Lam (1993), using the 2-D Navier-Stokes equation, also showed that when two

vortices cone close together each of the vortices is assigned a core size. They proposed the

following relation for induced tangential velocity V, when two vortices come close together:
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. I
S (rzrc), and I’O = r" (r<rc) (2_31)

2nr 2nrs
&

in which; r. = core size, r = the distance between two vortices. The core size can be found by

solving the diffusion equation of vorticity in polar coordinates:

dw =v(8“m N 1 dw

ot arl r or

) (2-32)

Therefore, a Gaussian vorticity distribution can be obtained

r2

o(r)=—te ™ (2-33)
2nve

and hence the circumferential velocity is given by

Vy(rf)= r l-em] (2-34)
2nr

The core size is defined as the maximum value of v, due to the vortex. Therefore, set

dv,

Z =0 (2-35)

After differentiation and some mathematical manipulation, we have

2

2 “Fe
(l+2rc Je V=] (2-36)
4vt
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By substitution of r,=2.24 /ur into equation 2-36, the condition can be satisfied. Moreover, the

velocity distributions around the cylinders can be calculated easily by using,

N
): Limm+1" +}:y(3 WK(S,S)AS, (2-37)

m*n

where L(S,, S,) and K(m, n) are the coupling coefficients derived from the mutual induction of’
vorticity by Biot-Savart’s Theorem and the detailed calculation of these coupling coetficients were

given by Lam (1987) and Lewis (1981).

For the side by side arrangement, Chan and Lam (1993) compared the result of their
simulations with Bearman and Wadcock’s (1973) experimental results. They measured the basc
pressure simultaneously on both cylinders and found that both cylinders experienced different base
pressure in the range 1.155/d<2.3. Chan and Lam (1993) also found that a biasing flow phenomenon
occurred at S/d=1.4 as shown in Fig. 2-20a & b. They observed the formation of a wide wake and
a narrow wake behind the cylinders. For S/d=4, the proximity interference decreased and the flow
biasing effect was lost (Fig. 2-21a & b). They claimed that the reattachment of the shear layers from
an upstream cylinder onto the downstream cylinder occurs at $/d=3.5. For §/d<3.5, a downstream

roll up of the shear layers of the upstream cylinder occurred as shown in Fig. 2-22a&b.

For the staggered arrangement, Chan and Lam (1993) conducted several tests on two
cylinders using small S/d. From the simulated flow field, they found that the wake of the upstream

cylinder was often squeezed by the downstream cylinder as shown in Fig. 2-23a & b and Fig. 2-24a
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& b. Due to the narrow wake flow pattern, the drag of the upstream cylinder was reduced. The mean
drag coetficient of the upstream cylinder for {i=30" was less than that for f=50". However, they found
that due to the wide wake formation, in general, the drag of the downstream cylinder was greater than

the upstream one.

Finally, for both cases ($=30" and B=50"), there was a great difference for the values of the
lift coefficients. At the 50° inclination, the lift coefficient of the downstream cylinders was far more
negative than the case of 30°. The reason was that the gap flow between both cylinders was

intensified in the case of 50°, but for 30° inclination, the gap flow was blocked.

In short, Chan and Lam (1993), using the free grid method, simulated numerically the flow
around two cylinders in various arrangements (tandem, side by side, and staggered). In a side by side
arrangement it was found that a wide wake and a narrow wake were formed behind the cylinders. For
S/d<4, the proximity interference decreased. In the case of a tandem arrangement, the reattachment
of the shear layers, from the upstream cylinder onto the downstream cylinder, occurred at S/d=3.5.
The downstream cylinder was shielded from the upstream cylinder for $/d<3.5. However, for
$/d>3.5, a roll up of the shear layers of the upstream cylinder occurred. For the staggered
arrangement it was found that the wake of the upstream cylinder was often squeezed by the
downstream cylinder. In addition, the drag of the upstream cylinder reduced and became less than

that of the downstream one.
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2-8 Summary and Conclusions

Most failures of bridges crossing rivers are caused by the local scouring phenomenon,
Investigators generally conclude that the prime agent in the local scouring process is the HSV
produced by the interaction of the river’s flow with the bridge support structures (piers). To design
a safe bridge crossing, it is necessary to locate pier footings deeper than the maximum anticipated
depth of local scour. On the other hand, placing bridge pier foundations overly deep, is unattractive

from an economic viewpoint.

Since there is no unique solution to this problem, establishing an optimum design depth is
difficult. In the absence of a singular theoretical approach, an empirical approach is utilized to solve
some parts of this complex problem. Physical models based on laboratory or field data give empirical

relations between depth of the scour and the other parameters, such as; flow, sediment, and bridge

pier characteristics.

Local scour around single piers has been investigated extensively, while studies of pier groups
are rare. The studies about scouring around bridge pier groups can be categorized based on the two

main bed conditions into: 1) movable bed and 2) fixed bed.

The majority of the works in the past have been performed for 2 pier groups (i.e., Laursen and
Toch (1956), and Dietz (1973)). Hannah (1978) conducted his experiments for groups of 2, 3, 4, and

6 piers, however, he did not examine the effect of flow angle of attack variations on groups of 3, 4,
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and 6 piers. In addition, even for the case of groups of 2 piers, he investigated the effect of different
B on local scour depth only for one value of S/d. Nouh (1986) did his experimental work for groups
of 4 piers with a movable bed. However, he used a meandering channel instead of a straight channel
to investigate the effects of location of the pier group with respect to the channel boundaries, the
transversal pier spacing, the longitudinal pier spacinig, and relative pier group size with respect to the

channel width.

Bearman and Wadcock (1973), Chambarel et al. (1991), and Chan and Lam (1993)
investigated flow past one and two circular cylinders with a fixed bed. Although their investigations
gave an insight into the flow pattern formed around a group of 2 piers, they did not notice the effect

of sediment movement in interaction with flow characteristics.

Lastly, no corresponding relationships have been developed specifically for bridge pier groups.
The traditional approach to estimate local scour depths for pier groups is to apply certain coefficients
to formulas developed for the case of a single pier. This research, which investigates the local
scouring phenomenon associated with groups of piers, addresses this particular limitation in current

design practice.
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Fig. 2-2: Elevation view of the flow field in the vicinity of a cylindrical pier
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Fig. 2-3: Plan view of flow distribution around a cylindrical pier

’ S/ # ;
77 %ﬁ: -
gL ‘.'

"

Fig. 2-4: Diagramma tic flow pattern at cylindrical pier
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Fig. 2-5: a) Development of the scouring vortex, b) definition diagram (after
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Fig. 2-.20: Flow around two cylinders, side by side at S/d =1.4, a) vorticity distribution,
b) velocity vectors (after Chan and Lam 1993)

66



Mean Stream (a)

Fig. 2-21: Flow around two cylinders, Side by Side at S/d =4.0, a) vorticity distribution,
b) velocity vectors (after Chan and Lam 1993)
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Fig. 2-22: Flow around two cylinders in tandem at S/d =5.0, a) vorticity distribution,
b) velocity vectors (after Chan and Lam 1993)
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Fig. 2.-23: Flow around two staggered cylinders ( B=30") at S/d =1.4. a) vorticity distribution,
b) velocity vectors (after Chan and Lam 1993)
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Fig. 2-24: Flow around two staggered cylinders ( 8=50") at S/d =1.4. a) vorticity distribution,

b) velocity vectors (after Chan and Lam 1993)
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Chapter 3

Theoretical Considerations

3-1 Beginning of Sediment Motion

Under clear-water scour conditions, sediments are removed from the scour hole formed
around the piers. Sediment transports starts when the boundary shear stress at the bed level exceeds
a critical value, t.. The zero transport condition, which is varying on the condition where transport
begins, is generally referred to as the incipient or threshold condition. The stability analysis of a single

particle exposed to the flow gives insight into the scdiment transport process in general. The forces
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acting on a single particle exposed 1o tlowing water can be classified into two main groups, 1¢

disturbing forces and resisting torces. The disturbing torces are applied by the flow and thev consist
of drag and lift forces. The resisting torces are the submerged weight of the panticls and friction by
matenal contacts. The force system acting on an exposed particle is illustrated in Fig. 3-1, in which

¥, = submerged weight of the particle. F, = lift force, F, = drag force, g = gravitational acceleration,
Dy, = representative sediment size, Y = specific weight of water, y, = specitic weight of particie, ¢
=bed slope, C, = form coefficient (if particle is sphenical in shape C, = 7/6), and G = point of suppont
of the particle. The condition of static equilibrium requires balance of forces and moments, i.¢.

Z(disturbing forces) = L(resisting forces) and _
Z(moments of disturbing forces) = L(moments of resisting forces)

The above principles form the base of most stability analyses carmed out by different investigators,

such as Vanoni (1964), Shields (1936), and Tison (1953).

White (1940) studied the equilibrium of a particle in laminar flow and defined the critical shear

stress as follows:

T, = 0.18(y,-Y)D tan@ (3-1)

in which; 8= angle of repose of the submerged sediment and D, = representative sediment size. For

the case of turbulent flow the drag force is as follows:

F, = 1,C,D} (3-2)
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where T, = bed shear stress Assuming fullv turbulent flow a, =a, (Fig 3-1). and 7, = K(y, - Y)D, tan

8 with k= C,/C,' or

;zktanﬂ -
¥, 1D, 3)

The left-hand side of equation 3-3 is known as Shields’ parameter, which is the ratio of drag
force to gravitational force. The Shields’ parameter is a type of Froude number that is related to
grain size and shear velocity. The threshold condition for the beginning of particle motion depends

onw, Y, D, g, p,, P, v, and U.. A dimensional analysis yields:

2
w _

T _pU

[3

x,-Y)D, v'D, "

w ¥ p v

(3-4)

Dﬂ DH pS (]'fDﬂ]

in which; y',=Y,~y, w= channel width, p,= density of the particle, p= density of water, and U..= shear
D

velocity at the threshold condition. The influence of —= and —Z on particle equilibrium for fine
” 3

particles can be neglected. 1f p, is constant, the influence of L] can be included in the coefficient
P

in the final equation. Then equation 3-4 may be simplified as:

vl _[u.D,
st{ f (3-5)

The left term of this equation is the Froude number exressed in terms of the shear velocity
and the second term is the particle Reynolds number of the particle. Equation 3-5 generally defines

incipient motion.

' C, is a form coefficient defining the effective surface
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Many experiments have been conducted to develop an explicit solution of equation 3-3,
Shields (1936) gave a graphical presentation as shown in Fig 3-2 (Shields' diagram ) This graph is
used extensively in determining the threshold condition as that corresponding to zero bed transport

varying on bed transport.

3-2-1 The Lift Force

The magnitude of the lift force is determined by: 1) the local mean velocity and turbulence
velocity fluctuations, and 2) a fluctuating hydrostatic pressure that varies in magnitude over the
surface of the particle. The total lift force is obtained by adding the vertical component of the
turbulent flow to the lift resulting from the inequality of hydrostatic pressure acting on the particle.

This force can be expressed as follows:

U2
FL=CLALP“2_ (3-6)

in which; C, = lift coefficient, U=mean velocity, and A, =characteristic projected area of the particle
normal to the direction of flow. F, has been determined experimentally by many researchers,

including: Cheng (1969), Coleman (1969 and 1972}, and Aksoy (1973).

Once the lift force is known, it can be introduced in equilibrium studies of submerged solid
particles subject to turbulent flow. Therefore, the equilibrium equation for a completely deveioped

turbulent flow is given by:
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a4 Coly D, sin(0-¢) a3 LS00 ‘SL“(H) =a

y Catyd )7 cos(0)

(3-7)

in which, a’,= distance between points G and C (Fig. 3-3), and C,= form coefficient related to the

effective surface area of the particle in the direction of the lift force.

The shear velocity is proportional to the velocity near the bed

t=pr

Assuming

U=kU .

For critical conditions, equation 3-7 yields with equation 3-8 and 3-9

C(y,~-Y)D, sin(0-4)-C,C 7 sin(0)=C,z, cos(6)

in which; C,= C,k* /2 and k = constant. Solving for t,

_C\(y,~)D,sin(0-¢)

¢ C,CsinB+C,cos0

For a horizontal bed =0 and
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(3-11)



or

and

_ ('lkYJﬂy)Dn B (YJ—Y)[)?‘

CCCACemd CC,

L N )"’—‘:l'"le
1 (l
T 1
- CC. G,
1 1
fc 1

(¥,-)D, k +kcm®

in which; k,=C, C,/C, and k= C,/C,.

(3-1)

(3-14)

For C >0, the value of . is smaller and when C, = 0, equation 3-13 reduces to equation 3-14.

3-2 Analysis of Flow in the Plane of Symmetry (stagnation plane) ahead of a

Cylinder.

Local scouring around bridge piers is caused by the complex fluid-structure-sediment

interaction. The size of the HSV that forms around a pier, enlarges and expands with time as the

scour hole becomes larger. The strength of the HSV can be theoretically estimated and is related to

the local scour depth in front of the pier. The complex behaviour of the flow around a cylindrical pier
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15 described in this section

Assume a cvlindrical pier of infinite extent situated normal to a steady incompressible shear
flow over a surface of continuous curvature of very a large radius. The coordinate system is onented

as shown in Fig. 3-3. Thus, the basic equations for the vorticity in the flow field are:

Q=V~v (3-15)
Q=ni +{j +Ek (3-16)
veui +vj +wk | (3-17)

v=Li. S0 ) (3-18)
ox & &

in which, Q = vorticity vector, v = velocity vector, 1, {, and £ = vorticity componesnts in X, y,
and z directions respectively, u, v, and w = velocity components in x, y, and z directions respectively,
and i,j , and k& = unit vectors in the X, y, and y directions respectively. The concept of

circulation can be defined as;

P=gfvds (3-19)

Equations 3-15 through 3-19 will provide the basic relationships for the analysis of the
secondary phenomena occurring in front of piers in shear flows. One of the most important of these

secondary phenomena which forms at the base of bridge piers is the horseshoe vortex system (HSV).

77



The rotatonal veloaity, and consequently the enerey of these vortices, s relatveh lueh T sumla
vortices, tangential velocities at the core on the vrder of the tree stieam veloaiy . ine been noted
Titchener and Tavior (19500 Moreover, Shen et 2l (1900) chimed that the secondan tow . and
hence scaur, is dependent upon the behaviour of the flow at the boundanes  This boundary behav o

ts influenced strongly by the size and strength ot the HSV

Because of the continuity of the vortex filaments formung the core of the HSV, knowledgee
of the size and the strength of the core on the stagmation plane gives infermation about the core along
its entire length. Consider the control volume ABCD located in the stagnation plane ot'a cvhindncal
pter and oriented as shown in Fig. 3-3. By definition. the circulation [" about ABCD is

sz{F_a{?: f Qdd

(3-20)
ABCL

in which; dA = an infinitesimal element area of the surface ABCD. By applving the no-siyp
requirement to the flow at the faces AD and CD and specifving that AB be placed tar enough

upstream so that the only component of the flow at that point is in the x-direction, then. equation 3-

20 can be expressed as:

-
fudx= f Qdd (3-21)
B ARy

The above simplification is possible despite the shape of the bed. Therefore, equation 3-21 is valid

even for beds with large scour holes.
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The left-hand side of equation 3-21 can be evaluated provided a suitable expression for u
along the face BC can be obtained. If it is assumed that BC is outside the region of velocity variation
with y (the shear layer) and far from the free surface, u(x) can be accurately predicted from perfect

fluid theory. If “a™” is the half width of the pier, then u(x) for a cylindrical pier can be expressed as:

(@ +x)?

u(x)=U_[ j-—a” ] (3-22)

Substituting equation 3-22 into equation 3-21 and integrating the expression gives:

U, (3-23)

in which; X';= distance from the pier to face AB, and U =undisturbed approach velocity. It is

important to note that the initial term of equation 3-23 is the circulation which would exist about a
hypothetical control volume ABCD if the pier was not present. Therefore,

a X,

AT d

(dwe to presence of pftr)=— . . - (3"24)
a’+Xx,

If the original restriction on the location of AB is strengthened to specify that X' »a’,

equation 3-24 becomes, in the limit:

A]‘-‘(dm: 1o presence of pier)” 3 U, (3-25)
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The HSV can be considered to possess a core which rotates as a rigid body. The tangential
velocity in the core is, of course, proportional to the radius and the angular velocity constant at a

value w. Such behaviour occurs frequently in nature. Assuming that Al" is proportional to the

strength of the core, then

wA)_,, = (a'U) (3-26)

Dividing both sides by the kinematic viscosity and using the pier width

wA

(—=)core = (
v

‘U
) = Re (3-27)
v

Therefore, the non-dimensional vortex strength of the HSV was the hypothesis presented above. If
this hypothesis is true, then we see from equation 3-27 that the maximum scour depth should be a

function of Re number with other factors being constant.
(D) = Re (3-28)
When there is general sediment movement into the scour hole, the maximum scour depth

occurs when a balance is reached between the rate of sediment transport into the hole and the

transport capability of the vortex.

Equation 3-25 indicates that the presence of the pier actually decreases the amount of vorticity
present in ABCD. The concentration of vorticity in the core of the HSV implies that the pier acts as

a vorticity concentrating device. It aiso implies the existence of finite regions of zero or greatly
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reduced vorticity within the control volume. This implication is proved by observations of dead water

regions in the flow.

Moreover, the decrease in vorticity due to the presence of the pier also serves qualitatively
to indicate that the distribution and not the magnitude of the vorticity is the important factor in
secondary flow phenomena. Therefore, excluding protective structures, reductions in the adverse
effects of secondary flow phenomena can only be accomplished through redistribution of the vorticity.
In this case, this means that the formation of the HSV system would have to be prevented or at least

the strength reduced.

3-3 Dimensional Analysis

Many practical engineering problems in fluid mechanics cannot be solved by analytical
procedures alone. In these instances engineers must also rely on interpretation and judgement, based
on experimental observations and experience respectively. Dimensional analysis is powerful tool in
formulating problems which defy analytical solution and must be solved experimentally. The methods
of dimensional analysis are based on Fourier’s principle of dimensional homogenity (1 882)', which
states that an equation expressing a physical relationship between quantities must be dimensionally
homogeneous. This principle affords the means of ascertaining the forms ?f physical eﬁuations from

knowledge of the relevant variables and their dimensions.

! See Street et al. (1996)
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Elsewhere, it has been shown that the local scour depth for a single cylindrical bridge pier is

a function of the following parameters:.
D =®(p,v,g,D.p Y, U.d) (3-29)

applying dimensional analysis one obtains:

D UbD. Y. D, U? D U Y. D
= = P(— 300 30 ~ ) or 5 = O ,_O,ﬂ) (3-30)
d v d d AgD,, d U, ,d D

The influence of these dimensionless parameters on local scour around a single bridge pier
have been studied extensively by others, including Laursen and Toch (1956), Chabert and Engeldinger
(1956), Neill (1965), Hanco (1971), Breusers et al. (1977), and Richardson et al. (1991). However,
in the case of pier groups, pier spacing and flew angle of attack are considered to be more
important parameters. Representing pier spacing and flow angle of attack by S and B respectively,

the maximum scour depth for a pier group may be expressed as:
D, = &(p,p,v:8:Dsp Yy Usd:S,B) (3-31)

applying dimensional analysis, this becomes:

U Y, D, S
U L] "d','v 7, B! -d- (3'32)

s

D=4

For the conditions applied in this study, the first three dimensionless quantities can be shown
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1o be less impornant than the last two. Accordingly, the following basic relationship is proposed for

local scour associated with a group of cylindrical bridge piers:

D Y€
_j!: b L 1|..
(3 50

Parameters &, b, and ¢ for different pier group arrangements can be found using a linear multiple

regression model as described in the following section.

3-4 Application of Multiple Linear Regression' on Bridge Pier Group Data

Logarithmic transformation of variables provides a linear relation. The logarithm of the ratio

of F"=D’J is regressed against a combination of the two independent variables, i.e., B and S/4.

3

A general form of the prediction equation written in terms of untransformed terms is:

IE‘J,

3

s =aBb(Sid)* (3-63)

5

o

in which ﬁ, = scour depth for any pier in a group, 6=[91, 62, 93] ,a= exp(é,) ,b= 62 ,and

=8, .

! See Apendix 1
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3-4-1 Predicting Scour Depths

Normalized scour depths predicted by equation 3-63 are the expected response to a specified
set of regressors, and are not known with certainty. However, a local scour depth that has a smail

probability of being exceeded needs to be used for designing pier foundations to insure against the

D
failure of a bridge. A probability statement about the distribution of In(l—;i) provides a means of

3

evaluating appropriate design values.

The transpose of the vector of predictor variables at a particular site is:

S
xo=[1, In(B), ln(B)] (3-64)
DS
A 100(1-7) percent upper confidence limit for in( D‘) is computed as follows (Montgomery and
Peck 1982):
D,
ln(F'-)ﬂ‘n_n_P Var(X,0) (3-65)
D . . D, .
Where ln(-D—')=X'09 is the predicted value of ln(-D—') . The values of &’ are the transpose of
the vector of regression model parameters, [ , . is the one-sided t-distribution statistic

corresponding to an exceedence probability 1) and #-p degrees of ﬁ'eedorp.

The estimated variance of prediction is:

Var(x,0)=8[1+x'(X'X) 'x,] (3-66)
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in which, 0° = the residual mean square error (estimated model emror).

One-sided t-distribution statistics for #-p, degrees cf freedom and several confidence levels are given
in Table 5-2-2. An upper estimate of 1r1(-%—') 1s obtained from equation 3-65 by selecting an
appropriate confidence level, and obtaining t;le corresponding ¢ statistic. Use of an upper limit of
scour depth for design of pier foundations will provide a facter of safety needed to insure against

failure of the structure.

3-5 Summary

The sediment removal from the scour hole, formed around a cylindrical model bridge pier, was
studied using stability analysis for a single particle exposed to the flow. A threshold condition was
defined based on Shields parameter for the beginning of particle motion. The behavior of the flow in
the stagnation plane of a cylindrical pier was studied using the control volume method. It was
emphasized that the HSV is one of the most important secondary phenomena which forms at the base
of cylindrical piers. The HSV was considered to possess a core which rotates as a rigid body. The
tangential velocity in the core is proportional to the radius and the angular velocity constant at a value
®. A non-dimensional vortex strength of the HSV was found to be dependent on R,. The maximum
scour depth was found to be a function of HSV as well. From equation 3-25, it was concluded that
the presence of the pier decreases the amount of vorticity present in the stagnation plane of a
cylindrical pier. In addition, the distribution and not the magnititude of the vorticity was the important

factor in secondary flow phenomena.
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Using dimensional analysis, the maximum scour depth was forind to be dependent on several

parameters, among them: pier spacing, S, and flow angie of attack. B, which are itnportant in the case
: o N N o :

of pier groups. The dimensicnless ratio. 7;— . was also suggested 1o be a function of f and 8 ¢

(equation 3-34). Unknown parameters a, b, and ¢ for different pier group arrangements can be found

using a linear multiple regression model. The value of D,, is obtained using any approperiate equation,

developed for a single pier.
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{a)
F=1,C,I»*, (Drag force)
i l:ll:Cl(Yl-Y)Il)-\n ‘P{ .
(Force duc to gravity)
A F=C,C,D°pU"2 (Lift force)
=
| _}ﬁ\
P
»
(b) VA

Fig. 3-1: Flow around a particle at rest; a) laminar flow; b) turbulent flow
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Fig. 3-2: Shields' (1936) diagram; dimensionless critical shear stress
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Fig. 3-3: Coordinate system orientation and flow direction
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Fig. 3-4: Control volume in the stagnation plane
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Chapter 4

Experimental Equibment and Procedures

4-1 The Flume Test Section

The scour experiments were performed in a 7.7 m long x 0.5 m wide * 0.6 m deep aluminum
flume having a sand-bed test section which was 3m long x 0.2 m deep (Plate 4-1). An entry ramp,
artificially faced with a layer of sand similar to the sand contained in the test section was installed
upstream of the test section to provide a gradual transition to the test section. Both entry and exit
section of the test section were found to scour locally due to entry turbulence and high local velocities
which developed at the time of flume draining. To prevent this local scour, fixed plates, with bed
material glued to them, were placed in the initial and final 30.0 mm of the test section. Also, a sand

trap was installed downstream of the test section to collect scoured sediments before they entered the
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reservoir tank (Figs 4-1 and 4-2a & b) The slope of the flume for all tests was set at §, = 0.0006.
The small slope was used so that a wide range of sub-threshold velocities could be utilized in the

lesting program

4-2 The Sediment Test Bed

The test section, was composed of uniformly graded play sand. The play sand was selected following
sieve analyses on a vartety of sand samples from different sources. The result of the sieve analysis on
the selected sand is shown in Fig. 4-3. A measure of the uniformity of the sand can be obtained by

estimating the geometric standard deviation defined as follows:

(1)

Referming to Fig. 4-3, the values of D, and Dy, are obtained as 0.33 and 0.66, respectively. Therefore,
using equation 4-1, ¢, was found to be 1.4. This standard deviation value is less than 1.5, which is
the limiting value for the uniform sediments (Chiew 1984). Kwan (1988) also claimed that, “At low
values of g, (<1.5) no armouring occurs and the ripples which generate some sediment transport
replenish the scour hole and so produce a lower scour depth. At higher values (1.5<0,<1.7), some
weak armouring occurs but this only stabilises the bed and reduccs n'ppie formation and sediment
transport such that a larger scour depth is produced. Even at higher values of g, (>1.7) (non uniform
region) armouring is significant on the bed and within the sé:our hole, the ripple sand behaves like
non-ripple sand and the scour depth is decreased accordingly ™.
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On the other hand. a review of the published experimental data indicated that a bed sediment with o
= 1.5 may be considered as bemg virually of' a umform particle size However, o fon the bed
sediment used n the expenments is within the 1.5 limit and thus it can be considered as being unitorm
bed sediment. Shield’s diagram (Simons and Senturk 1997) was used to calculate the entical shear
velocity U.,(=0.018 nvs) for D=0.49 mm and U., is used to compute the critical shear velocity, U,
Also, 10 plot the log-law profile at any cross section, it is recessary to find U., In addition. the ratio

, which 1s an indication of the local scour condition, can then be calculated

o

The required slope of the test bed was achieved by moving a levelling scra: . installed on top of
flume walls, across the test section. The siope of the test bed was set to $,=0.0006. The specific

gravity of the sediment was p,=2.65 t/m3, with an angle of repose $=32"

4-3 Velocity and Discharge Measurements

The flow depths applied in this study were selected to be more than 5 cm and diameters of
the model piers was 1.27 cm. Since 5+1.27=4 and d/D,, =26, as discussed earlier under subsection
2-5-2, according to Chiew (1984), Chee (1982) and Ettema (1980), there is no influence of water

depth on the local scouring,

The water supply was provided by the laboratory pumping system and flow through the flume
was re-circulated. Two screens were installed upstream of the flow measurement device to eliminate

large scale turbulence in the entering flow. Discharges were measured using a 90° V-Notch weir.
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After flowing over the weir, the water passed through screens (perforated steel plates) before entering
the test section. Flow depth and sediment scour profiles were measured using a vernier point gauge
suspended from an instrument carriage which travelled on parallel steel rails bolted to the top of the
flume walls. The downstream end of the flume has an adjustable gate, which was used to control the
water surface profile through the test section. The flow depths at the upstream and downstream ends

of the test section were kept the same, within an error of £1 mm.

The velocity of the approach flow was measured using a 4-mm diameter Pitot-static tube
(Piate 4-2) and a miniature propeller flow meter (Plate 4-3). The mini-propeller meter was the model
403 developed by Nixon instrumentation LTD, England, which was designed to record water flow

velocities between 2.5 and 150 cm/s.

The sensing probe is a measuring head joined by a slim tube to the plug an& socket which
connects to an analogue indicator (model 401). The measuring head comprises a five bladed PVC
rotor mounted on a hard stainless steel spindle, itself terminating in fine burnished conical pivots
which run in jewels mounted in a shrouded frame. Minimum frictional resistance is thus ensured. An
insulated gold wire contained within the support tube terminates 0.1 mm from the rotor blade tips.
When the rotor is revolved by the rotor blades the gold wire tip slightly varies the measurable
impedance between the tip and the tube. This variation is used to modulate a 15-K Hz carrier signal,
generated within the indicating instrument, which in turn is applied to the electronic detector circuits.
Following amplification and filtering out of the carrier frequency a square wave signal is obtained.

In the analogue indicator, this is used to drive a diode pump integrator, hence obtaining a current
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signal proportional to the rate at which the rotor turns.

4-4 Local Scour Hole Measurements

Engels (1929), Timonoff' (1929), Keutner (1932), Tison (1937 and 1940), Inglis et al. (1939),
Yarnell and Nagler (1931), Kain (1961), and Moore and Masch (1965) found, for both prototype and
model tests, that the maximum scour depth occurs near the upstream nose of the pier. This
observation was also confirmed in our study which measured scour depth on the plane of symmetry
at a distance 2-5 mm upstream from single model piers throughout the tests. In the case of pier
groups, minimum scour depths, D,, were measured at locations between any pair of piers. The
positive or negative value of minimum scour depth is an indication of either scouring or deposition
of sediments between any pair of piers in line. In addition, a separate scour hole is formed arcund the

piers when D_, <0.

The dimensions of scour holes around single piers or grdups of piers were measured in X and
Y directions as shown in Fig. 4-4. The parameter w, is the width of the deposited materials. The
distances between each pier and the perimeter of its scour hole (r,, r,, r3, and r,) were measured in
different directions, For the pier groups, in some cases the parameters may not be measurable if a

separate hole is not formed, due to the small pier spacing. The length and width of the scour hole are

X and Y, respectively.

‘Minimum scour depths were measured between the piers in groups of 2, 3, 4, and 6 piers.
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Fig. 4-5 shows the plan and side view of 4- and 6-PGs. Measurements for 2- and 3-PGs are the same
as for 4- and 6-PGs, respectively [the parameter D, , stands for the minimum scour depth
between piers number 1 and 2. A negative value for D, ., , means deposition of sediments

downstream of pier number 1, at the point of measurement].

4-5 Shape of Scour Hole

The general shape of a scour hole formed around a circular pier follows the shape of a frustum
of an inverted cone. The angle the scour hole makes with the horizontal is roughly equal to the angle
of repose. Plate (4-4) illustrates typical scour hole shapes observed for the circular cylindrical piers
of our study. Other investigators, inciuding Shen et al. (1966), reported similar observations in their

studies.

4-6 Test Procedure

Afier setting the required test bed slope, the model piers were installed vertically into the sand
bed. For pier groups, the required number of holes were made with different spacings on a plexiglass
template (Fig. 4-6). Then, the model piers were inserted through the holes at the desired spacing. To
align the template for a specific flow angle of attack, the vemnier point gauge was traced along the line

b

of the desired angle in respect to the line crossing the centers of piers.

Before supplying water to the flume, the downstream tailgate was raised so that initial depth

of the flow in the flume would exceed the design flow depth. Water was then introduced to the flume
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at a very slow rate (so as not to disturb the sand bed). The tailgate was then caretully lowered (and
the flow rate slowly increased) until the design conditions were achieved. At this point in tinie, the
test was started; the time between the initial lowering of the tailgate and establishing the design
condition took about a minute for each test. Local scouring would start a few seconds before the
design depth was achieved. At the end of the test peniod the tailgate was raised again until scouning

ceased. The flow supply to the flume was then stopped by closing the control valve.

Maximum scour depth was measured by vernier point gauge. For the tests which were
monitored in time, the point gauge was inserted into the flow upstream of the pier at a distance 2 to
5 mm from the sructure. For the remaining tests, measurements were generally taken at the end of
the test and after the system was drained. However, measurements were occasionally taken before

and after draining the water to check that there was no significant difference between the two

readings.

4-7 Calibration of the Flume

The case of turbulent pipe flow has been throughly investigated in the past and the resuits
arrived at are also important in regards to flow in open channels. Velocity distributions at cross-
sections along an open channel vary with distance from the initial cross-section. In sections close to
the entrance the velocity distribution is nearly uniform. Further downstream the velocity distribution
changes, due to the influence of friction, until a fully-developed velocity profile is attained at a given

cross-section and remains constant thereafter.
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The main objective of the flume calibration test was to verify the condition of fully-developed
turbulent flow in the test section. The turbulent boundary layer thickness along a smooth flat piate

is given as, (Schlichting (1979)):

-0.2
5(x)=o.37x{ %] (4-2)

in which; x= the longitudinal distance, U= free stream velocity, and v= kinematic viscosity (=1.1x10*¢
m*/s). The free velocity at section x=2.0 m into the test section was measured at 0.28 m/s.
Substituting these values of x and U in equation 3-1, the boundary layer thickness at this point in the
test section becomes 6(x)=0.054 m, which is equal to the mean flow depth Y= 0.054 m. Thus, the
turbulent boundary layer extends across the entire flow depth over the last 1.0 m length of the test

section.

Several additional experiments were carried out to observe the development of the boundary
layer through the test section. The velocity profiles were plotted for different cross sections, starting
from the upstream (entrance) section and extending to the downstream (exit) section. The test section

was divided into seven sections, including the area where model pier groups were to be installed.

The velocity distribution at each cross section was measured using the miniature propeller
flow meter. The data acquisition system was a 486-computer and a software program designed for
this purpose. The program analysed the signals received and processed them as velocities at each

cross section in terms of coordinates X and Z. Using a spreadsheet, the processed data were utilized

97



to plot the development of the boundary layer, see Fig. 4-7. The distances between sections 1. 3. 5.
6, 7, 8, and 9 and the entrance of the test section were 0.5, 0.9, 1.2, 1.5, 1.8. 2.1. and 2.4 m
respectively. rig. 4-7 shows that, except at section 1 (which was very close to the test section

entrance), the turbulent boundary layer extends across the entire flow depth.

Schiichting (1968) presents the logarithmic law for the velocity distribution as:

u_1,y
PRl @-3)

in which;, u= mean velocity, u.= shear velocity, y= distance from the wall, K= height of grain for

u K
equivalent sand roughness, B= a function of the roughness Reynolds number —, and k= Von
v

Karman’s coefficient (0.4). The value of B for the present study was found equal to 8. The following

equation fitted well through the data obtained for test section 6.

u_ Y
—=5.75log| =—|+8
" g{ K) (4-4)

. L)

The velocity profiles for section 6, in which most of the tests were carried out, is depicted in

Fig. 4-8.
4-8 Summary:

The effect of water depth was minimised to a large extent in this study by selecting water

98



depth such that Y/d>4 and &/D.>20. The effect of sediment size was considered insignificant, since
the ratio of the pier diameter to the grain size is greater than 20-25, (i.e. d/Dy,>20-25). Accepting
this limiting value (and considering the median grain size as 0.48 mm.), the smallest pier diameter
could be as low as | cm. Given that the flume width was 0.515 m and groups of up to six pier were
the limiting factor in choosing pier diameter, cylindrical piers having diameter d= 0.0127 mm were
used in the present study (d/D,, =26.5 or 12.7+0.48=26.5), which is above the limiting value
recommended by Ettema (1980). However, if the flow depth and/or sediment size exceed the
accepted limiting values, their effects on local scour are documented. To account for their effects on

local scour one must apply appropriate correction factors to the observed data accordingly.
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Fig. 4-3: Sieve analysis of the Play-Sand
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Fig 4-4: Schematic definition for scour hole measurements
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Fig. 4-5: Schematic definition for local scour depth measurements;
plan view and side view for 4- and 6-PGs
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Fig. 4-6: Template system used for model pier installations
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Fig. 4-7 : Comparison among velocity profiles in different cross sections
along and at the center of the channel (flow depth versus velocity)
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Fig. 4-8: Velocity profiles of undisturbed flows
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Laboratory flume _

Plate 4-1
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Plate 4-2: Pitot-static tube assembly

AN N

Plate 4-3: Mini-propeller flow meter
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Plate 4-4: Typical scour hele shape for a circular cylindrical pier
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Chapter 5

Results and Discussions

5-1 Local Scouring around a Single Pier

Local scouring around a single bridge pier has been throughly investigated in the past.
However, since local scour depths in pier groups will normally be comp;'ed to that of a single pier
of the same type, a few tests on single model piers were necessary to establish a basis for comparison.
An initial series of t{ésts was performed on six single-piers having diameters 0.0127, 0.018, 0.025,

0.033, 0.04, and 0.p5 m under clear-water scouring conditions.
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Development of the local scour profiles with time is shown in Figs. 5-1-1, 5-1-2, and 5-1-3.
The tests were continued until the difference between two measurements at the same location was

less than | mm over more than a one hour period. The influence of pier diameter on local scour depth
(]

was investigated for three flow conditions (

=0.76, 0.96, 0.98). Due to the size restriction of
the flume, the smallest pier diameter which met t;e aforementioned modelling requirements for grain
size and flow depth was accepted for the pier group tests. Next, a long-duration test (90 hours) was
carried out for d=0.0127 m (Plate 5-1-1). Temporal variation of the local scouring process was
predicted satisfactorily by Islam’s (1986) relationship. Since the equilibrium scour depth was
established for“this test, different scour depth formulas were applied to find which one gave the
closest agreement with the observed value, The Shen et al.’s (1966) equation (I) produced the closest

agreement. Based on similar tests performed on different-sized single piers, a 2-hour test duration

time was selected for the tests involving pier groups.

5-1-1 Temporal Variation of Local Scour Depth

Development of local scouring over time for different-sized single model piers is shown in Fig.
5-1-1 for Y,=0.054 m. It is seen that the most sediment removal occurs during the first half hour,
after which the rate of scouring proéressively slows down. More than 83% of the total scouring
occurs within the first two hours. Maximum local scour depth depends on the pier diameter; (the
larger the pier diameter, the deeper the local scour depth). The same trends were observed for
Y~0.06 and 0.065 m, shown in Figs. 5-1-2 and 5-1-3, respectively. All three figures show that under

the same flow conditions, local scour approaches the equilibrium scour depth sooner for the smaller
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pier diameters than that for the larger ones. In addition, Table 5-1-2 also shows that the ratio of D,,/d

and D,,/d are greater for the smaller pier diameter.

Because of the size restrictions associated with the flume, a pier of diameter 0.0127 m was
chosen for the individual model piers making up the pier groups. From the tests performed for the
different-sized single piers it was observed that the size of the composite scour hole was greater for
the larger pier diameters. For piers with d>0.018 m, placed in a group, scour holes expanded and
became large relative to channel width. To avoid a wall effect impacting on the local scouring
process it was essential that the smallest possible pier diameter was used. Ba‘sed on the limitations
dictated by the flow depth and grain size (previously discussed in subsection 2-5-2), & pier diameter

d=0.0127 m was deemed suitable for the main experimental program.

5-1-2 Time Evolution ef Local Scour Depth

Since a 0.0127 m diameter pier was chosen for the model pier groups, a long-pericd test was
performed for a single pier until the equilibrium scour depth was achieved. The maximum local scour
depth was D,=31.5 mm after 90 hours. In the past, logarithmic, trigonometric and exponential
relations have been proposed to describe the variation of local scour depth with time. Sarma (1967)

presented the following logarithmic relation :
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1=K, log (5-1-1)

in which D = depth of scour at the pier at time t, D,, = the equilibrium scour depth attained at t~~

and K, = a multiplier which is independent of time. He also proposed the trigonometric relation:

D, 2 w't|*®
— =;t -1 —— 5-1-2
Brog &1. Yo) } (5-1-2)

in which w" = fall velocity of the sediment grain, Y, = depth of flow and a, and a, are constants. Liu

et al. (1961) proposed the exponential relation:

-~kyt
D—-l -e (5-1-3)

e

in which K, = constant. Shen et al. (1965) developed a graphical relationship between d./d

L)

t/T and
the Froude number. Franzetti et al. (1982) suggested an exponential function to interpolate his

experimental values of long time duration as follows:

D, I ()3
== expl 0.023[ 7} (5-1-4)

e

According to Li et al. (1986) the temporal scour rate varies in different periods. In principle
it may be divided into three periods, but main erosion only occurs in the second scour period, which

is thought to be the most significant one concerning practical scour problems.
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Li et al. (1986) modified Franzetti’s equation as foliows:

w
. d (5-1-5)
I).ﬂ.' K +£{
fod
Y 2 -10
in which; K,=0.064+{**' and {= |(y,-Y)| - 4 lg-q] v :
‘ D,, v U,
Islam et al. (1986) proposed a nonexponential form of equation as follows:
D [.(me)]"
D, ™27 5-1-6)
£14
b oomrf p \025
where m=0.135| -9 {—"
D,, d

All of the above equations indicate that the scour depth increases with time asymptotically to
its equilibrium value. Temporal variation of the scour depth observed in our study for a single pier,
estimated by the Franzetti (1982), Li et al. (1986), and Islam et al’s (1986) equations, is shown in Fig.
5-1-4. Comparison among the different equations reveals that Islam e-t. al’s (1986) expression is the
best estimator for the observed data. Plate (5-1-1) illustrates the formation of local scouring around

this single pier.

5-1-3 Equilibrium Scour Depth Formulas

The performances of various pier scour prediction equations developed in the past were

checked using data obtained for the single model pier over a long time period. Formulas for single
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pier scour, included those of Laursen and Toch (1956), Shen et al., 1. and I (1969), Chitale (1962),
Jain and Fisher (1980), and the Colorado State University (CSU, Richardson et al. (1991)). Table 5-
1-1 shows the results for the estimation of the equilibrfium scour depth using the above-mentioned
formulas. The equilibrium scour depth was best estimated using the Jain and Fischer (1980), Shen et
al. [ (1966) and CSU’s equations. The Laursen and Toch (1956), Jain and Fisher (1980), and CSU's
equations underpredicted the local scour depth. Chitale’s (1962) equation on the other hand,
overpredicted local scour depth significantly. Jones et al. (1995), using a wide range of field data,
concluded that Shen et al’s. (1966) equations give the best resuits with ;)i =A=1.14 for

L)
0.25Frs0.5 which are the most common ranges for natural streams ( 13, = estimated scour depth).

5-1-4 The Test Duration Time Period

The local scour hole grows with time under the action of the HSV feature. Dargahi (1990)
measured scour profiles under clear-water scour conditions and found that after 2 hours,
approximately 60% of the final scour depth was reached. The vortices increased in diameter and the
rate of scouring decreased with time, (after 12 hours, the scouring rate reduced significantly). The
time history of scour depth was also measured at a fixed point upstream of a cylinder at a distance

of 5 mm along the line of symmetry (Fig. 5-1-5).

Knight (1975) conducted his experiments under clear-water scour conditions. He continued
his tests for a sufficient period until the equilibfium scour depth was reached. The duration of the runs

varied from 10 to 120 minutes, the majority lasting about 60 minutes. For clear-water scour
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conditions, Yanmaz and Altinbilk (1991) found that approximately 87% and 95% of the final scour
depths were achieved afler 2 and 4 hours, respectively. Dietz (1973) conducted a series of
experiments examining both spacing and flow angles of attack for two piles. The tests were
conducted for a duration of 2 hours. Ettema (1976) investigated the influence of bed material
gradation on local scour. He found that D,,, (the scour depth after 24 hours) was 90% D,
(equilibrium scour depth) and D, (scour depth after 7 hours) was 88% Dy, He emphasised that the
scouring was still occurring after 24 hours but that further scour profile development was very slow.
Hannah (1978), using Ettema's finding, applied a correction factor of 1.25 to Dy, in order to establish

the equilibrium scour depth.

In the present study, 14 tests were conducted to examine the variation of scour depth with
time and the ratio between a 2-hour duration and other durations. The graphs for different pier
diameters and hydraulic conditions are plotted in Figs. 5-1-1 to 5-1-3 and a summary of the results,
which agree with the finding of Yanmaz and Altinbilk (1991), is tabulated in Table 5-1-2. They found
that 87% and 95% of the final scour depths were achieved after 2 and 4 hours, respectively, and these
are within the range of the same duration, as shown in Table 5-1-2 (83-92% and 91-95%). Durations
of the tests in Table 5-1-2 are different (in order to have the same base for comparison the different
ratios were presented in that Table). It is now possible to find a correction factor for the 2-hour
duration (= 90% of the 7-hour duration). Hannah (1978) applied a correction factor of 1.25 for a 7-
hour duration. According to this formulation, the correction factor for the present case is
1.25+0.9=1.39=1.4. The factor 1.4 was applied to all 2-hour duration tests to obtain the equivalent

equilibrium scour depth.
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5-1-5 Conclusions:

A series of tests was carried out on six single piers having different diameters (0.0127, 0.018,
0.025, 0.033, 0.04, and 0.05 m) under clear-water scour conditions. Development of local scouring
with time showed that the larger the pier diameter the larger the local scour hole. The smallest pier
diameter (d=0.0127 m) was selected for the present study, based on the size restrictions of the study

flume and the requirements regarding grain size and flow depth,

Temporal variation of local scouring for d=0.0127 m, was accurately predicted with 1slam et
al’s (1986) relationship (equation 5-1-3). The equilibrium scour depth was achieved after a long test
(90 hours). This test also facilitated comparison among the different scour-depth formulas. In this
instance Shen et al.’s (1966) equation (I) was found to be the best estimator of equilibrium scour

depth.

The duration of scouring experiments was chosen based on a review of similar-type studies
(chapter 2), and the results of our preliminary senies of tests. A 2-hour test duration was selected for
the present study. A factor of 1.4 was applied tn observed local scour depths after a period of 2 hours

to determine the equivalent equilibrium scour depth.
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Fig. 5-1-1: Temporal variation of local scour depth; Y =0.053 m
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Plate 5-1-1: Scouring pattern around a single pier (90 hours duration); d=0.0127 m
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Table 5-1-1: Comparison among different local scour prediction equations for a single

pier

Investigator(s) Prediction Equations

Shen et al, (1966) D,=0.000223R "

2 1
D s 3( ﬁ] 3
d d

Laursen and Toch (1956) D,=1.35d%"Yy"

Chitale (1962) %: -5.49Fr2+6.65Fr-0.51

- - bt
Jain and Fisher(1980) %:135&:“[ %] 0.89
CSU (1991 D.. d)*
( ) ?;-Z.OKIK,[ 70'] Fro® 0.86
- DAS
A= E = predicted value/observed value
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Table 5-1-2: Time dependent scour depth ratios

Run No d YO Vv Dse Ds2Adse | Ds2id  (1s2/1Ds7 Ds7/d Dse/d  |Duration
(m) {m) (m/s) {mm) _ Time (hrs)

1 0.018 | 0.065 0.20 36.0 0.83 1.67 NA NA 2.00 (5,18")
2 0.025 | 0.065 0.20 36.0 0.92 1,32 NA NA 1.44 (5,40%
3 0.033 | 0.065 0.20 46.0 0.89 1.24 NA NA 1.39 {4,51)
4 0,040 | 0.065 0.20 58.0 .83 1.20 0.86 1.40 1.45 {9,35'
S 0.050 | 0.065 0.20 69.0 0.84 1.16 0.85 1.36 1.38 {(8,19%)
6 0.050 | 0,072 0.21 70.0 0.83 1.16 0.88 1.32 1.40 (10)
8 0.025 | 0.058 0.24 47.7 0.85 1.62 0.90 1.80 1.91 {13,49")
9 0.033 | 0.060 0.23 594 0.87 1.57 0.91 1.73 1.80 {11,8Y
10 0.040 | 0.060 0.20 65.0 0.91 1.48 0.92 1.61 1.63 {10,31")
11 0.018 | 0.053 0.22 38.8 0.91 1.96 0.92 2.12 2.16 (8,89
48 0.025 | 0.054 0.22 37.5 0.97 1.46 NA NA 1.50 (8,8")
12 0.025 | 0.053 0.22 45.5 G.89 1.61 NA NA 1.82 (12,7
13 0.033 | 0.053 0.22 §5.4 0.92 1.55 0.95 1.62 1.68 {12,45")
14 0.040 | 0.053 0.22 62.6 0.86 1.358 0.89 1.52 1.57 {11,43")
28 0,013 | 0.054 0.22 25.5 0.97 1.95 0.97 2.01 2.01 )
30 0.013 | 0.054 0.22 25.0 0.82 1.81 0.90 2.01 220 (10)
40 0.013 | 0.054 0.22 23.5 1.0 1.85 NA NA 1.85 (2)
41 0.013 | 0.054 0.22 24.0 1.00 1.89 NA NA 1.89 2)
42 0.013 | 0.054 0.22 25.4 1.00 2.00 NA NA 2.0 {2)
63 0.013 | 0.054 0.22 24.1 1.00 1.90 NA NA 1.90 2)
70 0.013 | 0.054 0.22 25.0 1.0¢ 1.97 NA NA 1.97 (2)

Single | 0.013 | 0.054 0.22 31.5 0.76 1.89 0.97 1.94 2.48 (89,42")

d= pier diameter

YO= depth of the water

V= mean velocity

Ds2= scour depth after 2 hours
Ds7= scour depth after 7 hours
Dse= final scour depth

(hrs)= duration of the test

NA=not available
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3-2 Local Scouring around 2-Pier Groups

Local scour associated with a group of 2 piers (2-PQG) is presented in this section. [Since a
4-pier group ( 4-PG) is comprised of two 2-PGs, the study of local scour around a 2-PG is helpful
in analysing scour around a 4-PG]. A total of sixty-nine tests were performed for this analysis, using
two different pier diameters (d=0.0127 and 0.018 m). The plexigiass cylindrical piers in any grouping,
however, had the same diameter. Maximum local scour associated with each model pier was

measured at a distance 2 to 5 mm upstream of the pier on the plane of symmetry. To impose the

clear-water scour condition, the ratio of was kept constant and less than unity. Also, the

longitudinal slope of the flume was set at 0.000C;cthmughout the tests. Altering S/d and P at the same
time for each pier group, requires a large number of tests. To reduce the number of tests required at
this stage, large flow angles of attack (that produced the most severe scouring) were found for S/d=5.
Initially, maximum local scour depth was measured for the range 0<f<90°, however, only large f§
were considered in subsequent rests of the tests using different S/d. The application of a linear
regression model to the compiled data, alon;g with logarithmic transformations of  and S/d, led to

the development of equations to predict maximum scour depth. Two different equations were

developed to predict the local scour depths associated with the front and rear piers.

5-2-1 The Effects of Different B on Local Scour Depth

The effect of varying P on local scour depth was investigated for each S/d considered. For
S/d =1 (i.e. two piers touching each other), since the scour depth varied linearly with 3, only one

extra test (f=90°), additional to the tests mentioned in Table 5-2-1, was needed to cover the range:
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05P<90". The linear increase of the local scour depth (D,) observed in the tests was due to the linear
increase of the projected area (A,) of the piers with increasing B (Fig. 5-2-1). The touching front and
rear piers behaved as a single pier, the diameter (d) of which equalied the width of the projected area
of the attached two piers. The greater the B, the larger were A, and the D, consequently, the
maximum scour depth occurred for B =90°, since it produces the largest A,. A small difference in D,
was observed between the 2-PG arrangement (d=0.0127 m) and the single pier case (d=0.025 m). For
the 2-PG, Dy or Dg, was 46 mm while for a single pier it was 42 mm. The small difference between
D, and Dy or Dg; was due to their different geometries. The formation of _the local scour hole

around the 2-PG is illustrated in Plate 5-2-1.

In the next series of tests, the effect of varying f§ on the local scour depth was studied for
S/d=2. An increase in 3, reduces the difference between the scour depth associated with the front and
the rear piers (Fig. 5-2-2). This is because the rear pier is increasingly less sheltered by the front pier
as P increases, which results in a larger scour depth for the rear pier. Plate 5-2-2 illustrates the
scouring pattern produced around the piers. Also, generally larger scour hole was formed for S/d=2

compared with S/d=1.

The effect of varying [} on the local scour depth was investigated for $/d=3. In addition to the
tests included in Table 5-2-1, ten further tests were conducted with d=0.018 m and using §=0°, 10°,
20°, 30°, 40°, 50°, 60°% 70°, 80° and 90° to study the effect of varying pier diameter on the local

scouring process. The general trend of the data was similar to that observed for S/d=2, but with lower

Dy, D
scour depth ratios ( T)—’=D 7, and 5 ’=D'R? , Fig. 5-2-3). For S/d<4, both piers share a
I 3
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common scour hole, since HSV that are generated around each pier interact with each other. Since
this interaction becomes weaker with increasing S/d, a reduced scour depth is achieved. Also, for
B>30" it can be seen that the scour depth of the front pier is smaller than that of the rear pier. The
reason is that, for $>30°, the rear pier is completely exposed to the flow and so the sheltering cffect
is lost. Moreover, the rear pier lies in the downstream portion of the scour hole formed around the

front pier, consequently sediments around the rear pier are removed more easily.

In the next series of tests the effect of varying B on the local scour depth was investigated for
S/d=5 (Fig. 5-2-4). In addition to those tests mentioned in Table 5-2-1, three further tests were
performed with 3=60", 80°, and 90°. The reason for selecting S/d=5 and applying a wider range of
B (0°<P<90°) was to facilitate comparison between our data with those of other investigators. In this
case, an independent scour hole was formed around each pier in this case. As shown by the results
of former cases (S/d=2 and 3) for B<30°, D 7, islargerthan D », because of the sheltering which
affects the rear pier. By increasing B the sheltering effect decreases, therefore the local scour depth
of the rear pier increases more than that for the front pier. Both the front and rear piers produce

essectially the same scour depth at f=90°,

Hannah (1978) suggests that, for 10°<f1s60°, the scour is influenced only by the sheltering
and shed wake vortex mechanisms. However, the sheltering effect diminishes as P increases. Also,
Laursen and Toch (1956) observed that the downstream pier becomes subject to a relatively higher
approach velocity than the upstream pier. They attributed this higher velocity to contraction of the

fiow between the two piers. The higher velocity causes a deeper scour to form downstream, however

128



the local scour depth of the front pier does not change significantly with . The results of our study
are compared with those of Hannah (1978). Fig. 5-2-5 confirms the same trend of data in both

studies. Moreover, D 'Fl and D'R? are very close to Hannah’s (1978) report values.

The effect of varying p on the local scour depth was investigated for S/d =7 (Fig. 5-2-6). (An
additional test which is not listed in Table 5-2-1 was performed using f=90°). The decreasing trend
of the data observed for D'F‘, , in the range O<P<20° is due to the reinforcement effect which
decreases with increasingfl. For §>20°, D .Fs approaches unity. On the other hand, since R, becomes

exposed to the flow for >20°, D 'Rz shows an increasing trend that approaches unity.

In the next sets of experiments, the effect of varying P was studied for S/d=11. Fig. 5-2-7
shows that the variation of D'Fl is practically independent of . This is because of the large S/d
which results in a minimal reinforcement effect associated with R,. However, F, still shelters R, at
f=0° resulting in a shallower scour depth in front of the R,. Since the sheltering effect reduces with

increasing f3, D'y, approaches unity with increasing S/d.

5-2-2 Effects of Varying S/d on Local Scour Depth

The effect of different S/d on the local scour depth was investigated for a wide range of p.
In addition to tests mentioned thus far, eight supplementary tests were performed using p=0° for
S/d=12, 13, 14, 15, 16, 18, 20, and 40 (Fig. 5-2-10). Hannah (1978) and Dietz (1973) conducted two

series of tests for aligned piers (f=0°). The results of this study were compared with those of Hannah
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and Dietz for front pier scouring (Fig. 5-2-11).

For the case p=0°, Dietz's (1973) data show a smaller scour depth than that of both the
present and Hannah’s study. Although the reinforcement effect associated with the front pier was
commented on by Dietz, this effect was found to be more significant in the present study and also
in Hannah’s study (Fig. 5-2-11). The deeper the scour around the rear pier, the stronger the
reinforcement effect is on the front pier. The scour hole formed around the rear pier eases sediment
removal from around the front pier by lowering Dy,,' (Fig. 5-2-12). It was observed that the
reinforcement effect was insignificant for $/d>10. Measurements showed that the separation line
starting irom the side of the pier developed downstream with B=10° In the absence of the

reinforcement effect (for S/d>10) approaches unity.

The observedin this study are compared with those values reported by Hannah and Dietz.
Their data do not show the same trend as that of the present study for p>0°. The present stidy
showed a minimum value forin the range 2<S/d<5. Thereafter, the scour depth increases and reaches
a maximum at 8/d=6. Hannah’s and Dietz’s results do not show any decrease in D'R2 in the range

1<8/d<6.

There are two explanations for the observed significant decrease in 12 'Rz in the range
1<8/d<6. First, the scour depth in front of the rear pier will be reduced because the rear pier lies in

the lower portion of the scour hole formed around the front pier. The position of the rear pier,

Dg\= the maximum scour depth between two piers
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relative to the front pier, is shown in Plates 5-2-3 and 5-2-4. As long as the rear pier is located within
the scour hole of the front pier, the scour depth of the rear pier is less than that of the front pier.
Second, when S becomes larger than R, (see Fig. 4-4) D 'R: is the smallest in the range of 2.5<8/d<5.
By further increase in S/d, D 'R} increases and reaches its maximum at S/d =6. For S/d> 5, a
separate scour hole is formed around the rear pier. Although the rear pier is still sheltered by the front
pier, the sediments do not have a chance to deposit in front of the rear pier to reduce its scour depth.
Thé distance between two piers is such that the wake vortices of the front pier and the vortex systems
of the rear pier interact with each other. Because of the presence of these vortices, sediments cannot
deposit around the rear pier. This interaction will be reduced by increasing S/d. On the other hand,

the sheltering effect is still a dominant agent in reducing the scour depth of the rear pier.

A second minimum was observed for D% in the range 11<S/d<40. For S/d>13,

D'Rz increases until it approaches unity. This is because the sheltering effect is reduced with
increasing S/d. Such a variation in the scour depth was not reported in the literature for 1<S/d<13.
Plates 5-2-3, 4, and 5 illustrate the development of scour holes around the piers, It can be seen that
a common scour hole is formed around both the front and the rear piers for S/d=3 and 4. On the other

hand, a separate scour hole is formed for each pier at S/d=16.

The sheltering effect was investigated using 4 different B. Based on the tests performed for

$/d=5, only crucial angles of attack (B=35°, 40°, 45°, 50°) were applied at this stage of the study.

The results for p=35° (Fig. 5-2-13) showed that D’R2 and D'Fl decreased sharply in the
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range 1<S/d<2. A smoother decline was observed as S/d was increased. For S/d>2, D 'R: was less
dependent on S/d. The trend of data associated with 1')',,.1 is different from that of !/ )'R: tor
2<8/d<11 in thatwas greater than I)'FI . A decreasing trend of data was observed for [ )',_.l in the
range 2<S/d<7 and an increasing trend in the range 7<P<11. The decreasing trend is due to the

reinforcement effect, which is less significant for larger S/d.

In the next set of tests, variations of D'Jr_.I and D 'Rz for different S/d were studied for
B=40°. Similar to the case for f=35° different trends of data were observed for D'F.‘ and ])'R2 :
A sharp decrease in D'F| and D’ was evident for S/d<2 (Fig. 5-2-14). In the range
7<8/d<15, D'Fl was less dependent on S/d than for the range 158/d<7. H(;wever, in the range
5<8/ds<1s, D’R2 appears to be independent of S/d. Moreover, similar to the previous case

(B=359), D’y was always greater than D'z .

For =45° the trend of data in the range of 1<S8/d<2 is different than that in the range
2<8/d<7. A sharp decrease in both D],‘.l and D'R? was observed for the range 155/d<2 (Fig. 5-2-
15). The results of the present study were compared with Hannah’s (1978) results. The same trends
of data are observed for both studies in that D'FI and D'R7 eventually approaches unity. The

results for f=50°, were similar to those for f=45°(Fig. 5-2-16).

The effect of varying S/d on the local scour depth was investigated for =90 Since both the
front and the rear piers are equally exposed to the flow, the scour depths in front of them are identical

(Fig. 5-2-17). D’Fl and D'Rz were found to be constant and independent of S/d for S/d>4,
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however, a sharp decrease in scour depth was observed in the range 1<S/d<1.5. The rate of decrease

inboth D "": and ) 'R; was smooth in the range 1.5<S8/d<4.

5-2-3 Multiple Regression Analysis Model

Seventy measurements of the local scour depth gathered from the present study were analysed
using multiple regression analyses to obtain local scour prediction equations for the front and rear
piers. The regression analysis provides a probability statement about the distribution of the prediction,
from which an upper confidence limit of the depth of local scour can be determined. An upper
confidence limit having an appropriate exceedence probability can be used for design of bridge pier

foundations to provide a desired factor of safety.

§-2-3-1 Analysis of Data

The local scour depth for a 2-PG is a function of S/d and p. The functional relation for the

normalized local scour depth is as follows:

D

S _ ﬁ i

where D is local scour depth in a group of piers (i.e., Dsr, or Dsn, ). Multiple linear

regression was used to develop prediction equations for normalized depth of the local scour, based

on the proposed functional relation in eguation (5-2-1).
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Loganthmic transformation of all variables was found to provide the best linear relations. The

D
logarithm of the ratio of J=D'J was regressed against a combination of the twao independent

£
3

variables, i.., f and S/d. A general form of the prediction equation written in terms of untranstormed

values is as follows:

Ib,

& =aB¥(S/D) (5-2-2)

I

™,

in which DA, is the scour depth for any pier in a group, é=[91, 9..., éj] . a= exp(él) . b= 0,
A 2

-

andc= 0, .

5-2-3-2 Predicting Scour Depths

Normalized scour depths predicted by equation 5-2-5 are the expected response to a specified
set of regressors, and are not known with certainty. However, a local scour depth that has a small
probability of being exceeded needs to be used for designing pier foundations to insure against the

D
failure of a bridge. A probability statement about the distribution of ln(—D’—') provides a means of

evaluating appropriate design values.

The transpose of the vector of predictor variables at a particular site is as follows:
S
%o=[1, In(B), In(3)) (5-2-3)

D .
A 100(1-n) percent upper confidence limit for ln(F") is computed as (Montgomery and

H
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Peck 1982):

DJ
h(F')Hﬂ_ » o\ Var(X;0) (5-2-4)
D, .. D, )
Where ln(T)_')=X’06 is the predicted value of ln(-ﬁl) . The values of B'F] and
6, computed for a 2-PG are:
1
é‘F‘=[o.22, -0.01, ~0.1] (5-2-5)
9'3,=['°-13’ -0.08, -0.1] (5-2-6)

The values of 9',_.| and @' g, are the transpose of the vector of regression model parameters,
!, n-p 18the one-sided t-distribution statistic corresponding to an exceedence probability ) and n-p

degrees of freedom.

The estimated variance of prediction is:

Var(x,8)=6"[1+x'(X'X)"'x,] (5-2-7)

in which; o® = the residual mean square error (estimated model error). For the 2-variable regression
model, using thirty-six measurements, 012"1 =0.03, 0;‘;2 =0.3. Among a total of seventy tests only
data obtained for piers having d= 0.0127 m were used to find O}l and 0;2. In addition, since

S/d=1 is not used in practice, its related scouring ratio was excluded from the data. It was observed
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from the experiments that the linear increase of D r and D'y with B was not the case for $/d~1,

However, a multiple regression model which was developed based on the thirty-six tests, was applied

to all data in Figs. 5-2-20 and 5-2-21.

One-sided t-distnbution statistics for n-p=70-3=67, degrees of freedom and several confidence
levels are given in Table 5-2-2, An upper estimate of In( ]1)) ) 1s obtained from equation 5-2-7 by
selecting an appropriate confidence level (95 percent), and Iobtaining the corresponding t statistic
from Table 5-2-2. Use of an upper limit of scour depth for design of pier foundations will provide a

factor of safety needed to insure against failure of the structure.

5-2-3-3 Prediction Equation for a 2-PG

Parameters a, b, and c obtained for a 2-PG were substituted in equation 5-2-2. Therefore,

equation 5-2-2 for the front and rear piers can be expressed as:

Dy,
___D___ 25‘3 00!( ) 0.1 (5-2-8)
DA *
and -%=0.92(3“-°8(%)-°-' \ (5-2-9)
Dy, Dg,
Using equations (5-2-8 and 5-2-9) the values of 5 > and D = were computed for all
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the data. These values are plotted against the observed values in Figs. 5-2-20 and 5-2-21, A large
majority of the data fall within £10% and +15% of the predictions from the relationship proposed in
this study, for the front and rear piers, respectively. Applying the F-test for the abovementioned
prediction equations (and those which will be presented in the following sections for the cases of 3-
, 4-, and 6-PGs) was justified, since it was determined that a linear relationship exists between the
response ln(%’-) and the regressors ( Inf and In(S/d)).

One data point from the present study and two data points from Hannah’s (1978) data were
found as outliers in Figs. 5-2-20 and 5-2-21. The reason for being outliers is that all data were
considered in these figures included different pier diameters (0.018 and 0.033 m), and even data for

S/d=1.

The value of D, may be obtained using any of the empirical equations for a single pier.
Equations 5-2-11 and 5-2-12 represent the line of perfect agreement in Figs. 5-2-20 and 5-2-21,
respectively. Comparison between observed and computed values using the line of perfect agreement
has been used by many investigators to evaluate the local scour depth equations, including: Kothyari
et al. (1992b),Laursen (1984), Li et al. (1986), Melville and Sutherland (1988), Islam et al. (1986),

Qadar (1981), and Sturm and Janjua (1994).

5-2-4 Summary and Conclusions:

The effect of varying [} on the local scour depth for a 2-PG was investigated for 1<S/d<11.

137



Also the effect of varying S/d on the local scour depth was investigated for S/d =3, 5, 7, and 11 (Fig.
5-2-7 and 5-2-8). In this series of tests different pier diameters were used. Although the pier
diameters were different, the trend of data was almost identical for d=12.7, 18 and 33 mm. Compared
to the rear pier, the local scour depth for the front pier was less influenced by changes in f§ (Fig. 5-2-
8). The front pier scouring showed different trends of data from those of the rear pier. However, the
same general trend of data was observed for all front piers. On the other hand. the rear pier scour
depth showed that it was influenced significantly by changing p (>35"). The present study and
Hannah's (1978) study show different trends of data for $<35" from those t‘qr (>35" (Fig. 5-2-9).
It can be concluded that the different pier diameters did not affect the scour depth significantly for

both the front and rear piers.

The effect of varying S/d on the local scour depth for a 2-PG was investigated for a wide
range of (. The results of the present study were compared with similar observations by other
researchers. A good agreement was noted between the results of the present study and Hannah's
(1978) study. The data trends for different p (B=0°, 35", 40", 45°, 50", and 90") are compared in Figs.
5-2-18 and 19. All cases show the same trend of data for D",__1 , except when f=0" (Fig. 5-2-18).
In this case for S/d=1, the front pier scour depth is 2qual to that of a single pier. Moreover, an
increasing trend was observed for 1<S/d<4. In the range 4< S/d<20, there is no significant difference
between D; and D’ when (=0 or p=35". It was evident that when S/d>4 ). was
independent of S/d for all B. The changes in D'R2 for B=0 ° was significantly different from those

for B>0°. 1t is emphasized that the sheltering effect plays an important role in reducing 1) 'R? (Fig.

5-2-19). The same trend of data was observedfor D, when 235", Theresults show thatboth )7,
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and /)°, are not influenced by changes in 5/d and are equal to unity when S/d>4.

Multiple regression analysis was used to analyse data obtained for a 2-PG. The functiona!
relation for normalized local scour depth is expressed as equation 5-2-1. In addition, equation 5-2-2
was used to show the general form for any prediction equation. Using logarithmic transformation,
variables [} and S/d were transformed to In (B) and In (S/d), respectively. Therefore, the transpose

of the vector of predictor variables at a particular site may be expressed using equation 5-2-3.

The values of the transpose of the vector of regression model parameters for the front and

resr viers were substituted in equation 5-2-5. The prediction equations for a 2-PG are:

-

5F, oo [ S
=1.25 — 5-2-8
S50 3) (529)
ﬁ >3 =01
and 5 0,920 (s (5-2-9)
3) | D
Dgr. De,
Using these equations, L and ~ were computed and plotted against the observed

5 5

values in Figs. 5-2-20 and 5-2-21. Perfect lines of agreement were plotted based on the proposed
prediction equations for the front and rear piers. A good agreement was found between the computed
and measured values. The majority of the data fell within +£10% and £15% of the predictions from

the relationship proposed in this study for the front and rear pier, respectively.

139



DSFp /Dy . DSRIIDS**

'F' and 'R' stand for 'front’ and rear
resectively and 1 and 2 refer to

L1 ] '
DSFIIDS“‘D Fy

P DSRIIDSED'RI

the individual member of picrs in the group,

B

Fig. 5-2-1: Scour depth ratios versus flow angle of attack;
groups of 2 piers; (§/d=1)
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Fig. 5-2-8: Front pier scour depth ratios versus flow angle of attack
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Fig. 5-2-21: Comparison between computed and measured
rear pier (R5) scouring ratios; groups of 2 piers

160




Plate 5-2-2: A group of 2 piers; S/d=2 and p=0°
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Plate 5-2-4: A group of 2 piers; S/d=4 and p=0"
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Plate 5-2-5: A group of 2 piers; S/d=16 and p=0"
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Table 5-2-1: Tests Performed for 2-PGs

S/d
P 1 2 3 5 7 11
o° ~ * * x * *
10° ® ® *
20¢ x * ®
30" - »
35¢ * x ® * * =
40° ® = * * * *
45° * * * * »
50° * * ® * ®

* Test performed

Table 5-2-2: One-sided t-distribution for 2-PGs (67 degrees of freedom)

Confidence level One-sided t-distribution

ercent) (Statistics

60.0 0.254

75.0 - 0.679

90.0 1.296

95.0 1.670

97.5 2.000 “
99.0 2.390

99.5 2.660
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5-3 Local Scouring around 3-Pier Groups

Al this stage of our study, local scour depths were measured around 3-pier groups (3-PG)
Thirty-one tests was carried out in this phase of the experimental program. The effects of sheltenng
and reinforcement on local scour depth was investigated for different P and S/d. The observed scour

depth at each pier in the 3-PG was normalized using the corresponding single pier scour depth, D,

Dg. Dy, D,

ie, D =D mh ~=IY,, and %d)'mand the results were plotted against §. Applying

3 L 3
multiple regression analysis to the log-transformed data suggests three prediction equations for the

front, middle, and rear piers of a 3-PG.

5-3-1 The Effects of Varying  on Local Scour Depth

In light of the resul-ts of those tests performed on the 2-PG, S/d ratios of 2, 4, 6, and 8 were
adopted for the 3-PG tests. The observed scour depths corresponding to different p for S/d=2 are
shown in Fig. 5-3-1. As was the case for the 2-PGs, for $510°, bed matertals around the front pier
of a 3-PG were scoured more than those around the downstream piers. Generally, deeper scour
depths were produced by increasing 8. Measurements showed that the size of scour holes formed
around the middle and rear piers became larger with increasing . Moreover, it seems that the upper
limit of B that affects the size of the scour hole is 30°, beyond which no significant changés in the size

of the scour hole around the rear pier were observed.

Although D'F:’ D'Mz, and D’RJ showed increasing trends with increasing f for S/d=2, they
exhibited different rates of increases. Moreover, for p>30° the middle pier produced a scour hole
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deeper than the one formed around the rear pier There are two reasons for these different trends.
First, the middle pier shelters the rear pier, resulting in a shallower scour hole around the rear pier
Second. the scour hole around the middie pier is affected by the reinforcement etfect (due to the
presence of the rear pier), which in turn helps removal of the sediments around the middle pier. This
explains why for 30" the middle pier produces a scour hole deeper than the one formed around the
rear pier . The maximum scouring ratio occurred in the range 30"<[3<50° for the rear pier, while it
occurred at [}=50°for the middle pier. No variation in the scour depth of the front pier was observed
for different values of . The mild slope of the scouring-ratio for F, would become a horizontal line
if the scour depth in front of M, and R, were not increased by changing }. Because of a larger scour
hole around M, and R,, the sediments around F, can be removed more easily, thereby producing a

deeper scour hole. For >10°, the scour hole for each of the piers in a 3-PG is deeper than that of
a singie pier, i.e DSF' sz
y Ty D k) D:

around the piers in a 3-PG (S/d =2) for different §.

D
, and 51, Plates 5-3-1 to 5-3-4 show the scour holes formed

s

In the next series of tests, S/d was increased to 4 and different B were applied. The results show
that D' F is practically independent of B (Fig. 5-3-2} which is not the case for S/d=2 (Fig. 5-3-1).
Since the reinforcement effect at S/d=4 is not as significant as for S/d=2 the D',_.I data show a
different trend for S/d=4, due to the fact that F, is now less affected by the downstream piers. In
addition, an independent scour hole forms around F,. Moreover, seour hole depths around
downstream piers increased with increasing (. The larger [} means that the middle.and rear piers are
less sheltered by the front pier which results in more sediment removal and generates a deeper scour

hole around of each of the piers in the group.
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Scour around the middie aﬁd rear piers exhibited similar treads tor .20 In this range, the
muddle and rear scour holes showed increasing trends with increasing [ (Fig 5-3-2) The results show
that 1) R, reaches a maximurn value at $=20" bevond which it shows a decreasing trend approaching
unity. The results show that, by increasing . more sediments were deposited downstream of M,
resulting in a shallower scour hole around R, thus, ' x, approached unity at a smaller 8/d than that
of D'M2 - However, D', D sy and D'y - are identical for p>s0". Plates 5-3-5, 5-3-6, and 5-3-7
show respectively the scour holes that formed around the 3-PG for S$/d=4 and for f=10", 20", and 30",
The larger the {3, the more severe the scouring is. The volume of the sediments deposited downstream
of the piers increases with increasing B. The increase in A, (because of the increasing of P) is again

responsible for a larger scour hole around piers.

The effect of varying P on the local scour depth was investigated for S/d=6. As was the case
for S/d=4, D’FI was independent of P (Fig. 5-3-3). However, both 1)’ K, and 1Y ’, reached the

same maximum value at $=30° and 20°, respectively. Furthermore, ) Fp Dy, and 17, were less

'M;
than those observed for S/d=4. The larger S/d here was responsible for the decrease in those ratios.

The trend of D' », and D' g, Were identical in the range 0°<{3<50".

The next series of tests were carried out for S/d=8. The trends of data were similar to the case
for S/d=6, however, the range of variation of D 'F.’ D 'M;’ and D 'R] was limited between 0.7} and
1.26, while it was limited between 0.82 and 1.38 for S/d=6. Moreover, the maximum value of
D'FI, D'Mz, and D'R]here were close to unity, i.e. each pier behaved like a single pi'er for large S/d.

The data’ showed that D'Flwas indepehdent of B. In addition, it was noticed
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that /), , and i}, were smaller than 1“'_,.1 for ;10" The scour depths in tront of all three piers
were the same at B=10" The greater the B, the deeper/),, amd D', were. For 10°<p<50",

1Yy, and 1), were larger than /)’ It can be seenthat 1) and D)’ reach maximum values
1 1 oy

Are
at }=35" and eventually approach the value ). at p=50" (Fig. 5-3-4). The formation of a

completely separate scour hole around each pier was more evidznt here.

5-3-2 Effects of Varying S/d on Local Scour Depth

Results show that, for a 3-PG aligned to the flow, the scour depth ratio is highest for the front
pier and is lowest for the rear pier (Fig. 5-3-5). This is due to the sheltering effect that is more

significant for the rear pier than for the middle pier (both the front and middle piers shelter the rear

pier). The maxima DD e and D 'R, occur within 3<S8/d<5, which is in accordance with the results
for a 2-PG ( Fig. 5-2-13). Scour holes formed around 3-PGs for S/d =1, 3, and 5 are shown in Figs.
5-3-14, 5-3-15, and 5-3-16 respectively. In the case of touching piers (S/d=1), a common scour hole
1s produced around both piers (Plate 5-3-14). By increasing S/d, a separate scour hole begins to form
around each pier. The separate scour hole is more well defined for S/d=5 than for S/d=3 (Plates 5-3-
15 and 5-3-16). The only available data in the literature for local scour studies associated with a 3-PG
are those presented by Hannah (1978) for piers aligned to the flow. He performed six tests with

15S/d<6. The results presented in our study show a good agreement with those of Hannah,

particularly for the front and the middle piers (Fig. 5-3-6).

Besides the tests mentioned in Table 5-3-1, three supplementary tests were performed (using
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S/d=1. 3, and 5Y to study the combined effects of varving S¢d and B on local scour Results tor i~
show different data trends tor DV Y cand 1V from those observed for =0 For f§ 10",

D ’FI shows a decreasing trend approaching unity (Fig 5-3-7). Maxima / )‘u; and £, veenrat
S/d =4 and 6. respectively Since M, and R, are not aligned to the flow. they are less atfected by the
sheltering associated with an upstream pier. The results show that [ v, : increases from 1.08 o 1.27,

while D’R] increases fromr 0.97 to 1.38.

The data trends for D'Ft, D'M}‘ and D 'R_‘ for B=20° (Fig. 5-3-8) are similar to thosc of the
previous case (§=10"). However, D}.r,* and D'R_‘ are greater than 1) K for f=20". The reason is
that there is less sheltering associated with M, and R, In addition. maxima D'y and 1), oceur
at S§/d=4 and converge to the same value with increasing S/d. Neverthiess, in general ) 7, is
greater than D -M;' For S/d<7, the sheltering effect does not change since [ remains constant. On

the other hand, the reinforcement effect decreases with S/d.

The effect of varying S/d on the local scour depth for =30 is shown in Fig. 5-3-9. Like the
previous case, the data trend for D ,Fl ,decreases with S/d, but the vanation in ’,..I is less
dependent on S/d. The reason is that with increasing § there are more gaps between the piers for any
S/d. In the range 2<S/d<5, D‘R3 is larger than D'M2 . Therefore, because the flow around M, will
be less disturbed by the presence of R, for further increase in $/d, both .Mz’ and D 'R‘ approach

the same value for S/d>5.
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in the next senes of tests the effect of varying S/d on the local scour depth was investigated
ustng §§40" It seems that the decreasing trend ebserved for 1)‘.,,| (Fig. 5-3-10) can be attributed
to the presence of the HSV arms, which is significant tor smaller S/d. The results show that the
differences amony, / )‘}_.' . Dy o and 1) ‘H] are not as significant as that observed in the former case.
Nevertheless, /), is much closer to [). here than for the p=30" case. In addition, D v, 1S

greater than both D',,' and D 'R‘ for S/d<8.

In the next set of experiments the effect of varying S/d on local scour depth was investigated
for B=45" (Fig. 5-3-11). The results show a similar trend of data with the previous case (f=40%). As
for =40, D .Fl , D 'M:, and D 'R3 showed a decreasing trend with increasing S/d. Also, a sharp
decrease in ) &, Was observed, with a minimum occuring at S/d=4.The results for f=50° were

similar to case for f=45" (Fig. 5-8-12).

5-3-4 Multiple Regression Analysis

Thirty-one measurements of local scour depths gathered from the present study were analysed
using multiple regression analyses to obtain local scour prediction equations for the front, middle and
rear piers. The regression analysis provides a probability statement about the distribution of the

prediction, from which an upper confidence limit of local scour depth can be determined.
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5-3-4-1 Analysis of Data

For the hydraulic conditions adopted in this study lozal scour depth parameters for any
arrangement of pier groupings are primenally function of B and Srd The functional relations for the

normalized local scour depths are

D 5
) =1, lB. E] (5-3-1)
D‘W’= B s 5-3-2
Ds b ? d (‘ = )
DSR‘ { Ry
e (+33)

Multiple linear regression was used to develop vrediction equations for 2 3-PG, based on the
proposed functional relations in equations 5-3-1, 5-3-2, and 5-3-3. Using the multiple regression
model, as giver. in the earlier matrix notation (equations 5-2-2, 5-2-3, and 5-2-4 ), a vector of fitted
values corresponding to a vector of observed values is computed. Then the “hat” matrix H,,.,,

(XX X)X, whichis necessary in the regression analysis, can be computed, using equation 5-2-4.
Logarithmic transformation of all variables was found to provide the best linear relations. The

Dg D D,

SF S .
logarithms of the ratios ., 2 and 2
&an D. ' D

3 5

were regressed against a combination of the two

independent variables § and S/d.
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The general forms of the prediction equations are

Dy, , )

~=a (S (5-3-4)
D,
D
I\" —a,pi(Sid)* (5-3-5)
Do\
o =a,p(Sld)" (5-3-6)

in which:al=exp(5'm)),bl=6 . Bm),a =exp(6’ PN e'm,, 0’113y

v t _loe at) A
F2y 6 F,(J)] . 0 M,‘{e Ayly 0 M2y o ML3)] °

~
'

a,=exp(®'y) b3=0' ) > €385, » [B’F'“)' ®

6, ., O

and =lB'R,(1)= a2y U |

il

5-3-4-2 Predicting Scour Depths

Normalized scour depths predicted by equations 5-3-4, 5-3-5, and 3-3-6 are the expected

response to a specified set of regressors, and are not known with certainty. Using a pr'xCPdure similar

Do

to the case for the 2-PG, a probability statement about the distribution of In( = ), In( ;w, ),
D 5 K

and In{ % ) provides a means of evaluating appropriate design value. Using the transpose of the

vector of predictor variables, as given ir equation 5-2-6, several 100(1-n) percent upper confidence

limits for the logarithm of normalized scour depths can be computed. Equation 5-2-2 is used to

. Dgr, Dy Dge Dy
compute the upper confidence limit using L, 2 and > as substitutionsto —= . The
DS Df D.! D.l'
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valuesof 6, . 8, _and ', computed for a 3-PG are
< BEh M

0, =(0 19,0 03,-0 09) (5-3-7)
ﬂ'M:z[O 04.6.09,-0.07] (5-3-8)
B'R‘=[—O.0b.0. 13.-0.09] (5-3-9)

The variance of prediction can be estimated using equation 5-2-7 in which o° for the
front,middle, and rear piers is substituted by cﬁl . 6y, .and 6;‘. For the 2-vanable regression
model, using thirty-one measurements, the variances of predictions are éi-l =025, 6:,‘ =(0.52,

and 6,2?3 =1.53. One-sided t-distribution statistics for n-p=31-3=28, degrees of freedom and several
D, D,

confidence levels are given in Table 5-3-2. Upper estimates of in( l—;"- ). In( —= ). and

!
D ] 1
In( % ) are obtained from equation 5-2-7. With the inclusion of an appropriate factor of safety,

5

the upper limit of scour depth can be used to design pier foundations.

5-3-4-3 Prediction Equation for a 3-PG

Parameters a,, b, ¢, 2,,b,, ¢, 25, b;, and c, obtained for a 3-PC were substituted in equation

5-2-5. Hence, for the front, middle, and rear piers of a 3-PG, equation 5-2-5 can be expressed as
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[), ‘[ ¢ o0
A -_) 5.3-10)
I} [ Voo (

1

AN W 007
TR of &
1x1.04 ‘““[ -~ 5-3-11
) p 7 ( )
D, 1\ -0.09
SR \
—1=0.94p%1) = 5-3-12
Soosupn] 3 (E312)
: Dy, Dy, D :
Equations 5-3-10, 11 and 12 are used to predict —+ | T and —b—i . The predicted values

are plotted against observed values in Figs. 5-3-16, 5-3-17, and 5-3-18. Deviations from the line of
perfect agreement in Fig. 5-3-16 show how well equation 5-3-10 predicts the local scour depth for
a 3-PG. Most data fall within £10% of the predictions from the relationship proposed in this study
for the front pier. Equations 5-3-11 and 5-3-12 represent the line of perfect agreement in Figs. 5-3-17
and 5-3-18, respectively. These figures show that most data fall within £10% and +20% of the
predicted values for the middle and rear piers, respectively. The results of the proposed eguations are
applicabie to the 3-PGs, irrespective of the applied scour prediction equations for a single pier. The
value of D, may be obtained using any appropriate empirical equation. Thus, the designer might

choose any of the available scour prediction equation that suits his/her situation most, to predict D,.
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5-3-5 Conclusions:

Upon comparnng the 3-PG data presented in Figs 3231 (Sd-2), 32322 (S d-4), 823238 d o),
and 5-3-4 (§/d=8), the difference between /) A ad 1Y appears o vary vanes with S d- Forany
B. the middle pier provides less sheltering tor the rear pier as 8id mereases In view of this, there s
a difference Figs. 5-3-1 through 5-3-4 due to reduction in the shettenng effect Furthermore,
maximum values for 1) ',_.I, D " and D', - occur close to f= 40" 1t can be seen for both the middie
and the rear piers that the maximum scour depth ratios occur at ditterent B. en. the
maxima D'M: occur at $=40" and 30° for S/d=2 and 4. respectively (Figs 5-3.2 and 5-3-3)
Moreover, for the rear pier the peak ratio of scouring occurs at f=30" and 20° for $/d-2 and 4.

respectively. In addition, for S/d=2 maxima D . and 1Y), are greater than for S/d~4

In the next series of experiments the effects of varying the pier spacing on the local scour depth
were examined for different B. In general, the sheltering and reinforcement effects were observed to

decrease with increasing S/d. It was observed that, with increasing S/d. [ VoD cand D

, AL,

approach unity (Figs. 5-3-5 to 5-3-12). The results show that, for a 3-PG aligned to the flow ([}=0"),
the local scour depth ratio is highest for the front pier and is lowest for the rear pier. The results of
these experiments were compared with Hannah's (1978) data and good agreement was found

between the two studies.

As P was increased, M, and R, became more exposed to the flow, which resulted in
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greater /), , 1)y, and D », (Figs. 5-3-510 5-3-11). For >30°, the downstream piers were exposed
to the flow, thus, the values of ) ‘f".’ D 'M;‘ and D-R, increased (Figs. 5-3-12 to 5-3-28). The results
showed that a targer | was not necessarily associated with a larger scour depth. In the range
10°<B<30° all model piers are exposed to the flow, however, the ratio of D'M2 is smaller than the

ratio of D 'R‘ (Figs. 5-3-9 to 5-3-11). Moreover, the local scouring is more severe for R,.

For f230%and 2<S/d<6, D'M2 is greater than D'R, . In these ranges of B and S/d, M, was
affected by the HSV’s arms associated with F, and R,. This resulted in a deeper scour hole around
M, than occurred around the other piers. In addition, it can be seen in F_igs. 5-3-7 to 5-3-9
that D",_.l is the smallest value. Figs. 5-3-10, 5-3-11, and 5-3-12 show that the scour depth

associated with F, and R, approach the same scour depth when B>40° and S/d>4.

The general form of the prediction equation written in terms of untransformed values was found
for each pier, using the transpose of the vector of the regression model. The values G'Fl , é'M,

,and 0, are computed for a 3-PG, using equations 5-3-7, 5-3-8, and 5-3-9. Then, by substituting
the values 6 F, » G,M, ,and @' R, in equation 5-2-5, the prediction equations (5-3-10, 5-3-11, and

5-3-12) for the front, middle, and rear piers were found. Using equations 5-3-10, 5-3-1 1, and 5-3-12,
D D_(sz Dg,

the values % , —— and —l—)—’ were computed and plotted against the observed values in

D.f
Figs. 5-3-16, 5-3-17, and 5-3-18. For the vast majority of the data, the prediction equations were

s

successful within an acceptable error band in predicting the local scour depth for a 3-PG.
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Symbol Pier"
Dsr.mg

O Dy, /D,
JAN Dyp,/D

'F",'M’, and 'R’ stand for 'front’, 'middic',
and 'rear’ respectively and 1, 2, and 3 refer
to the individual member of piers in the group.

®A
Dgr,Ds=D'y,
Dgy,/Ds=D'y,,

D, /Ds=D'y,

B

Fig. 5-3-1: Scour depth ratios versus flow angle of attack
groups of 3 piers; (S/d=2)
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Fig. 5-3-2: Scour depth ratios versus flow angle of attack
groups of 3 piers; (8/d=4)
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Fig. 5-3-3: Scour depth ratios versus angle of attack

groups of 3 piers; (S/d=6)
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Fig. 5-3-4: Scour depth ratios versus flow angle of attack
groups of 3 piers; (S/d=8)
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Fig. 5-3-5: Scour depth ratios versus separation
groups of 3 piers; (6=0")
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Flow Symbol
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Pier
Dy . /D 4 Present Study
D g, /D 5 Present study
Dy, /D 5 Present study
D 4y, /D g Hannah (1978)
D 4y , /D s Hannah (1978)
Dy ) /D , Hannah (1978)

1.2 —i
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i
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Fig. 5-3-6: Comparison between scour depth ratios
groups of 3 piers; (8=0")
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Fig. 5-3-7: Scour depth ratios versus separation
groups of 3 piers; (6=10°)
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Fig. 5-3-8: Scour depth ratios versus separation
groups of 3 piers; (8=20")
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Fig. 5-3-9: Scour depth ratios versus separation
groups of 3 piers; (0=30")
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Fig. 5-3-10: Scour depth ratios versus separation
groups of 3 piers; (6=40")
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Fig. 5-3-11: Scour depth ratios versus separation
groups of 3 piers; (B=45")
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Fig. 5-3-12: Scour depth raties versus separation
groups of 3 piers; (8=50")
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Fig. 5-3-13: Front pier scour depth ratios versus flow angle of attack
for different S/d; groups of 3 piers
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Fig. 5-3-14: Middle pier scour depth ratios versus angle of attack
for different S/d; groups of 3 piers
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Fig, 5-3-15; Rear pier scour depth ratios versus flow angle of attack
for different S/d; groups of 3 piers
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Fig. §-3-16: Comparison between computed and measured
front pier (F,) scouring ratios; a group of 3 piers
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Fig. 5-3-17: Comparison between computed and measured
middle pier (M,) scouring ratios; a group of 3 piers
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Fig. 5-3-18: Comparison between computed and measured
rear pier (R;) scouring ratios; a group of 3 piers
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Plate 5-3-2: A group of 3 piers; S/d=2 and =20’
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Plate 5-3-4: A group of 3 piers; S/d=2 and p=50°
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Plate 5-3-6: A group of 3 piers; S/d=4 and p=20"
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Plate 5-3-8: A group ef 3 piers; S/d=6 and p=10°
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Plate 5-3-10: A group of 3 piers; S/d=6 and f=30°
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Plate 5-3-12: A group of 3 piers; S/d=8 and §=30°
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Plate 5-3-14: A group of 3 piers; S/d=3 and p=0°
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Plate 5-3-15: A group of 3 piers; S/d=5 and p=0"

202



Tabie §-3-1: Tests Performed for 3-PGs

S/id
B _
2 4 6 8
e oS 1]
Q° ® n ™ ®
1 00 ™ " ® "
20° * " ™ ®
30° ® * ™ "
35° ® * = ®
400 *® * " ®
45° ® ® * "
500 ® ® %= ®
. ———————

* Test performed

Table 5-3-2: One-sided t-distribution for 3-PGs (28 degrees of freedom)

One-sided t-distribution

60.0 0.256
75.0 0.6%3
ﬂ 90.0 1.313 f
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5-4 Local Scouring around 4-Pier Groups

Local scouring in the vicinity of a 4-PG was investigated at this phase of our experimental
program. Table 5-4-1 identifies the f and S/d used in these experiments. The effects of sheltering,

reinforcing, and compressed arms of HSV on local scour depth was investigated. Presented data

D Dy Dy
include the normalized scour depth ratios ( —=D'_., —2=D',, —2=D'_  and
o D Fp R R
SRy _ o . *
T-—D &, ) plotted against f§ or S/d.

3

Thirty-one data. points gathered from this stage of the study were analysed using multiple
regression analyses. Using logarithm transformation, prediction equations wére developed to find the
normalized scour depths ( D’Fl,D’ Ry D Fy and D' &, )- Four prediction equations were used to
compute the local scour depth in front of F,, R,, F;, and R,. Good agreements were found between

the computed and observed scour depths.

5-4-1 Effects of Varying p on Local Scour Depth

The effect of varying 8 on the local scour depth was investigated for Sld=2, 4,6, and 8. The
functional relationships between D' Fp D' Ry D' Fy D' g, and j are plotted in Figs. 5-4-1 through
5-4-20. The results for S/d=2 (Fig. 5-4-1) show an increasing trend of data for all piers in the 4-PG.
This Fig. also shows that the scour depths in front of the piers in a group are always larger than that
of a single pier. Since at the time of the pier installations  was set in the counter clockwise direction,
F; was not sheltered by other piers for the range of B applied in the tests. Therefore, the scour depth
in front of F, was nearly independent of . On the other hand, Fig. 5-4-1 shows that the scour depth
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around R, is increased in two steps. First, R, is sheltered by F, in the ranges 0°sf<10° and
35°%<P<45°. Second, it is exposed more to the flow in the range 10°<f<35". Because of the presence
of F; the sheltering effect is not as significant as the effect of the arms of the HSV associated with
R,. This is why D’R2 does not decrease, although R, is sheltered by F, at f=45". For S$/d=2,
individual scour holes were not established around each pier; instead one scour hole was formed

around all four piers. Plate 5-4-1 illustrates the nature of the loca!l scouring around a 4-PG.

For S/d=3, D' F],D' Ry and D' &, Show anincreasing trend with increasing B. Nevertheless,
the variation of D",,.3 is relatively independent of B (Fig, 5-4-2). In this case, because of a larger S/d,
as compared with the previous case, the sheltering effect exceeded that of the compressed arms of
the HSV for the downstream piers. Therefore, since R, is sheltered by F, for $>30°, the variation
of D' R, remains stable in this range. However, in this case, D' FI,D' Ry D Fo and D' k, are smaller
than their corresponding values for S/d=2. Because of a larger S/d, the arms of HSV are weaker
which results in a shallower scour hole. The formation of the local scouring around the piers is shown

in plate 5-4-2 for p=0° and S/d=3.

The next series of tests (S/d=4) investigated the effect of varying § on the local scour depth.
Similar to the previous S/d cases, D' F, Was found to be independent of B. The effect of sheltering
on R, can be observed in Fig. 5-4-3. This figure shows a peak value of D' R > followed'by a sudden
decrease. The peak value corresponds to the situation in which R, was exposed to the flow; while the
sudden decrease is associated with the sheltering eﬁ’ect, which in turn is a result of the presence of

the upstream pier (F,). The development of the scour hole around R, shows that the value
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for ' r, is smallest in the ranges 0°<< 10° and 30°sP<40°, because R, is sheltered in these ranges
by F, and F,, respectively. However, D'R, is largest in the range 20°sB<30% because R, is
completely exposed to the flow. At B=45°, both F,and R, reach the same scour depth because they

were equally exposed to the flow.

Next, the effect of different § on local scour depth was investigated for $/d=6. Similar to the
previous cases, variation of D’ r, Was independent of B. The sheltering effect associated with R, was
evident for the ranges of 0°<B<10° and 30°<P<45°. In these ranges of B, R, was sheltered by F,and
F, respectively. The maximum scour depth for R, occurred at f=20°.The maximum scour depths
assoctated with F,, R, F;, and R, were smaller here than those for S/d=4 (Fig. 5-4-4), The reason is
that compressed arms of the HSV became weaker with increasing S/d. The scouring pattern formed

around the piers is illustrated in Plate 5-4-3 for f=0° and S/d=6.

In the final sets of experiments, the effect of different B on lccal scour depth was investigated for
S/d=8 (Fig. 5-4-5). At this $/d value, an individual scour hole formed around each pier. Since, in this
instance, S/d was greater than the previous cases, the maximum scour depths associated with the piers

were less than those observed for 8/d=2 to 6.

5-4-2 Effects of Different S/d on Local Scour Depth

In this phase of our study, 8 was kept constant within each experiment while S/d varied. The

effect of the changing S/d on local scour depth was investigated after which the depths of scour
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around the piers were compared : ‘" each other.

Using B=0°, the effect of varying S/d on local scour depth was investigated. The results (Fig,

5-4-6) show a decreasing trend of data for all piers in the 4-PG. It is observed that
D F,’D' Ry D' Fy and D' R, approach unity with increasing S/d. Thus, the scour depths in front of
all piers reach that of a single pier at S/d=8. The Fig. shows that the scour depth varies with S/d in
the range 1<5/d<4 more rapidly than in the range 4<S/d<8. The results show that the effect of
reinforcement is more significant in the range 1<S/d<4 than that for S/d>4. Alsq, since R, and R, are
sheltered by F, and F,, respectively, D' R, and D'R,, are smaller than D'FI, and D' y, - For this
special case in which piers are aligned to the flow and are spaced equally in respect to the walls of
the channel, F, and R, are under the same flow conditions as are F, and R,. Therefore, it is expected
that D'R, and D'R‘ are identical as are D'FI, and D' F, - The results for B=0° are compared with
available data found in the literature. The resuits of Hannah (1978) and those of the present study

show a good agreement (Fig. 5-4-7).

In the next set of tests, the effects of the varying of S/d on local scour depth was investigated
for $=10°. The results show a decreasing trend that is more significant in the range 2<5/d<4 than that
in the range 4<sS/ds8 (Fig. 5-4-8). The scour depths in front of grouped piers approach that of a
single pier with increasing S/d. The front piers show a larger scour depth than the rear piers in the

range 2<5/d<6, because the reinforcement (associated with the rear piers) affects the front piers.

For p=20°, D'Fl, D'Fs’ and D‘R‘ show a decreasing trend approaching unity, whereas
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oy ®, shows less response to the changing of S/d. In this case, R, was exposed to the flow while
in the previous case it was sheltered by F,. Therefore, the overall scour depth is greater in this case
than the former case. !n addition, 7' R, is greater than other normalized scour depths. The greater
scour depth results from the specific flow pattern and pier alignments, that cause a situation in which

the sediments are removed more easily from around R,.

The effect of different S/d on the local scour depth was investigated for =30°. The scour
depth in front of the piers shows a decreasing trend that approaches the scour depth of 2 single pier
(Fig. 5-4-10). The most significant change in the scour depth is associated with F,. In the next set of
tests, the effect of different $/d on the local scour depth was investigated for f=40°. As in the
previous cases, a decreasing trend of data is observed for all normalized scour depths (Fig. 5-4-11).
Here, also with increasing S/d, D’ FI,D' Ry D' Fy and D'R‘ approach unity. It can be seen once again
that D' r, fluctuates the most. This fluctuation is due to the location of R, in respect to the other

piers.

The final set of tests investigated the effect of varying S/d on the local scour depth for =45°.
The pier arrangement for this B is such that R, is aligned with F,. This implies that the former is
completely sheltered by the latter. On the other hand, F, and R, are positioned symmeirically which
means that both are equally exposed to the flow. Furthermore, the values of D' F, and [ g, are

identical for S/d<4 (Fig. 5-4-12).
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5-4-3 Comparison between a 4-PG and a 2-PG

It was mentioned earlier that a 4-PG can be treated as two 2-PGs. Here we will compare the
results of both groups of piers. Figs. 5-4-21 and 5-4-22 show that the scour depth in a 4-PG is
always greater than that of a 2-PG for S/d=2 and 3. This implies that the presence of an extra row
of piers beside a 2-PG intensifies the strength of the HSV causing more removal of sediments from
around the piers. We may also consider a 4-PG equivalent to two 2-PGs with =90, nemely (F, -
F) and (R, - R). The effect of the presence of the second pier group (R, and R,) is shown in Fig. 5-
4-23. It is observed that the local scour depth increases dramatically with the presence of the second
pier group. This implies the important effect of reinforcement, which is more significant for the

smaller S/d. For 8/d>8, both the 2 and 4-PGs approach the local scour depth of a single pier.

In the next set of experiments both pier groups were aligned to the flow. For the purpose of
comparison, Hannah’s (1978) data are aiso included in Fig. 5-2-24. This figure shows that the scour
depth for a 4-PG is always greater than that for a 2-PG in the range 2<S/d<4. Nevertheless, both pier
groups approach the scour depth of a single pier for S/d>4. Local scour depths in front of the piers
in 2 2-PG or a 4-PG that are misaligned to the flow, are compared in Figs. 5-4-25 to 5-4-26. The
local scour depths associated with a 4-PG are always greater than those of a 2-PG for f=40° and 45°
in the range 2<S/d<8. Once again, as was shown earlier in Fig. 5-4-23, beyond S/d=8 both the 2 and

4-PGs reach the scour depth of a single pier.
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5-4-5 Multiple Regression Analysis

5-4-5-1 Analysis of Data

Thirty-one measurements of local scour depths gathered from this study were analysed using

multiple regression analyses to obtain local scour prediction equations for the front and rear piers.

As was mentioned for the 2- and 3-pier groups, local scour depth for a 4-PG is a function of f and

S/d for any arrangement of pier groupings. The functional relations for the normalized local scour

depth are:

D S
-gﬁ‘—'; {B, -5] _ (54-1)
D
%= A {ﬁ, %} (5-4-2)
D Ry
—Bsﬁ= ; {ﬂ, ?} (5-4-3)
Dg, _ S
Ts— A {B, E] (5-4-4)

A multiple linear regression was used to develop prediction equations for the 4-PG, based on

the proposed functional relations in equations 5-4-1, 5-4-2,5-4-3, and 5-4-4. Using the muitiple

regression model, as given in the earlier matrix notation (equations 5-2-2, 5-2-3, and 5-2-4 ), the
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vector of fitted values corresponding to a vector of observed values is computed. Then, the “hat™
matrix Hy,.,,  (X(X"X)'X") which is necessary in regression analysis can be computed tor the 4-PG,

using equation 5-2-4. Logarithmic transformation of all variabies was found to provide the best linear
Dg. Dg Dy Dy
retations. The logarithms of —°L —f)-’-, -B-‘ and —-b—‘ were regressed against a combination

L k) L)

of the two independent variables P aud S/d.

The general forms of the prediction equations are:

D .
St 5] }
) a,p [ d] (5-4-5)
}JSR b S c;
R apgh| 2
) B [ d) (5-4-6)
D, e
D, ,B ( d) (5-4-7)
Dg; b [ S
d a2 ;
an D, a,p ( d] {5-4-8)
in which; al=exp(é’ﬂm) , bl=é'F.(2) , "|=9'F,(3) s a2=exp(6',,7m} , bfé'n,(z) ,

c2=é'R2(3) ; a3=exp(0'R3(1)) » b3=9'R3(2) > c3=6'33(3) ) a4=exp(B'R‘m} . 1’4:6'&,12) ’

n n
!

Y] Ar _lar f]
¢s=0 R(3) > 0 F, ‘[B F1y 0 F2y o

T

F.m] , e'ﬂf[a'&tw O ay é'fl,t:n ’

' ’ At _lAr Ar '
Fay Y Fgay 6 F,(a)} ,and © R;'[é Ry 9 R{2Y 6 Rp)] .
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5-4-4-2 Predicting Scour Depths

Normalized scour depths predicted by equations 5-4-5, 5-4-6, 5-4-7, and 5-4-8 are the
expected response to a specified set of regressors, and are not known with certainty. Using a
procedure similar to the case for the 2-PG, a probability statement about the distribution of

D, D D D
In( i) ), In( B ), In{ —% ), and In( —bsﬁ ) provides a means of evaluating appropriate

1 3 3 3
design values. Using the transpose of the vector of predictor variables, as given in equation 5-2-6,
several 100{1-a) percent upper confidence limits for the logarithm of normalized scour depths can

be computed. Equation 5-2-7 is used to compute the upper confidence limit,

D D D D D n .
using SF‘, SR’, SF’, and —2 as substitutions to  —= . The values of 0. . 0
D.! D.! D.f 3 5 : ?

, G'F, , and G'R‘ computed for a 3-PG are indicated in equations 5-4-9 through 5-4-12:

é'F|=[o.63,o.01,—o.3z] (5-4-9)

G'RI=[0.38,0.06,-0.23] (5-4-10)

é'F]=[o.54,0.01,—0.24] (5-4-11)
and 8’ =10.37,0.06,-0.23] (5-4-12)
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The variance of prediction can be estimated using equation 5-2-10 in which o for the front.
middle, and rear piers is substituted by 6;}: . 6;'{? , 6,2_-‘ .and (‘:l,z‘.4 . For the 2-vanable regression
model, using thirty-one measurements, the variances of predictions
are 6}1 =0.24, 6;2 =0.42, 6:.3 =0.1, and 6;4 =0.29. One-sided t-distribution statistics for n-

p=31-3=28, degrees of freedom and several confidence levels are given in Table 5-4-2. Upper

Dg. Dg, Dy, Dy,
estimates of In( —— ),In( —2 ),In( — ),and In{ —— ) are obtained from equation 5-2-7.
D, D, D, D,

With the inclusion of an appropriate factor of safety, the upper limit of scour depth can be used to

design pier foundations.

5-4-4-3 Prediction Equation for a 4-PG

Parameters a,, bll’ C1, 8y, by, €, a3, by, ¢, a,, b, and ¢, obtained for a 4-PG were substituted

in equation 5-2-5. Hence, for the front and rear piers of a 4-PG, equation 5-2-5 can be expressed as:

-

Ds.v- §)-on
! =1.88 041 § & 5-4-13

rsspen | 5) (54-13)
ﬁ -0.23

- 46p00 [ :S) (54-14)
D, d

D -024

._Sﬁ=]'72‘30.0| § (5—4—!5)
D, d

213



Equations  5-4-13, 5-4-14, 5-4-15, and 5-4-16 are used to pradict

Dg. 1)_“,2, D.%.“ D,

D’ b’ D

X K4 3 3

5-4-27, 5-4-28, 5-4-29, and 5-4-30. Most data fall within £10%, %10%, *5, and +10% of the

- The predicted values are plotted against observed valucs in Figs.

predictions from the relationship proposed in this study, for the front and rear piers, respectively. The
value of D, may be obtained using any appropriate empirical equations for a single pier. Equations
5-4-13, 5-4-14, 5-4-15 and 5-4-16 represent the line of perfect agreement in Figs. 5-4-27, 5-4-28,

5-4-29, and 5-4-30 respectively.

-

D -0.23
—e_ 1 45B0% [5] (54-16)
D d

3

Equations 5-4-14 and 5-4-16 are almost the same, therefore, the local scour depth in front of
the rear piers can be estimated conservatively using equation 5-4-14. Coefficients of equations 5-4-13
and 5-4-15 are not as close as those obtained for the rear pier. Nevertheless, the local scour depth

in front of the front piers can be estimated conservatively using equation 5-4-13.

5-4-5 Conclusions:

The variation of scour depth against B, for each pier in a 4-P(3 was investigated using different
S/d. The results for §=0°, 10°, 20°, 30°, 40°, and 45° showed the same decreasing trend of data,
approaching unity, with increasing S/d for D' F,’D' Ry D'FJ, and D' R, (Figs. 5-4-1 to 5-4-12). This

implies that by further increasing S/d, the sheltering effect is more significant than that of the arms
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of the HSV. Fig. 5-4-13 depicts the effect of increasing S/d on D’{._.‘ - According to the results, a
larger scour depth was observed for the smaller 5/d. The same trend of data was observed for R, F,,
and R, (Figs. 5-4-14 to 5-4-16). However. 1.)',,.| and 1)',,.1 were significantly dependent on P.
Moreover, it can be seen that R, is sheltered by F, in the range 0°sf<10". in addition, a sharp increase
in D'R= is observed, resulting from the absence of the shelterihg eftect in the range 10<p<20° The
trend of data for R, is similar to those observed for R, Figs. 54-13 10 5-4-16 show that

D’Fl, D’Rz, D' Fy and D'R‘ are within the range of between 1 and 1.5.

The effects of different B on local scour depths was investigated for S/d=2, 4, 6, and 8
Generally, an increasing trend of data was observed for all piers in the grouﬁ, except F,. It was
evident that D’F3 was independent of . Moreover, it was shown that the of arms of HSV were
weaker for a larger S/d while the sheltering effect was stronger for the smaller f. The smaller the S/d,

the larger the peak value was for D' ,,.|,D’R2, D'FJ, and D' R, -

Comparison between 2 and 4-PGs reveals the fact that a deeper scour hole is expected in a
4-PG. In addition, a 4-PG can be considered as two 2-PGs which are close together. The closer the
piers, the deeper the local scour depth is. Moreover, by increasing S/d, the difference between the
local scour depth in 2 and 4-PGs is reduced. For S/d>8, both the 2 and 4-PGs reach the scour depth

of a single pier. The reinforcement effect plays a pivotal role in all cases in the range 2sS/d<4.

The general form of the prediction equation written in terms of untransformed values was found

for each pier, using the transpose of the vector of the regression mode!. The values of 6’ g & R,
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.6 » ,and O x, computed for a 4-PG were found using equations 5-4-9, 5-4-10, and 5-4-12. By
substituting the values of Q‘FI , B’R‘ . Q’F‘ , and é'm in equation 5-2-5, the prediction

equations for the front and rear piers were found using equations 5-4-13, 5-4-14, , 5-4-15_ and 5-4-

Dg. Dy D D,
16. Using equations 5-4-13, 14, 15, and 16, the values o f 5 L 5 z, D 2, and —— were

3 ¥ I X

computed and plotted against the obscrved values in Figs. 5-4-27, 5-4-28, 5-4-29 and 5-4-30. The

prediction equations were found successful in predicting the local scour depth for a 4-PG within
acceptable errors including vast majority of the data. It was concluded that equations 5-4-13 and 5-4-
14 can be used to estimate the scour depth of the front and rear piers, respectively. Using these two

equations give conservative results.
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Fig. 5-4-1: Scour depth ratios versus flow angle of attack
groups of 4 piers; (S/d=2)
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Fig. 5-4-2: Scour depth ratios versus flow angle of attack
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Fig. 5-4-4: Scour depth ratios versus flow angie of attack
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Symbol Pier
+ F
O Rz
J F3
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/\  Fy Hannah (1978)
l V' Ry Hanush(1978)
Flow [>  F3Hanneh(1978)
q R4 Hannah (1978)
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Dgg,/Ds=D'g,
] Dgg,/Dg = D'F3
Dsmll)s = D‘Rd
2 —
1 -

S/d

Fig. 5-4-24: Comparison of scour depth ratios versus
pier spacing/ pier diameter; groups of 2 and 4 piers; (8=0")
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"Dy My = D',

Dy, My = D',

- Dy, /D5 = D'y

Dy /05 = D'y,

4

[

S/d

Fig. 5-4-25: Comparison of scour depth ratios versus
pier spacing /pier diameter; groups of 2 and 4 piers; (B=40")
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Symbol Pier

A F2Pe)
V  Ry2-PG)
* v
Dy, M =D'g,
DstmS = D'Rz

D

sry/Ds = D'F3

D, /Ds=D'g,

Std

Fig. 5-4-26: Comparison of scour depth ratios versus

pier spacing/ pier diameter; groups of 2 and 4 piers; (B=450)
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Fig. 5-4-27 : Comparison between computed and measured
front pier (F;) scouring ratios; a group of 4 piers
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Fig. 5-4-28 : Comparison between computed and measuyed
rear pier (R,) scouring ratios; a group of 4 piers
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Fig. 5-4-29 : Comparison between computed and measured

front pier (F;) scouring ratios; a group of 4 piers
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Fig. 5-4-30 : Comparison between computed and measured
rear pier (R,) scouring ratios; a group of 4 piers
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Fun No. 180

Plate 5-4-1: A group of 4 piers; S/d=2 and p=45"

Plate 5-4-2: A group of 4 piers; S/d=3 and p=0°
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Plate 5-4-3: A group of 4 piers; S/d=6 and p=0°
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Table 5-4-1: Tests Performed for 4-PGs

S/d
p
2 3 4 6 8
e — MR s ——— |
00 * * * ® *
1 00 x * ® *® ”
200 - * » *® n
300 ® ® * ® »
400 ® * ® ® ) ®
459 * * ® * * ll
- - -
* Test performed

Table 5-4-2 One-sided t-distribution for 4-PGs (28 degrees of freedom)

Confidence level One-sided t-distribution

ercent ' (Statistics) |
60.0 0.256

75.0 0.683

90.0 1.313

95.0 1.701

97.5 2.048

99.0 2.467
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5-5 Local Scouring around 6-PGs

Local scouring in the vicinity of 6-PGs was explored at this phase of our study. The effects
of sheltering and reinforcement on the local scour depths were investigated for 0°<f<45° in 10°
intervals, and 2<S/d<8, in intervals of 2 (Table 5-5-1). For the first series of tests, S/d was kept
constant while § was varied. In the subsequent series of tests, P was kept constant while S/d was
varied. The data obtained in this phase of the experimental program were analysed using a multiple
regression model. Different local scour depth prediction equations were developed for the front,
middle, and rear piers using logarithmic transformation of normalized local scour depth ratios
Dwr Day D Dar D , and E-DS-Ri). Good agreements were found between computed

D, D,” D’ D’ D

3 1 L) 3 I L)

(

and observed normalized scour depth ratios.

5-5-1 Effects of Different } on Local Scour Depth

In this phase of the experimental program, for any S/d (= 2, 3, 4, 6, and 8) P varied between
0" and 45°. In the first sets of experiments on a 6-PG, the effects of varying  on local scour depth

were studied for S/d=2. The results show (Fig. 5-5-1) an increasing trend of data with increasing f3

D D D D D
for all local scour depth ratios (-—Sﬂ=D'F, jji:D'M, SR’=D'R, SF"=D'F, SM’=D'M,
D D. D, MTp  RTp- T M

and -——]—;—R-‘:D' Jgaﬂ). With increasing B, A, increases causing a deeper scour hole around the piers.

For this S/d, the result for a 6-PG is comparable with a single rectan‘gular-shaped pier whose
dimensions are ‘a’ and ‘b’ where a=2xd (normal to the flow direction) and b=3xd (paraliel with the
flow direction). Moreover, according to the data of Chabert and Engeldinger (1956), Hannah (1978),
and Vittal et. al., (1994), the scour depth produced by a 6-PG would always be less than a single solid
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pier having the same dimensions.

The scour depth in front of the piers increases with § except for /' x, -~ Whose variation is
independent of . Considering that B increases in an anti-clockwise direction, F, is the only pier
which is not sheltered by any other pier in the range 0°sB<45°. On the other hand, M, and R,. which
are sheltered by F, and F,, have the smallest local scour depth among the piers. Piers downstream of
F, and F, show a significant increase in their associated local scour depth starting at B=10". This is
because they are exposed to the flow in the range 10°<P<30°. Plate 5-5-1 iliustrates the formation

of local scouring around a 6-PG with S/d=2 and p=30".

In the next series of tests, } was varied for S/d=3. The results show a similar trend of data
with those of S/d=2 in that D’ F, and D' F‘showed almost no change to the variation of f§ (Fig. 5-5-2).
Nevertheless, overall local scour depth in this case was less than that for S/d=2. The larger S/d is
responsible for this difference. It was observed thatD’Mz, D Ry D'Mg.’ and I R, increased significantly
with B, because their associated piers were exposed to the flow. However, their maximum values
were reduced for S/d=3. The smaller local scour depth is due to the weakening of compressed arms
of the HSV associated with increasing S/d. For example, the maximum scour depth associated
with D', was found to be 1.8, while the corresponding value for S/d=2 was found to be 2.2.

Furthermore, D' R, and D'F‘ showed almost no change with the variation of f.

In the next series of tests the effects of different f on local scour depths was investigated for

S/d=4. Although D' F, and D' r, Were once again found to be independent of the variation with 8, on
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the other hand the scour depths associated with the downstream piers showed increasing trends with
increasing B (Fig. 5-5-3). A peak value was observed for D' kAt =30", beyond which the scour
depth decreased. The increasing trend of the first limb of the curve, which was due to a reduction
of the sheltering effect with increasing B, was diminishing accordingly for D’ R, Such a trend was

observed for D'M* as well, although its peak occurred at a different flow angle of attack (f=40°).

The effects of different B on local scour depth ratios were investigated for S/d=6. Similar to
the previous cases, D'F‘ was independent of B (Fig. 5-5-4). However, local scour depths around
downstream piers showed a steep rise between =0" and f=20° followed by more or less scour depth
ratios. In the next set of experiments, the effects of varying f§ on local scour dep:th were investigated

for S/d=8. Similar to the previous cases, variation of B did not affect the values of D'F‘ and D'&

whereas other scouring ratios, approaching a maximum at $=20°, showed fluctuating trends (Fig. 5-5-
5). The general trend of data shows that all local scouring ratios approach unity beyond S/d=8. The

formation of local scouring holes around piers in a 6-PG is illustrated in Plate 5-5-2.

5-5-2 Effects of Varying S/d on Local Scour Depth

In this series of tests, § was kept constant in a set of experiments in which S/d varied. This
procedure was repeated for f=0°, 10°, 20°, 30°, 40°, and 45° The range of S/d was between 2 and
8. However, two additional tests were carried out for B=0° using S/d=1 and 10 to investigate the
effect of varying S/d on the local scour depth and to compare the results with available data. Results

show (Fig. 5-5-6) the same trend of data for D', D', D', D', D'y, and D', . According to
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this figure, a sharp decrease is observed for all scouring ratios in the range 1<S/ds4. Variations of

these normalized scour depth ratios become smoother as S/d increases.

The reinforcement effect for a 6-PG was not as strong as it was for a 2 or 3-PG. Since for
8/d=1, the projected width of a 6-PG is twice the diameter of a single pier (Fig. 5-5-25), the scour
depth for S/d=1 is not equal to that of a single pier. However, a row of piers aligned to the flow, i.c.,
a2 or 3-PG, has the same projected width as a single pier for S/d=1. The scour depth for a 6-PG in
the case of S/d=1, was found to be 40 mm which is close to that of a single pier (D,=42 mm) having
a diameter twice as much as each pier of a 6-PG. The scour depths of rear piers are the smallest,
whereas scour depths associated with front piers are the largest. The difference among the normalized
scour depths ratios decreases with S/d. By further increase in S/d the scour depths of the piers

approach the scour depth of a single pier.

The results of the present study are compared with Hannah’s (1978) data. He conducted four
tests for §=0° in the range 1<S/d<4 (Figs. 5-5-7 and 5-5-8). His published data show a significant
decrease at S/d=2, while the corresponding graphs based on the data, do not show such a decrease.
In fact, the point of question (S/d=2) was deleted from the graph. Nevertheless, using a wider range
of S/d, our study does not show such a decrease at S/d=2. Apart from this difference, a generally
good agreement was observed between the results of the two studies. The local scour holes formed

around the piers in a 6-PG are illustrated in Plates 5-5-3 and 5-5-4.

The effect of the varying S/d on local scour depth was investigated for }=10°. The same trend
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of data, similar to the case for f= 0", was observed for 1)’ oo D'.u, , and ])',,4 (Fig. 5-5-9). On the
other hand, l)'R‘, 1, and I’ x, showed different data trends from those observed for f=0°
Both IJ'M‘ and D'H.. followed almost the same trend_ while the value of /)’ Ry showed a significant
increase starting from S/d=4. Different trends of data between the two cases (p=0 °, and 10°) are due

to the fact that piers downstream of F, and F,, will be exposed to the flow when [>10°.

In the next sertes of tests the effect of varying S/d on the local scour depth was investigated
for =20°. The same trend of data was observed for all normalized scour depth ratios except
for D' g, - The results show (Fig. 5-5-10) that the scour depth associated with F, is independent of
the S/d. As well, this independency was observed for §=30°, 40°, and 45° ( Figs. 5-5-11, 5-5-12, and
5-5-13). The reason is that for p220°, D’ F, will be less affected by downstream piers for all cases.
Similar to the previous cases, the scour depths associated with the front piers for $=30°, 40°, and 45°,
decreased significantly in the range 1<S/d<4. In addition, variation of all scour depth ratios, except
for that of D' r, »Was independent of S/d in all cases. The deposition of sediments from upstream,
caused a significant decrease in the scour depth in front of R,. Plates 5-5-5 to 5-5-11 illustrate the

formation of local scouring around piers in a 6-PG.

5-5-3 Comparison between Results of 3- and 6 -PGs for Different S/d

It was mentioned earlier that a 6-PG may be regarded as being equivalent to two 3-PGs
combined. In the following exercise, the local scour data for a 6-PG and a 3-PG extended to a 6-PG

will be compared for =0, 10°, 20°, 30°,40°, and 45°, and S/d=1, 2, 3, 4, 6, 8, and 10.
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To investigate the effects of adding a row of 3 piers (F,, M,, and R,) to an existing 3-PG. the
results of 3 and 6-PGs were compared using p=0" and different $/d (Fig. 5-5-14). A significant
difference was observed for S/d=1. At this S/d. the projected width of a 3-PG is equal to that of a
single pier while for a 6-PG the projected width is twice as much as that of a single pier of that same
group. Therefore, it is expected that a 6-PG will produce a larger scour hole than a 3-PG for S/d=1.
However, this difference becomes less significant as S/d increases. The data also shows that scour
depths for both pier groups approach the scour depth of a single pier with increasing S/d. The same

conclusion applies to the second row of the 6-PG including F,, M, and R,.

The effect of adding a row of 3 piers to a 3-PG was investigated for f=10" and different S/d.
As was the case for §=0°, the scour hole around a 6-PG is larger than that of a 3-PG. However, the
difference between the two pier groups is not as significant as in the previous case. Moreover, with

increasing S/d, D'Fl, D'u, D'RJ, D’F‘, D’M‘, and D’Rbapproach unity.

The effect of adding an extra row of piers (3-PG) to a 3-PG was investigated using different
S/d and B=20° (fig.5-5-16). Although the difference between the results of the two pier groups (3-PG
and 6-PG) has been reduced, as compared with the previous cases, it is still significant for $/d=1. The
reason for this reduction is that the projected width of a 3-PG, misaligned to the flow, is not half of
that of a 6-PG while it was the case for =0°. In addition, by increasing [} the scour depths associated
with both rows of a 6-PG are no longer identical, Therefore, all six scour depth ratios
(D £ D’M, D Ry D' Fp D’Ms, and D'R6 ), were considered for this case for the purpose of

comparison.
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Using data gathered for a 3-PG and a 6-PG, the effect of adding 3 piers to a 3-PG on local
scour depth was investigated for f=30", 40°, and 45°. The results show less of a difference between
the scour depths of two picr groups, as compared with the previous case (Figs. 5-5-17, 5-5-18 and
19). However, it was observed that a 6-PG produced a larger scour hole than that of a 3-PG,
although the local scour depths in both pier groups approached the scour depth of a single pier for

S/d>8.

5-5-4 Comparison between the Results of 3- and 6-PGs for Different p

At this phase of our study the results of a 6-PG will be compared with a 3-PG. Since B is not
constant and the results of the first row of the 6-PG (F,, M, and R,) are different from the second row
(F5, My and R), all normalized scour depth ratios associated with a 6-PG are included in the
comparison. The effect of varying f§ on local scour depth is shown in Fig. 5-5-20 for S/d=2. Both
3- and 6-PGs show the same trend of data. While the scour depth for a 6-PG is generally larger than
that of a 3-PG, the difference between the scour depths for these two pier groups are small.
However, the presence of the second row of piers, intensifies the strength of the arms of the HSV’s,

resulting in a larger scour depth in front of the piers in a 6-PG.

For S/d=4, the results (Fig. 5-5-21) show that the difference between the two cases is not
significant in the range 0<B<20°. In this range of P, both data show the same trend. However, for
p>20° the normalized scour depth ratios associated with a 6-PG are larger than those of a 3-PG. This

implies that the presence of the second row of piers aids sediment removal from the vicinity of the
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piers resulting in deeper scour depths.

The results for S/d=6 show that downstream piers for both cases reach a peak value at f=20",
while for B>20" they show different trends of data (Fig. 5-5-22). The former approaches the scour
depth of a single pier whereas the latter does not decrease. On the other hand, 7 ’, and 1Y K, for
both pier groups are almost independent of B. For S/d=8, it is seen, by the comparing the results of
3 and 6-PGs (Fig. 5-5-23), that the presence of an extra row of piers does not change the normalized
scour depth ratios significantly. Since S/d is relatively large compared with the previous case, each
pier has an independent scour hole. Therefore, there is less interaction between the arms of HSV’s

associated with each of the piers in a 6-PG.

$-5-5 Comparison between Local Scour Depths of a 2- and 6-PG

From another point of view, one 6-PG can be viewed as being equivalent to three 2-PGs. For
B=0° F,and F, can be assumed to be piers of a 2-PG with $=90" Therefore, one can compare the
results of this 2-PG with those of a 6-PG for f=0°. Downstream piers (M,, M,, R,, and R,)can be
assumed as those extra rows of piers which intensify the arms of HSV’s and caused increased more
removal of sediments from around F, and F,. The results show (Fig. 5-5-24) the same trend for both
2 and 6-PGs in that they approach unity for S/d>8. However, because of the presence of the extra

piers downstream, the scour depth of a 2-PG is less than that of a 6-PG for a wider range of S/d.
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$-5-6 Multiple Regression Analysis

Thirty-one measurements of local scour depths gathered from the present study were analyzed
using multiple regression analyses to obtain local scour prediction equations for the front, middle and
rear piers. The regression analysis provides a probability statement about the distribution of the

prediction, from which an upper confidence limit of local scour depth can be determined.

5-5-6-1 Analysis of Data

Clearly, local scour depth parameters for any arrangement of pier groupings are primarily

function of f and S/d. The functional relations for the normalized local scour depths are:

e
"DB&%: A {B, %] (5-5-2)
g
eRE

238



D. .
- =1, {B ‘\} (5-5-8)

SR A
and R L = §.5.
‘ D f"{ﬁ d] (5-5-6)

Multiple linear regression was used to develop prediction equations for the 6-PG, based on
the proposed functional relations in equations 5-5-1, 5-5-2, 5-5-3, 5-5-4. 5-5-5. and 5-5-6. Using the
raultiple regression model, was given in the earlier matrix notation (equations 5-2-2, 5-2-3 and 5-2-
4), the vector of fitted values corresponding to a vector of observed values is ‘computed. Then, the
“hat” matrix H,.,,, which is necessary in regression analysis can be computed for the 6-PG, using
equation 5-2-4. Logarithmic transformation of all' vanables was found to provide the best linear
relations. The iogarithm of the ratios of Dy, Da, D, D Da, , and -%f‘l were regressed

D’ D’ D’ D’ D

3 5 3 5 5 3

against combination of the two independent variables P and S/d.

The general forms of the prediction equations are:

Dgy b S1°
= B 5.5.7
D, P (d] (-5-7)
DSM b R
—_1 1 fuil 5-5-8
D, P (d] (5-5-8)
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b=0 mys) » €= ag ag=exp(0 rqy » 56=0'r ) c,=0 F) o 0 F _[0 Fely 8 Faay ) F,(J)] ’
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5-5-6-2 Predicting Scour Depths

Normalized scour depths predicted by equations 5-3-7, 5-5-8, 5-5-9. 5-5-10. 5-5-11, and 5-5-
12 are the expected response to a specified set of regressors, and are not known with certaintv. Using
a procedure similar to the case for the 2-PG, a probability statement about the distribution of provides
a means of evaluating appropniate design values. Using the transpose of the vector of predictor
variables, as given in equation 5-2-6, several 100(1-a) percent upper confidence limits for the

logarithm of normalized scour depths can be computed. Equation 5-2-7 is used to compute the upper

confidence limit, using DDSF‘, DDSK”,DDSR’,ZSF‘,DDS"’, and D—SR"as substitutions to Ds‘. The values
of Q'Fl,e""z ’étRa ’é'F4’é:A!3 , a;dé'; con:putedsfora 6-PGsare: :
é'Fl=[o.54,o.02,—o.zo] (5-5-13)
6",,,=[0.50,0.05,-0.20] (5-5-14)
é'R3=[o.34,o.04, ~0.15] (5-5-15)
6. =[0.53,0.01,-0.2] (5-5-16)
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é’l\,‘={0.4s.o 03,0 101 (5-5-17)
and 6, =[0.39,0.08,-0 2] (5-5-18)

The variance of prediction can be estimated using equation 5-2-10 in which o for the tront,
middle, and rear piers is substituted by 67,8}, . &} . &}.,6}, . and@}, . For the 2-variable regression
model, using thirty-one measurements, the variances of predictions are Gi‘, =0.39, 6:,: = 0.65,

0p, =069, &7, =024, &}, =063, and 87, =0.84.. One-sided t-distribution statistics for n-p=31-
3=28, degrees of freedom and several confidence levels are given in Table 5-3-2. Upper estimates of

D Dg. D, D
) ln( ) ln( ) ln(——) In (T)’ and In(—D—) obtained from equation 5-2-7.

.I' I I

With the mclusnon of an appropriate factor of safety, the upper limit of scour depth can be used to

design pier foundations.

5-5-6-3 Prediction Equation for a 6-PG

Parameters a,, by, ¢,,3,, by, ¢y, a5, by, ¢35, 8, b, ¢, a4, by, ¢, 2, by, and ¢, obtained for 2 6-PG
were substituted in equation 5-2-5. Hence, for the front, middle, and rear piers for a 6-PG equation

5-2-5 can be expressed as:

D

-0.20
g .72ﬁ°-°2[ f) (5-5-19)
a
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D. .\ -0 20
S, )
L l 65 nos o« 5'5'20
D, p [ —') ( )

Ijm g\ 013
22 -1 . 4R%04 2 5-5-21
St | d] (5-5-21)
D-SF S -0,20
o 7Ry 2 5-5-22
17D [ d] (-5-22)
ﬁ -0.19
$h_y 5750-05[ §] (5-5-23)
D, d
) -0.20
and =~ —eey ,43{50-0“[ -S-) (5-5-24)
D, d

Equations 5-5-19 to 5-5-24, are used to predict the wvalues of

D.,. D, D, D._. D D

SF', ‘W’, SR’, SF“, SM’, and —. Predicted values are plotted against observed values in
D! DS DS D.T DS D

Figs. 5-5-25, 5-5-26, , 5-5-27, 5-5-28, 5-3-29, and 5-5-30. Most data fall within £10%, £10%,

3

+15%, +£10%, £10%, and +10%, of the predictions from the relationship proposed in this study, for

F,, M,, R,, F,, M,, R, respectively. The value of D, may be obtained using any appropriate empirical
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equations for a single pier. Equations 5-3-16 t05-3-24 represent the iine of pertect agreement 1n Figs

3-3-25, 5-5-26, 5-5-27, 5-5-28, 5-5-29, and 5-5-30. respectively.

The number of prediction equations can be reduced by combining equations which have the
same or close coefficients. Equation 5-5-19 can be used instead of 5-5-22 conservatively to predict
the front pier local scour depths. Also, equation 5-5-20 can be used for the middle pier loca! scour
depths. However, for the rear local scour depth prediction equations coefficients of equations 5-5-21
and 5-5-24 are not close enougt, so we have to choose parameters ‘a’, ‘b’, and ‘¢’ conservatively to
develop prediction equations applicable to both rear piers. Those coefficients which give greater

scour depth were included in the following equation:

-

D “0.18
—--.Sl’;’“°=1.48|3°-°3( ﬁ] (5-5-25)
. . . Dsn, Dsreﬁ .
Using this equation, D and 5 were recalculated and plotted against the cbserved

values in Fig. 5-5-31. Most data fall within +18% and -10% of the predictions from the relationship

proposed here for the rear pier.

5-5-7 Conclusions:

The effect of varying B (=0°, 10°, 20°, 30°, 40°, 45°) on the local scour depth was investigated
for §/d =2, 3, 4, 6, or 8 for a 6-PG. It was found that by increasing [} the sheltering effect diminishes,

which results in a smaller local scour depth'. However, becausc of the geometry of a 6-PG, by
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changing B downstream piers mighi be sheltered by upstream piers in particular cases. Therefore,
there is always a particular range of B in which sheltering is not significant. It was observed that in
the range 10°<P<30" sheltering is insignificant. In addition, it was found that the variations of

1Y, and I),. were independent of the vanation of .
t 4

Our experiments showed that interactions, between the arms of HSVs associated with each
pier, were significant for S/d<4 (Fig. 5-5-14). The front pier scour depths were independent of S/d
when S/d>4, however, with increasing S/d, all local scour depths ratios approached unity. In addition,
for B>10° the scour depths of the piers reach the scour depth of a single pier at a smaller S/d than that
of the former case, because the sheltering effect diminishes for the downstream piers. The data
obtained from this study were compared with those of Hannah (1978), and a good agreement was

observed between the two set of data.

At this stage of the study a comparison was made between the results of 3- and 6-PGs using
different S/d. A 6-PG was assumed to be equivalent to two 3-PGs combined, whose spacings altered
from 8/d=2 to 8. Generally, scour depths associated with a 6-PG are always greater than those of a
3-PG. However, with increasing S/d the scour depths associated with the 3 and 6-PGs, approach the

scour depth of a single pier.

The effect of adding a row of 3-PG to an existing 3-PG was investigated using different p.
r
The presence of the second row of piers evidently intensifies the arms of HSV resulting in a deeper

scour hole around the piers in a 6-P(3. It was observed that the difference between the scour depths
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tor a 6-PG and for a 3-PG was insignificant in the range 0°<f<20" In addition, the local scour depths
for both pier groups reached a maximum at $=20" when S$/d=6. in general, a 6-PG produces a larger

general scour hole than a 3-PG, especially for a smaller $/d and a larger 3.

Assuming one 6-PG consists of three 2-PGs, the effect of the presence of two additional 2-PGs
beside an initial 2-PG was investigated using different S/d for B=0°. Both 2 and 6 pier groups showed
the same trend of data. However, because of the presence of the two additional pier groups
(downstream piers of a 6-PG), which intensify the arms of the HSV’s, the scour depth of a 2-PG was

found to be always less than that of a 6-PG.

The general form of the prediction equation written in terms of untransformed values was found

for each pier, using the transpose of the vector of the regression model. The values 6’ r é'u,

- -

, B'Rs » O, é'ﬂfs ,and éfﬂa computed for a 6-PG were found using equations 5-5-13 to 5-5-

18. By substituting the values of é'Fl , é'M, s Q’R3 , B’F‘ s E)'M5 , and G'R, in equation 5-2-

3, the prediction equations for the front, middle, and rear piers were found using equations 5-5-19,

5-5-20, 5-5-21, 5-5-22,  5-5-23, and 5-5-24.  Thus, the  values of

Dg. Dg, Dg DSF Dy, Dq,
- and —— were computed and plotted against the observed values
D D D D D D

5

in Figs. 5-5-25, 5-5-26, , 5-5-27, 5-5-28, 5-5-29, and 5-5-30. The prediction equations were found

successful in predicting the local scour depth for a 6-PG within acceptable errors.

Equations developed for predicting local scour depths were combined and reduced to three

expressions. Coefficients found for the front piers were close to each other, and this was the case
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also tor the middie piers. Thus. equations 5-5-19 and 3-3-20 were tound to be good estimators of
the local scour depths for the front and middle piers, respectively. However. the coefficients with the
rear pier local scour depth prediction equations were not close enough to choose one over the others.
Therefore, to predict local scour depths conservatively, maxima of coefficients from equations 5-5-21

and 5-5-24 were selected. Finally, equation 5-5-25 was proposed as an alternative to those equations.
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Plate 5-5-2: A group of 6 piers; $/d=8 and p=20°
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Plate 5-5-4: A group of 6 piers; S/d=4 and p=0°
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Plate 5-5-6: A group of 6 piers; S/d=4 and p=40°

301



- IR o
vy . _,'.l..,i-i-_-»‘..-"?.;.{&:).;,.m
I L D

Plate 5-5-8: A group of 6 piers; S/d=8 and p=40°

302



Tost No * 161

Plate 5-5-10: A group of 6 piers; S/d=4 and p=45°
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Plate 5-5-11: A group of 6 piers; S/d=6 and p=45°
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Table 5-5-1: Tests Performed for 6-PGs

300 ® ® ® * " "

* Test performed

Table 5-5-2: One-sided t-distribution for 6-PGs (28 degrees of freedom)

]
l

Confidence levei One-sided t-distribution |

i
_ i
E
60.0 0.256

90.0 1.313
95.0 1.701
97.5 2.048 °
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Chapter 6

Summary, Conclusions, and

Recommendations for Future Research

6-1 Summary

All experiments, either for single or group piers were carried out for clear-water scour and
steady state flow conditions. A few tests were carried out on single piers to discover which

predicting equation most accurately estimated the local scour depth for the present study conditions.



Shen et al.’s (1966) expression 2-17, estimated the equilibrium local scour depth in front of the single

model pier reasonably well (within a 5% error margin).

The prime factors governing the local scouring process associated with groups of bridge piers
are: pier spacing, reinforcement, sheltering, and HSV compression. The combined effects of two

or more of these factors in a particular pier grouping arrangement is termed the group effect.

Previous laboratory studies on this topic, including those of Chabert and Engeldinger (1956),
Dietz (1973), and Hannah (1978), have mainly considered 2-pier groups (2-PG’s). Although Hannah
(1978) also performed limited tests on groups of 3, 4, and 6 model bridge piers, he considered only
approach flows that were paralle! to the aligned rows of piers. In our research, the group effect was
investigated for groups of 2, 3, 4, and 6 circular-shaped model bridge piers. The different flow angles

of attack (f3), defined the maximum local scour depth achieved under clear-water-scour conditions.

For the 2- and 3-PGs cases, for $/d<5 and =0, pier spacing, sheltering and reinforcement
effects were dominant factors in the local scouring process. With increasing [, the sheltering and
reinforcement effects became weaker, however the HSV compression phenomenon increased with

increasing [3, and was significant at f=90°. For S/d>5, the group effects diminished for the case $=0.

In the case of 3-PGs, as P was varied, maximum D’ F, occurred at B=40° and 30° for S/d=
2 and 4 respectively. The maximum scouring for the rear pier ( D’ R, ) occurred at f=30° and 20°

for $/d= 2 and 4 respectively. For $>20°, the downstream piers were fully exposed to the flow and,
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in the absence of the sheltering effect by the front and middie piers, 1Y p, Was found to be almost
independent of B. In general, for the case of the 3-PG, the sheltering and reinforcement effects were
observed to decrease with increasing S/d. Therefore, D’ F o D'M, .and 1 ®, approached unity
with increasing S/d. The results show that for a 3-PG aligned to the flow (f=0") and difterent $/d,

the local scour depth ratio is highest for the front pier and is lowest for the rear pier.

For the 4- and 6-PG cases, the sheltering effect diminished with increasing f. However,
there is a particular range of § (10°<B<30°) in which the maximum local scour depth associated with
downstream piers reaches a maximum in the absence of the sheltering effect by upstream piers. The
HSYV compression which was significant in the case of 2- and 3-PGs for = 90°, is a dominant factor
in local scouring for 4- and 6-PGs for all } when S/d<4. In the later cases, when two rows of piers
come close together, the arms of HSV are intensified by the two adjacent (side) piers resulting in a

deeper scour hole for the whole range of p.

When comparing the results of 3- and 6-PGs, using different S/d, it was observed that scour
depths associated with a 6-PG were always greater than those of a 3-PG for S/d<8. However, with
increasing S/d, the scour depths associated with them approach the scour deptlll of a single pier. The
presence of the second row of piers similar to the case of 4-PGs intensifies the arms of HSV resulting

in a deeper scour hole around the piers in the 6-PG.

In all cases (2, 3, 4, and 6-PGs), the projected area is alsoc an important parameter in

determining the local scour depth when >0°. The projected area of the piers increases with
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increasing 3 resulting in a deeper scour hole. In addition, it was observed that the difference between
the scour depth for a 6-PG and a 3-PG was insignificant in the range 0°<f<20". The reason is that
in the case of 6-PG, a larger projected area will be exposed to the flow because of the larger numbers

of piers in a 6-PG than in a 3-PG.

Data obtained for each pier group were analysed using a multiple regression model. Using
a logarithmic transformation of data, prediction equations were developed to find the normalized
scour depths. Since behaviours of the front, middle, and rear piers were different from each other
based on observed data, a different prediction equation was developed for each pier (Table 6-1).
However, there was an insignificant difference between prediction equations for the rear piers, as was
the case for the middle and front piers. Therefore, for the 4- and 6-PGs, 2 and 3 prediction equations
were developed respecti\rely. Moreover, it is more practical to use only two types of prediction
equations: 1) for the front piers, 2) for the downstream piers (including middle and rear piers). A
conservative prediction equation can be developed based on the largest values of a, b, and ¢ among
all prediction equations ( PD_’S;;a(B)" ( g-] j ), where D, = scour depth around any pier in a group.
In addition, the effect of § :on local scour depth of front piers is negligible and therefore can be

eliminated from the relation. Accordingly, the following equations can be applied for the front (D)

and for the downstream piers (Dgy), respectively:

D -0.1
.BS_F=1.9 (%] (6-1)

and
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])\‘R g -0.07
—==1.65(p)"" ‘_) ]
) ® [ = (6-2)

Note that a logarithmic transformation of data was employed in the regression model, thus,

P cannot be zero. For piers aligned to the flow, f must be assumed to be 1 which is practically zero.

6-2 Main Conclusions

Based on results obtained in this study, using different B and S/d, the following conclusions

can be drawn:

i) B>10" should be avoided. The scour depth for the downstream piers increases in this case
as the sheltering effect diminishes.

ii) To prevent severe local scouring, as a result of compressed HSV and/or reinforcement
effects, S/d<8 should be avoided.

However, if these two cases cannot be avoided, the local scour depth estimated for a single
bridge pier should be increased by 70% for design purposes. Also, for the above cases a more
accurate estimation of local scour depth can be obtained through equations 6-1 and 6-2 for the front
and downstream piers, respectively. Finally, one can always reduce local scouring around the bridge
piers by using various methods, such as riprap, collars, and grout mats (see the introduction section

of chapter 1).
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6-3 Future research

Future research into the local scouring process associated with bridge pier groups should
include;

1) Laboratory investigations

i) The laboratory investigations performed in this research should be repeated for live-bed
scour conditions. {This would require a modified test facility containing an ancillary sediment supply
device to feed sediments into the flume test section at rates equal to the general scouring rates).

i) Similar investigations should be performed using non-uniform sediment test beds to
investigate the effect of armouring on the local scouring process for pier groups.

iif) In many instances the cross sections of rivers containing groups of bridge piers are several
compound in shape. Further research is required to investigate the related lateral momentum transfer
effect on the local scouring process.

iv) While it would introduce an additional level of complexity to the problem, the local
scouring process should be investigated under unsteady flow conditions to study the temporal effects
associated with the progression of flood waves.

v) Pier groups localed in smafl bridge openings tend to collect debris, which reduces the
conveyauce area. Future research should investigate the impact of debris lodings on the local

scouring process.

2) Field data

The large amount of data accumulated from laboratory studies of local scour at a pier must
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be correlated with data obtained from case histories studied in the fieid. However, a number of
problems are inherent in the use of field data. In most instances, a greater number of parameters
probably influence the development of local scour in the field compared to the controlled conditions
of the laboratory. Care must be taken in assigning scour depth to the influence of the relevant
parameters. It is often difficuit to discern the influence of certain parameters from others. Scour
depths recorded for pier failures in the field are useful only insofar as they give the order of magnitude
of thé scour depth, and represent the depth of scour at which the pier failed rather than the maximum

depth of scour which could develop.

One might argue that field data, collected for bridge scour, will generate more questions than
it will answer. Field data frequently lends itself to subjective interpretation. Just as designers have
questions about combinfng the different scour components, researchers question about how to

separate field measurements into components, so that data can be generalized to have transferability

to other sites.
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Appendix:
Maultiple Linear Regression models

A regression model that involves more than one regressor variable is called a multiple regression

model. A multiple regression modei may be expressed as:

PEC Y LT e (1)

The above relation is called a multiple linear regression model with k regressors. The parameters o,
5=0, 1, ...,k are called the regression coefficients. The parameter ¢, represents the expected change
in the response y per unit change in x; (i+j) are held constant. Multiple linear regression models are
often used as approximating functions. That is, the true functional relationship between y and x,, x,,
> X, 18 unknown, but over certain ranges of the regressor variables the linear regression model is an

adequate approximation.

Estimation of the Model Parameters

Least Squares Estimation of the Regression Coefficients

The method of least squares is used to estimate the regression coefficients in equation 1. Suppose that
n>k observations are available, and let y; denote the ith observed response and x; denote the ith
observation or level of regressor x;. The data will appear as in Table A. We assume that the error term
€ in the model has E(€)=0, V(e)=0’, and that the errors are uncorrelated. Thus, the sample model

corresponding to equation 1 can be expressed as follows:
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r"'(’:a()-ra'xh' +a'2x12+'“ +akxﬂ'+€f

k
=a0+zlajxu+e,, i=1.2,..n )
z=

Hence, the least squares function is:

S0 2,0, 00)= i‘ie,’
. 2
%x,,] 3)

The function § is to be minimized with respect to &, o, ..., &,. The least squares estimators of a,,

o, ..., &, must satisfy

= ='2)E y-é —)E& =0
aao &01&p-->:&k =1 't 1=l "xu (4)
and
2 =‘2i y-i -}E& | x =0, j=I 2‘ &
aaf &0’&1""’&k 1=1 ! 0 =1 ft'v y 7 Lot Mhas) (5)

Simplifying equation 5, we obtain the least squares normal equations as follows:
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n n

n n
iy T, i T T, = O
r-l i: - 1=1

n n n n n
- - 2 A -~
aﬂzxr.’ +al XI‘;,"'(I:ZIH.\"‘,*... +ak£x1]xrt= Zrliyf (6)
[ e =1 =1 1=}

n n n n n
~ - " - 2
Gy L x, vl Txyx, +i, Yx,x . 8, Y xi=Yxy
=] =1 =1 1=1 1=1
Note that there are p=k+1 normal equations, one for each of the unknown regression coefficients.

The solution to the normal equations will be the least squares estimators, &, &,, ..., &, .

These equations can be displayed in a more convenient form using matrix notations. The model in

terms of the observations (equations 1), may be written as:

y=ox+€ (6)
where
M Lx, x, .0,
Y2 L Xy Xy o Xy
y |, xo| e )
| V] _1 Xt Xz oo X
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aﬂ EU

) €
= e:

& €x

In general, y is an (nx1) vector of the observations, X is an (nxp) matrix of the levels of the regressor

vanables, ¢ is a (px1) vector of the regression coefficients, and € is an (nx 1) vector of random errors.

The vector of least squares estimators, & , which minimizes the following relation must be found.

S(a)= f‘,e,2=e'e=(y—Xa)'(y-Xa) (8)
1=1

Note that S(c) may be expressed as follows:

S(e)=y'y-a'X'y-y' Xo+u' X Xet 9
=y'y-2a' X y+a’' X' Xt ©)

Since &'X'y is a (1x1) matrix. or a scalar, and its transpose (&’ X'y)’= y"Xa is the same scalar. The

least squares estimators must satisfy the following relationship:

as .
— =- 2X" Xa=0
oo ld& Xy Xe (10)

which simplifies to
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X Xa=Xy (11)

Equation 11 are the least squares normal equations. They are identical to 5. To solve the normal
equations multiply both sides of equation 11 by the inverse of X'X. Thus, the least squares estimator

ofeis:

&=(X'X)"'Xy (12)

provided that (X'X)" exists. The (X'X)" matrix will always exist if the regressors are linearly
independent; that is, if no column of the X matrix is a linear combination of the other columns.
It is easy to see that the matrix form of the normal equations 11 is identical to the scalar form 5.

Writing out 11 in detail, we obtain:

. .
L n n -(-i g ipl i
" .Ex” ExiZ ):xfk 0 "
izl 1=1 i=1 "
n n n n 1% zixi}y i
2 i=
Ei i ;);i 2 a=z| iz ‘Zl il |- LE 13
n L n n ) .
,,z):lek ')_-‘ixuxu ');lx:'kxfz ':Elxur .ﬁ!‘_. .
i=

If the indicated matrix multiplication is performed, the scalar form of the normal equations 5 is

obtained. In this display it is easy to see that X'X is a (pxp) symmetric matrix and X'y is a (px1)
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column vector. Note the special structure of the XX matrix. The diagonal elements of X'X are the
sums of square of the elements in the columns of X, and the off-diagonal elements are the sums of
crose-products of the elements in the columns of X. Furthermore, note that the elements of X'y are

the sums of cross-products of the columns of X and the observations Y

The fitted regression model corresponding to the levels of the regressor variables x' =[1, x,, x,, ... .

Xy is:

y=x'a-= g+ Y ax (14)

The vector of fitted values ¥, corresponding to the observed values y; is:

y=Xé
=X(XX)' Xy (15)
=Hy

The nxn matrix H= X(X'X)" X' is usually called the kar matrix, because it maps the vector of
observed values into a vector of fitted values. The hat matrix and its properties play an important role
on regression analysis. The difference between the observed value y; and the corresponding fitted

value ¥, is tue residual e=y; - y .

There are several other ways to express the vector of residuals e that will prove useful, including;

e=y-Xé (16a)
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=(/-Hy (16b)

=y~Hy (16¢)

Properties of the Least Squares Estimators

The statistical properties of the least squares estimator & may be expressed as:

E(@)=E[(X'X)"'X"y]
=E[(X'X)"' X' (Xore)]
=E{(X"X)"' X' Xa+(X'X) ' X'€]

=0

17)

Since £(€)=0 and (XX)" XX=/, then & is an unbiased estimator of c. The variance property of

& is expressed by the covariance matrix

Cow)=E{[a-E@)[a-E@)]) (18)

which is a (p*p) symmetric matrix whose jth diagonal element is the variance of & ; and whose jjth

off-diagonal element is the covariance between & ,and & ; The covariance matrix of & is

Cor@=c*(X'X)"! ' (19)

Therefore, if we let C=(XX)", the variance of & ;15 0°C, and the covariance between & ,and

-

& ,is 0’C, The least squares estimator & is the best linear unbiased estimator of ¢ (the Gauss-
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Markov theorem, Montgomery and Peck 1982). If we further assume that the errors €; are normally

distributed, then @& is also the maximum likelihood estimator of ¢. The maximum likelihood

estimator is the minimum variance unbiased estimator of ¢.

3-4-1-3 Estimation of ¢

An estimator of 0° can be developed from the residual sum of squares as.

SS,E:Z(y; -ﬁ,')z
i=i

Substituting e=y-X & , we have

SSe=(y-Xa)' (y-X&)
=y'y-&'X'y-y Xa+a' X' X&
=y'y-2&'X'y+a' X' X

Since XX & =X, this last equation becomes

SSg=y'y-o'X'y

(20)

1

(22)

The residual sum of squares has n-p degrees of freedom assiciated with it since p parameters are

estimated in the regression model. The residual mean square is
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S,
MS=—E (23)
Con-p

We can show that the expected value of MS; is 6% so an unbiased estimator of o is given by

6?=MS; (24)

This estimator of ¢* is used to find confidence interval for the regression coefficient & 5

Confidence Interval on the Regression Coefficients

To constru.t confidence interval estimates for the regression coefficients & , we must
assume that the errors €; are normally and independently distributed with mean zero and variance o2,
Therefore, the observations y, are normaily and independently distributed with mean o+ £}1 o, and

j=
variance 0. Since the least squares estimator & is a linear combination of the obsevations, it follows
that & isnormally distributed with mean vector a and covariance matrix ¢%(X X)". This implies that

the marginal distribution of any regression coefficient & |, is normal with mean ¢, and variance o’C,,

where C, is the jth diagonal element of the (X' X)" matrix. Consequently, each of the statistics

1 y j=0,1,...,k (25)

is distributed as ¢ with n-p degrees of freedom, where &2 is the estimate of the error variance

obtained from equation 24. Therefore, a 100(1-n) percent confidence interval for the regression
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coefficient a./=0,1,.. kis

5 _ =3 5 . Jz_
o=t n_p\/o (,‘ﬂsajsaj ta npyf 0 (ﬂ (26)

We usually call the quantity

se(é) ﬁ/f?’?ﬂ. (27)

the standard error of the regession coefficiect & ;-
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Table A: Data for multiple linear regression

Observation

y X X> Xy
! Yi n X2 X
2 Ya X3 X2 X
n ¥n X1 X2 Xen,
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