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ABSTRACT

The Washington State Department of Transportation (WDOT) presently  uses an
empivical approach in estimating the depth to which riverbed scour is apt to
occur around bridge piers. The empiricism arises, at least in part, from the

use of prediction equations of the form
dg/b = K(y,/b)"

where dg is the predicted ccour depth, b is the width of piers, y, is the

o
depth of the approach flow, X is a multiplier that incorporates geometry of
piers and their orientation to the flow path in streams and n is a factor

reflecting erosive characteristics of streambeds.

More than 35 different formulae, having form similar to the one above, have
been proposed for scour estimation since 1949. All apply most appropriately
to cohesionless streambed materials tlat are wuniform in size. Many «cite
conditions in Washington and other states have graded material with some
armoring characteristics. Prediction equations of the above type will
estimate scour much deeper than what actually occurs in these latter type

streambeds.

Bridge pier construction can be overly costly if they penetrate the streambed
unnecessarily deep. At the same time, however, designs must be safe.
Research reported here examined whether existing WDOT scour estimating
practices are appropriate or whether other methodology should be wused.
Results point out that, where uniform-sized cohesionless streambeds exist,
correct estimating methods are satisfactory. However, at bridges over streams
having graded bed materials current estimates of scour depths are excessive.
A procedure for estimating these latter depths has been developed and is

presented herein for use by WDOT and others.
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LIST OF SYMBOLS

Tre following symbols are used in this report:
b = pier width;
d = riverbed material grain size diameter (also dig,dsg,dgs--
sizes corresponding to percent of material tiner)
dg; = depth of scour below riverbed elevation
4 = maximum depth of scour below riverbed elevation;
F = approach flow Froude number, = UO/ng;;
FC = ¢critical Froude number, = UC/JE;;Aor UC/JEE}
F, = pier Froude number, = UO/JES;
g = gravitational acceleration;

= multiplying factor for pier shape;

s
¥y = multiplying factor for skewed piers;
Ky = coefficient for equilibrium scour depth as a

function of 9gi
L = lerngth of pier;

q = stream discharge intensity;
Q = stream discharge;

r = regression coefficient;

S = streambed slope;

U = approach flow velccity;

= critical flow velocity;

U, = mean approach flow velocity;

Uz = shear velocity;

Uxo = critical shear velocity;
Vmax = maximum downflow velocity;

x = pier spacing perpendicular to appreach flow;
Yo = approach flow depth;
a = pier angle of attack;
o, = geometric standard deviation of grain size
distribution; = J5g27575
» = density of fluid;
= density of bed sedimem;; and

v = kinematic viscosity of fluvid.



RIVERBED SCOUR AT BRIDGE PIERS
I. A SUMMARY

The purpose for undertaking this study was to ascertain whether current
methods used by the Washington State Department of Transportation (WDOT) are
appropriate for estimating riverbed scour depths around bridge piers. If
predicted depths are excessive, costs of construction would be too high. At
the same time, bridge integrity relies on having piers penetrating

sufficiently deep to avoid undermining and failure.

Research was organized to first examine over 35 different prediction formulae,
three of which are wused by WDOT. A literature search and analysis of
information examined suggest that the WDOT methodology is appropriate in
instances where bridges span stceams that have uniform sand/émall grével'bed
materials without cohesive properties. However, 28 éxisting bridges in the
state that were visited during the study are located over streams that have
graded bed material rather than uniform, small particles. In these cases,
evidence suggests that present methodology predicts scour depths that are too

great.

An estimating procedure, referred herein to as the University of Aukland (New
Zealand) method or simply the UAK method, has been developed during recent
years for application to streambeds having graded materials with some
armoring. This procedure estimates scour depths from 25 to 40 percent of that
from present methodology when both are applied to the graded streambed.
Additionally, it compares quite favorably to actual scour measurements at

several existing bridges in the state.

Evidence and analyses presented 1in the feport support the conclusions that
when sand bed streams or those with essentially wuniform, relatively small-
sized materials are to be considered, present methods for prediction of scour
depths should be used. When a graded and/or armored bed exists, the UAK

procedure is appropriate.
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II. INTRODUCTION

The Washington State Department of Transportation (WBOT) presently utilizes a
prediction equation commonly known as the Laurson and Toch equation to
estimate scour depth immediately around a bridge pier situated in a stream.

This equation is
= 0.3
dg/b = 1.5 (yo/b)

where dg is the depth of local scour, b is the width of the pier, and y, is
the depth of flow approaching the pier. The right-hand side of this formula
needs to be multiplied by factors which take intc¢ account the alignment of

piers in the flow path and the shape of the pier in plan view.

This and many other similar prediction formulae all were developed from
empirical studies using uniform sized and shaped media (various sands, small
gravels, and glass beads for example) with 1little or no cohesive or
interlocking qualities as streambed material. Research persdns recognize well
the phenomena that contribute to scour around bridge piers but a generally

applicable prediction tool has not yet been found.

The reason for this is that bridges are built across streams with a wide
variety of bed materials--from <clays to uniform sands and gravels to
gradations from clays to gravels. Eroding qualities of these different
materials are dependent upon both streamflow parameters and parameters of the
streambed. It is difficult, if not impossible, at the current state of
knowledge, to develop one prediction technique _nat is suitable for all

locations.

Washington State environmental statues and regulations require that any
construction activity that disturbs riverbed material must be conducted within
a water-tight enclosure (a cofferdam, for example) so ecology of the stream is
not adversely upset. Costs for such enclosures vary according to the enclosed
area and the depth to which that area is to be excavated. Accordingly, these
costs depend upon the depth to which a bridge pier must be installed so that

scour will not damage it.

In view of these and related safety factors, are the techniques used by WDOT
appropriate for predicting scour depths? This quesion was addressed by the

research upon which this document reports. Part III of the report summarizes
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a rather extensive review of past literature of scour at bridge piers to
assess reliability of current practices. Subsequent parts present a recently
developed technique that appears to be better suited to many Washington bridge
locations and suggest a procedure for its application. This new technique
then is compared with scour measurements made at several bridges in

Washington.

IIT. LOCAL SCOUR AT BRIDGF. PIERS, A REVIEW

a) Flow Fields and Scour.--The downward flow velocity at the nose of a bridge
pier and a vortex system (comprised of a horseshoe-vortex, a wake-vortex and a
surface roller) are the basic components of flow fields that cause local
riverbed scour at or near bridge pilers. Figure 1 1illustrates such a flow
field. Raudkivi (40), attributes downflow to a local pressure gradient. When
the approaching flow encounters the stagnation point located at the pier nose,
the velocity 1is zero throughout the vertical plane of symmetry. However, the
approach flow velocity, Uy (part A of Fig. 1), decreases from near the free
surface downward to the bed, so the stagnation pressure, p U%/2, also

decreases with depth. This pressure gradient causes the approach flow to

"dive" at the pier nose.

This downflow has a wunique velocity distribution which is governed by pier
shape, appreach flow conditions, and bed material properties. Experiments by
Ettema (17) revealed that, for a circular cylinder and no scour hole, the
max imum do&nward velocity is approximately 407 of the mean approach velocity.

When scour occurs, the maximum downflow velocity is about 807 of Us-

Laursen and Toch (29) indicate that as the approach flow encounters the
upstream face of a pier, separatiocn takes place and backflow occurs along the
streambed creating a roller. This roller is quickly converted into spirals as
flow progresses downstream and around the sides of the pier. These spirals,
forming a "horseshoe" shape, extend several pier diameters downstream before

losing identity and becoming part of general turbulence.

Wake vortices also are generated by flow separation downstream from the pier
nose. Here unstable shear layers roll inward forming small whirlpools as
shown in Fig. 1.  These whirlpools are wake vortices which periodically detach

themselves from alternate sides of the pier and move downstream,
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Stagnation Polnt

Figure 1. Definition Sketch of Flow Field in the Vicinity of a Pier.

The surface roller develops at thc upstream face of the pier and curls in the
opposite sense to that of the horseshoes vortex. This roller affects the
scour process only durirg shallow flows when it interferes with the approach

flow and causes reduced strength in the downflow.

Local scour around a bridge pier will begin when the downflow velocity near
the stagnation point becomes strong enough to overcome resistance forces of
the bed particles. Once these forces are exceeded, particles will be
dislodged and carried downstream by the horseshoe vortex and/or the wake
vortex. After a scour hole begins to occur,

. the vortex rapidly grows in size and strength as acditional
fiuid attains a downwards component and the strength of the
downflow increases. The magnitude of the downflow near the bottom
of the scour hole decreases as the depth of the hole increases.
At a certain stage, equilibrium is reached (Melville, 32).

b) Local Scour Parameters.--Local scour may occur either as 1) clear-water

scour when sediment is removed from the scour hole but is not replenished by
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the approach flow, or 2) live-bed scour when sediment is continuously

transported into the scour hole by the approach flow (Chabert and Engeldinger,

12). In the first case, local velocity is less than a critical value while in
the second case, the critical velocity is exceeded. Critical velocity is that

required for general bed movement.

Equilibrium scour depth in clear water scour is approached asymptotically when
the downflow at the nose of the pier is no longer able ‘tc dislodge or remove
particles from the bottom of the scour hole. In live-bed scour, the
equilibrium depth is reached when, over a period of time, the average amount
of sediment supplied to the hole equals the average amount removed. In the
latter instance, the scour depth is not constant. Instead, it periodically
fluctuates about a mean value due to the passage of bed forms, such as dunes
and ripples, through the scour hole. Figure 2 shows the variations of scour

depth with time.

In 1966, Shen, et al. (46), concluded that the relationship between
equilibrium scour depth in uniform bed mater:ial and mean approach velocity is
as shown in Fig. 3 which indicates that the maximum scour depth, dsm’ exists
just before insipicnt motion of the streambed. However, recent articles by
Raudkiv: and Fttema (41), Jain and Fisher (23), Ettema (17), Melville (33),
and Raudkivi (40) reveal that this relationship must be modified to account
for whether the particles on the streambed are ripple or non-ripple forming

sediments, uniform or non-uniform in size.

Raudkivi and Ettema (41), developed Fig. 4 which shows a dimensionless
relationship between scour depth and approach velocity for both ripple-forming
particles, with mean diameter, d, less than about 0.7 mm, and non-ripple
forming particles, d > 0.7 mm. Maximum scour depth occurs at one of two peaks
depending on the approach bed particle size. For non-ripple forming
particles, the maximum scour depth occurs at the threshold-to-particle-motion
(TPM) condition which agrees with the finding of Shen, et al (46). However,
for ripple forming bed particles, the maximum scour depth occurs during the

transition to a flat bed condition.

Ettema (17) developed Fig. 5, which shows the relationship between scour depth
and approach wvelocity for non-uniform particles having a geometric standard
deviation of particle grading, o, = JdSA/JYZ of 3.5 (dg, and dyg are bed
material sizes exceeding 84 and 16 percent, respectively, of all materials).
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The curve for non-ripple forming, uniform particles from Fig. 4 also is

included.

For the non-uniform particle curve, equilibrium scour depth increases almost
linearly during early stages of live-bed scour. As the approach velocity
increases, however, armoring of the bed occurs and scour depth asymptotically
reaches a  peak. This peak occurs when the velocity acting on the bed

particles reaches a value capable of moving the armoring particles (U,.).

The height of this peak is governed by the quantity of fine particles being
transported above the armor layer. If particles are generally coarse,. the
armor layer may reduce sediment transport to zero, thus creating a clear-water
scour condition. As stated by Raudkivi (40), this will cause the equilibrium
scour depth to increase, causing the peak to rise, as shown by the dashed line
in Fig. 5. If the sediment is generally fine, a layer of sediment may be
transported over the top of the armor layer. This sediment transport will
reduce the scour depth due to the passage of ripples and dunes through the

scour hole.

As the flow velocity increases still further, it will exceed a magnitude that
moves the armor layer. This causes a rapid increase in the upstream sediment
transport rate, and thus a reduction in local scour due to an influx of

sediment into the scour hole.

From these findings, Raudkivi (40), stated that the maximum scour depth for
non-uniform sediments will most 1likely occur during the trarsition to a flat
bed condition. These findings disagree with the Shen, et al. relationship for
uniform ripple forming sediments (shown in Fig. 3).

c) Dimensicnal Analysis.--Hopkins, et al (20) wrote in 1980Q:

Over the past century many investigators have attempted to develop
a simple scour prediction formula. . . . It appears that a set of
variables were arbitrarily selected and data collected over a
limited range to determine their relationship to scour depth

This approach has left wus with a large number of sometimes
conflicting formulas to predict scour. :

This suggests at least  one reason why there now exists a multitude of scour
prediction formulae that result 1in a diversity of estimated local scour

depths. In order to study this diversity and arrive at a rational assessment

of the many formulae, variables which influence local scour now will bhe
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identified and arranged commonly into comparable formulae. Scour predictions
then can be compared. Many of the folliowing statements were extracted from

the writings of Breusers (1G).

Earlier paragraphs have discussed many factors that influence bridge piers.

They may be grouped as follows (Breussers, et al, 11):
iz Stream fluid variables--density, v, and viscosity, v, of fluld.
2. Stream flow variables-fdepth, yo, and velocity, Uc’ of the flow
approaching the pier and stream discharge, Q.
23k Streambed materials--grain size distribution, grain diameter, d,
sediment density, pg, and cohesive properties.
4. Pier size and shape--dimensions, shape in plan, surface roughness,

number and spacing of piers, orientation to approach flow

direction, and pier protection (such as pedestals).

Cost and complexities associated with measuring and analyzing all of these
variables have led many researchers to 1limit experimental and/or analytical
study by a) assuming that differences in density, viscosity, and the
acceleration due to gravity between labecratory and field streams can be
neglected; b) restricting study to steady, uniform flow fields that are
unconstricted by bridge structures; c) considering alluvial, non-cohesive,
uniform particle-sized bed materials; and d)} working with singlé piers that

are perfectly smooth and aligned with the approach flow and without scour

protection systems.

These limitations reduce a very long list of variables that affect scour
depth, dg, to eight. Written in functicnal form:
dS = f (Q: V, 8> dp FS’ yO’ UQ’ b)

Here, b is width of the pier. Many investigators have replaced U, with the
shear velocity Ux = Jgy.5 (S is bed slope). Dimeasional analysis provides

(from Breusers, et al., 10)

dg Usd U2 Yo d pgen
—_— f > fvecoe i g | - -
b v Y¥gd b b 0
Many investigators assume that Y = ﬁs—f/@ = 1.65 and that there is an

. N
empirical relation between Ux.-d/v and Ug.~/Ygd for initiation of streambed
B c c >
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particle motion. U*c is the critical value of shear velocity, i.e., that at

which motion begins. With these assumptions,
d g Uz Use Yo d
—_— f s y - -
b Uxe  W8Yy b b

This last relationship contains the dimensionless parameters most commonly
found in local scour prediction equaticns. In non-uniform streambed

materials, a factor must be included to represent size variation. This can be

cg = Jﬁéa/dzg; this factor also is dimensionless.

d) Scour Depth Prediction Formulae Comparisons.--Table 1 presents 37 different
prediction formulae which have been developed by various investigators. They
are listed in both their original and comparative forms and are catagorized
according to their variable groups. Those equations which have not previously
been rearranged by investigators are listed under éroup 5. Table 2 shows the

various

'cets" of equations which recent investigators have attempted to
compare. Anderson (2) and Jain (23) conducted comparisons using laboratory-

derived data while Jones (24) and Raudkivi (42) used field data.

Anderson rearranged ten equations and compared them graphically. Most of the
equations contained both y /b and U/Jgy, terms and his graphs are shown in
Figs. 6 and 7. The data points shown in these figures are taken from

experiments conducted by Shen, et al. (46), and Chitale (14).

Figure 6 suggests that several equations predict comparable scour depths (ds)
when UO/J;gg is between about 0.2 and 0.6. (These values occur at relatively
low stream flows; flood flows wusually have UO/J§;§ greater than 1.0.)
Predicted scour from these formulae agree reasonably well with the
experimental data also. Figure 7 shows that four cf the equations estimate
comparable scour depths when y, /b is between 0.3 and 0.5, i.e., at low stream
flows. Anderson concluded that a 'best'" equation could not be identified

because data at relatively high streamflow were unavailable.

Jain and Fischer (22) conducted experiments at small depths (high values of
Uo/dyo8) and compared their results with those of seven other investigators
(see Table 2). These comparisons considered equations which estimated maximum

scour depth, rather than equilibrium scour depth. Experimental data developed

9
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Table .

Predictiorn Formulas

Investigator

Criginal Formula

Comparison Format

kemarks

Group |
Arunachalam (4)
Basak (6)

Blench (8)

Breusers (11)

tttema and
Raudkivi (UAK)(41)

laursen and Toch I

(29) [transformed
by Neill (34)]

Laursen and Toch II

(29) [transformed
by Neill (34)]

dgb = yp/b{1.95(y, /b)~0-17-1]
dg = 0.558 10286

DX/y, = 1.8 (b/y0)0~25

dem = 1.4 b

dgm /b = 2.3 Kg

dgm = 1.05 KgKgb0e75

dg = 1.5 RgK,b0:7y 0.3

S

dgm = 1.35 KK, bO+7y 0.3

Same
dg/b = 0.558 p0.414

dg/b = 1.8(yo/b)075-y /b

dgn/b = 1.4

Same

i

dgm/b = 1.05 KK b™0+25

dg/b = 1.5 KK (yo/b)0e3

dgm/b = 1.35 KgK(y,/b)0+3

regime depth
units

= Scour depth from
wiater surface

= maximum scour depth

= coefficient for:

geometric standard

deviation of graiun size
.

distribution (equals 1.0
for uniform sediment)

= nult. factor for pier
shape
= nult. factor for angle of

P
ar

tack

A_..af‘r



Appendisx A

Field Measurements of Local Scour at Bridges in Washington State



FIKLD MEASUREMENTS OF LOCAL SCOUR AT
BRIDGES IN WASHINGTON STATE
This appendix reports on field investigations performed during the surmer of
1986. Twenty-eight existing state route bridges were visited to assess local
scour at intermediate piers. Oniy minor scour had occurred at most of these

sites and measurements would not serve a useful comparison with that estimated

by several prediction formula. Detailed scour measurements were made at six

sites where scour was significant,

The Washington Department of Transbortation Bridge Conditions office maintains
files on the physical condition of each state route bridge. These files were
examined to determine where local scour at piers had occurred. The 28 sites
shown on Fig. A.l1 were selected and each was visited. During the first
inspection trip to the South-East Region, it became evident that many sites
did not possess ample scour to warrant detailed measurements. Twenty two of
the selected sites were documented enly superficially due to insufficient

scour. Information gathered at the remaining six sites is presented here.

The field procedure at each site consisted of 1) documenting channel geomepry'
including identifying channel pattern and measurement of the bridge waterway
cross-sectional dimensions, 2) evaluating the types and characteristics of the
streambed and  bank materials, and 3) determining local scour by measuring
depths at various locations around the pier(s). Results of the fielc
investigations, together with hydrologic information gathered from U.S.
Geological Survey streamflow records and WSDOT "as-built" bridge constructior

drawings, are presented on the following pages.

37
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BRIDGE 5/216F AT NFWAUKUH RIVER NEAR CHREALIS, WA

Bridge Description

Lecated in the S.E. 1/4, N.W. 1/4, Sec. 23, T 13N, K 2W, WM, this 284 ft (86.6
m; long concrete T-beam bridge was built in 195Z. It is supported by two
concrete abutments and three 38 ft  long, 3 ft wide, (11.5 m x 0.9 m)
semicircular-nosed concrete piers founded on concrete spread footings (see
Fig. A2).

Hydrology/Hydraulics _
The river wupstream from the bridge has a drainage area of 155 sq mi (401 sq
ki) and a valley sliope of 0.0066. The 100-year return interval flood is the
design discharge and is 9,180 cubic feet per second, or cfs (260 m3/s), while
the average annual discharge is 500 cfs (14.3 m¢s). The discharge at the
time of the inspection was estimated to be 85 cfs (2.4 m~/s).

The cross section of the bridge waterway, Fig. A2, has a design flow depth and
flow area of 16.2 ft and 2,240 sq ft, respectively (4.9 m and 208.4 sq m).
These values would create an average velocity through the waterway of 4 feet
per sccond [fps] (1.2 m/s) during the design discharge.

Stream Channel

Although the river bends sharply to the northwest just downstream from a
sister bridge, the study bridge is located over a long gradual bend of this
meandering river. Since construction, a large cobble deposit, Figs. A2 and
Ala, and two islands have formed just upstream from the bridge and the
approach flow now is divided into three channels. ¥Flow through the northern-
most channel contacts Pier 2 at 35 degree skew.

Throughout the study reach, the stream bed is covered by an armor layer of
cobbles ranging in diameter from 0.2 to 1.5 ft {.06 to 0.46 m), Fig. A3b.
Under this armor layer arc graded sands, gravels, and cobbles. Bank materials
are layered cobbles and gravel cemented by silts, sands, and clays, Fig. A3c.
A steep cut bank downstream, shown in Fig. A3d, indicates that a significant
portion of these cementing fines are clay.

Scour at the Piers

Figure A4  shows extensive local scour at the upstream nose of Pier 2. The
maximum depth measured was 3.4 ft (1 m) below water surface at the time of
measurement which, according to "as built'" - construction drawings, is 6.1 ft
(1.85 m) below streambed level at time of construction. This scour has
completely undermined the upstream 8.5 ft (2.6 m} of the pier leaving it
cantilevered over the scour hole. The pedestal is exposed along with the pier
on the north side while on the south it is covered by a gravel bar. (The
bridge was widened in 1976 and the pier was extended but the pedestal was
not.)



- 100~-yr flood
/ leveai

e —— g o5

A
‘ ‘J\r— TV " vo eonTLAND, OR

- UPSTREAM COBBLE DEPOSIT ,

—

/\ eIsz Pt ,N

l - \ s - T~
|
!
/ l
NEWAUKUM RIVER |
HIGH CUT
[N = - [ BANK
| I COBBLE
\ | HAR
] { ,” /’jcosms BAR
S
-
v g f—"

\

-~

(FP)
STREAM
7,

it
v}
1
i

§5/2 7 6E ~o=y j~=-5/216W

TO CHEHALIS | | * —J\r““‘ PLAN

FLOOD PLAIN, (FP)

Figure A2. Bridge 5/216E at Newaukum River

40






i)

Table l. (Continued)

Investipgator Original Formula : Comparison Format Remarks
Lauvsen 11 (27) b/v, = 5.5 dg/yol(ds/ryo+l)1-7—1] dg/b = 1.11 [Yo/blo's r = proportionality
factor for dy
r == 1.5
weill €35) dy = Kgb do/b = K4

Almad (1) D* = Koq0-07 dg/b = Ks(g)0+33(yo/bI(FI067-y /b g = Uy,
. Kg = pler shape
coeff. varies betwcen
1.2-2.3
Bata (7) de/yo = 10(U2/gyo~3d/v,) dg/b = 10(y,/b)F2 df%s = 8
Chitale (14) dg/yo = 6.65F-0.51-5.49F2 dg/b = (6.65F=0.51-5.49F2)y /b
Coleman (15) dg/b = 1.39 FO-2(y /b)0.1 Same
CSU (43) dg/¥o = 2.2KgKo(b/yo)F0+43 dg/b = 2.2KKy(y,/b)0-3550.43
Hancn T (19) dgfdgm = 2Ug/Ue=1 dgn/b = 2.42 F.0-67 Fe = Uo/ vYgh
Inglis=-Poona (21) DE/b = 1.7 (q0+67/5)0.78 dg,/b = 4.05 (yO/b)O'75l’0'5—d/yO DA = maximun
[transfermed by scour depth tron
Thomas (49)] water surface
‘ q = (yo)(Ug)
Jain 1 (23) dg/b = 2.0 (F-Fo)9:25 ( y_ /b)0+5 same (F-F¢) > 0.2
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Table ' 1. {Continued)

Investigator Original Formula Comparison Format Remarks
Jain 11 (23) dem/b = 1.84 (F)025 (yo/b)0:3  sume Fo = Usf YE¥g
Jain ILL (23) Fot: (¥ - F.) < 0.2 Use larger of Jain I or Jain II

Liu (30) don/¥o = 0.3+2.15(a/yo)0+4F0-33 gy /b = 0.3y,/b+2.15(yo/b)0-0¢0.33

a = width of obstruction
nornal to flow
(for piers = b)

Maza (31) dg/h = KyKgK5Fp2-30d/b Same for yoib ¥ 1.5
F, € 0.28
Kg = given graphically
Shen 1 (47) dgn/b = 2F0'43(y0/b)0'355 Same quoted from Breusers
: et al. (10)
Shen 11 (47) dg/b = 3.4 Fp0-67 dg/b = 3.470-67(y /5)0.33
Shen 111 (47) dg/b = 11.0 Fp2 dg/b = 1.0 (y,/b)F2 Fp = Uo/ "gb
Varzeliotis (53) depn/B = 143 (q0.67/b)0.72 dgm/b = 1.43 (8)0.24(yo/b)0.72F0.24_y0/b
q = (Ug)(yg)
browp: 3
Chabert and dg = f(b,y,U,d) graphical form

Engeldinger (12)
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Table

=)

(Continued)

LiSest Lgator Originael Formula Comparison Format Remarks
o ) .82 £30.33

Inglis and Lacey DX = O.946(Q/t)0-33 dg/b = (1.8 >(ﬂ/i){7 I ~Fol b

(21} [(YQ/b) (Fb’7 )]-

Knvazewic (295)

i 6
(‘S'"

N 4
A(q—Cy“gd)l')

X AL ey ge
().OI-Z)G().ﬂD) i

dg/b =

Q= UgyeW in ofs
W o= water surface width
f = 1.76 '/di,n
o
Byl by 02
[F(yo/b)U's—C(d/b)U'S]O'57

q = (Ug)(yy)
A C = constants decermined

graphicaily

Remarks

1]

7
Group &

Bonasoundas I (§)

Bonasoundas 1T (9)

Grande (18)

ds/yo

ds/yo

dg/vq

1

= a; [b/yy=0.60]0+33¢x

4

aj [b/y,-0.3)0f*

4.0 nlnzngg(F)“

ay = 4.65-2.55 Uo/U, for 1 € U /Uy € 146
ag = 2.55% (Ua/Up) for 1.6 < U./U,
Ua/Uq = [(8g=1)/F11d/yg10s7

f* = graphically determined

55 = specific gravity of bed material

aj = 2.00 - 0.88 U /U for U /U < 1

n =7

a = (W-b)/W

W o= water surf{ace width

y,Np,"73, and n are functions of the particle drap

ccefficent, Froude number and pier shape.
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Tahle 1.

(Continued)

Criginal Formula

Remarks

L 0
Eakter (5) modele
after Breusers (

Zharavl o (55)

do/b = 2.42 (ZUn/Ucl)FCO-G7(yO/b)”-33

dg/b = gi[Xjranh(Koy,/b)lgozs

dg/b = £ [2.0 tanh (yo/b)]f2f3

dg = 0.000223(U,b/v)0-619

. (yo/b)a.G p0.66n(uofw)0.33n(d/y0)0.06nKsK

{2

Eg =

Ky a
G =
Bl <

SI u
appr

==
uoH

Ue/ YRy

o}

nd Xy = £(G)
(pg-p)gd>/pv
£(Us/U)

= f(pier shape)

f(angle of attack)

(178D

= f (plec shape)
= f (angle of attack)
= 1.5 =3 yOU.Q gO.S

nits, circular pier
ox. = Shen II

fall velocity of sed. in m/s
1 Af Uy > Upp

= Caud0s3)
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= Table 2. Bridge Pier Scour Formulas Compared by Various Investigators
, Investigators
Equation Anderson Jain Raudkivi Jones
o 1973 (2) 1979 (23) 1981 (42) 1984 (24)
k- Ahmad X X
e Arunachalam X
Blench X X
Bonasoundas 11 X
o Bruesers I X X X X
Chabert & kng.
Chitale X X X
3 Coleman X
. C.5.H. X
Grande X
Handu I X X
Inglis-Lacey X
Inglis-Poona X X X X
Jain 11 X X
Larras X X
Laursen IT X X X X
Laursen & Toch I X X
Laursen & Toch II X X
Shen 11 X X X X
Shen 11T X
Shen IV X
15




Chitole Data {14)
Shen Dota (46)
all ot Yo/b s 10 - rrx
6 I~ .
o
> .
©
5’24 - e
e ANDERSON
SE
-
alf L J
U{O. MHEN IX
@ INCLIS~POONA
BLENCH
°f / -4
resc T LI,
o PRACAUIM BRI
_.// /f/‘{. S = LAURS¥N IX
o] i L A L ')
(8] 0.6 1.2

U° V3Yo

Figure 6. Scour Prediction Formulae Comparison~ﬂUo/vgyo
(from Anderson, 2).

e CHANG DATA (13)
A W.V.U. DATA (20)

2 i EN TR

LADRSEN~TOCH

JaXN XX

BREUSERS T
c.s.U

SHEN IY

CHYTALF,
INGLIS-POOMA

y ATICALY

2 3

Yo/

Figure 7. 3cour Prediction Formulae Comparison--y /b
. O
(from Anderson, 2).

16




e P R 3 T S s

T e R T

-

by Hancu (19), Jain and Fischer (23), Chabert and Engeldinger (12), and Shen,

et al. (47) were used to compare the eight formulae.

They concluded that formulas by Larras, Shen, et al. II, Laursen and Toch, and
Jain 1T were appropriate for use because they genmerally predicted scour depths
less than 30 percent greater than measured ones (see Fig. 8). Of these four
equations, only those by Laursen and Toch and by Jain met the criterion that

overprediction by less than 307 vas "satisfactory," for most of the data.

Jones (24) compared nine formulae all but one of which are the same as those
analyzed by Anderson and/or Jain, Table 2. Figure 9 shows plots of various
equations and field data from Louisiana bridge sites. The figure shows that
predictions by the Neill and Laursen II formulae agree well with the meager
data available; however, Jones suggests that the field data cullected did not
necessarily coincide with flood flows, so maximum scour depths may not have

occurred. TField data was meager and only for low values of y,/b.

Raudkivi and Sutherland (42) compared 17 prediction equations with actual
scour depths measured at four New Zealand bridge sites. They concluded that
many of the prediction equations gave reascaable estimates of scour but, "this

is no guarantee of their validity."

Iv. SCOUR DEPTH PREDICTIONS BY WASHINGTON
DEPARTHENT OF TRAHSPORTATION
Washington State Department of Transportation now uses, and has used, the
Laursen and Toch equation to estimate likely scour depths at bridge piers.
The Neill formula and the Colorado State University formula then are used to
"check and compare' the predicted depths. Each of the formula was empirically
derived using uniform bed materials and all three are judged by compariscns
discussed in Part II1 to be appropriate at least within the range of
streamflows studied. No one formula can be cited as '"best'" for general

prediction.

This research examined no situations in Washington in which predicted scour

depths were less than actual ones. Some exist, not from the standpoint of
bridge failure, but scour holes have occurred at bridge piers that have
required some maintenance. The number of these occurrences is small. This

record suggests that the present practice of predicting scour depth is
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satisfactory at locations where riverbeds at crossing sites are uniforn

materials such as sand and small gravels.

V. SCOUR PREDICTION AT RIVEREEDS WITH
NORUNIFORM BED MATERIALS
a) General Remarks.--Twenty eight bridges in Washington State were visited
during the course of this research investigation. At most of these locations,
exposed streambed and bank materials were non-uniform in size, i.e., fines to
rather large gravels and, in some locations, small to medium boulders.

Significant armoring of the streambed was observed in most cases.

Only one of the 37 scour-prediction formulae in Table 1l incorporates a non-
uniform bed material parameter. This is the one attributed to Ettima and
Raudkivi in Group 1 of Table 1 and hereafter referred to as the UAK fermula.
A geometric standard deviation of size distribution 1is included in this
formula. This one factor generates a scour depth prediction that is much less
than any of the other formulae in Table 1, given that all other conditions are

the same.

This formula was compared with the ones that currently are used by WDOT and
with detailed scour measurements at six of the bridges inspected. Before
describing the comparisons, discussion of certain constants and coefficients

in the prediction formulae is appropriate.

b) Effect of Pier Shape.--Chabert and FEngeldinger (12) studied the six pier
shapes presented in Fig. 10 and found that Piers 1, 2, 3, and 4 have
approximately the same maximum scour depths for the same approach flow
conditions.  The marimum scour depth for pier 6 is between 337 and B6Z of the
scour depth for piers 1, 2, 3, and 4 and that for pier 5 is 50% to 1007 of
those for piers 1 to 4. The higher scour denth ratios correspond to higher

approach flow velocities (Bruesers, et al., 10).

Laursen (28) studied the six pier shapes presented in Table 3. He found that
the shape coefficients, Kg (defined as the ratio of scour depth for a
particular shape to the scour depth for a rectangular shape), reliably could
be used by designers to adjusf scour depth for pier shapes. Investigators at

Colorado State lniversity (43) presented Kg values shown also in Table 3.
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¢) The Effect of Angle of Attack.--Neill (35) and researchers at Colorado
State University (43) suggest that the Laursen (28) relation, shown in Fig. 11
is appropriate for adjusting scour depths for angle of attack. The ordinate,

k is the ratio of scour depth at an angle of attack, a, to that at zero

G,
angle of attack.

0.15m
i
o
.3m I—
0.6m _ 0.06m
s 2 <8 4. 5. G,
Cyllandrical Round Double Joukowski Ogival Lenticular
Nosed Pier
with
Web

Figure 10. Pier Shapes Studied by Chaubert and Engeldinger (12).

d) The Rffect of Sediment Size.--Figure 12 shows influences of riverbed
sediment size on scour depth (Ettema, 17). It shows two distinct groups of
data, those sediments which form ripples (dSO > 0.7 mm) and those that do not.
No functional trends exist when dSO is less than 0.7 mr (0.028 in.). When dSO
is greater than 0.7 mm, a curve is defined that exhibits two distinzt trends;
when b/d50 is less than some critical value, scour depth increases with
increasing b/dSO, while for b/dso greater than the critical value scour depth
reaches a maximum cepth of 2.3 times b and then approaches a constant value of

about 2.1 times b.

Figure 12 is instrumental in designing piers for potential scour. The
deviation of the data from the line in the figure suggests some allowance
should be made for inaccuracies of the line. When the data is replotted on a
logarithmic graph, Fig. 13, lines that envelope the data can be drawn. These

lines can be used to estimate upper limits of potential scour and are
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3

Kq Multiplicr for Various Shaped Piers

Nose Form

Length-Width

[

4]
o]
™
)

Rectangular

Semlicircular

Elllptlc

Lenticular

Square
Round
Cytlinder

Sharp

Group of Cylinders

Pigure 11,

O

OODDAAmﬂmH

O

0.9

Colcrado State
University (43).

K

Multiplicr

for Angle of Attack (from Laursen, 28).
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dg/b = 0.5(b/dgy) 23 vhen b/dgy < 18

1]

and ds/b

2:3 when b/dso > 18

e) The Effect of Sediment Grading.--In 1671, Nicollet and Ramette (37),
prblished Fig. 14 showing the effects of sediment grading on scour depth
resulting from experimental measurements. Experimental tests were codducted
at velocities correspending to threshold-to-particle-motion conditions for
material sizes shown (U/U, = 1.0). The results revealed that the maximum
scour depth in mixed gravel sediments will be approximately 257 1less than

those for each uniform sediment.

Ettema (17) published Fig. 15 in 1980 which shows the relationship of maximum
clear-water scour to the geometric standard deviation of sediment grading, 9
= Jagz75]g. The ordinate, K;, is the ratio of equilibrium scour depth in non-
uniform sediments to that in uniform sediment. This figure reveals that scour
depths in river gravels with 9 > 4.0 are only about 207 of the depths found
in uniform sediment, i.e., sediment grading significantly influences scour

depth.  Figures 14 and 15 are consistent in this respect.

f) Prediction Formula and Comparisons.--The three formulae presently used by
the Washington State Department of Transportation are shown below. Alsoc shown
are the Shen 1II formula and the UAK formula. These will be used to compare
estimated scour depths at specific bridge sites where non-uniform stream bed

materials exist.

Csu dg/b = 2.2 {yo/b)3F-43

Laursen-Toch I d./b = 1.5 (yo/b)9:3

Shen 11 dg/b = 3.4 (F)0-67 (yo/b)-33

Neill d,/b = constant

UAK dy/b = 2.3 Ko (h/dgg > 18)
dg/b = 0.5 (b/dgy) -3 (b/dgg < 18)

Correction factcrs need to be inserted in each formula to adjust from a square
pier to actual shape and to allow for skew angle different from zero. In
these equations, b is effective pier width, dg is depth of local scour below

streambed level, g is the gravitational acceleration (= 32.2 ft per sec per

N
w
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sec), vy, 1is approach flow depth, K, is a coefficient of sediment grading, F =
3 A . o 5 : . .
tc/(gyu)l/”, U, is stream velncity approaching a pier, and y, is approach flow

depth.

Each of these formula, with appropriate coefficients inserted, were used to
estimate scour depth at each of six existing bridges in Washington State.
Parameters at each of the sites were determined by on-site inspections and
measurements. Appendix A provides details of the field measurement program.

The predicted scour depths are shown in Table 4.

At these bridges, the first four formulae estimate local scour depths
considerably greater than those measured in the field. 'The reason for this,
of course, is that all of these formula were developed for uniform-sized bed
materials. Measured scour occurred in materials having considerable grading,
1. e, g exceeded 3.5 at all locations. Thus, one would expect over-
estimation by these formulae. The UAK formula is for wuniformly graded
materials so its predictions approximate measured scour much better. Scour

measured at the last three of the sites listed in Table 4 probably was

constrained by underlying pedestals and/or footings that were exposed.

Table 4. Predicted Scour Depths in Hon-Uniform Bed Haterials

Study Site

Bridge Site 5/216E 507/102 507/128 90/82S 12/706 12/725
Equation Newaukum Skookumchuck Nisgually S.Fk. Snogq. Touchet Tucannon
(1) (2) (3) (4) (5) (6)
el 1l 19.6 5.5 24,93 17.3 11s7 12.7b
Laursen-Toch I 25.8 6.5 25.1 13,58 9.3 14,7
Shen 1] 157 6.4 34.0 240 i5.5 15:7
Neill 17.2 45 31.4 14.0 5.7 20.0
LAK 5,2 s 8.0 4.3 2.1 |
Field
Measurements 6.1 1.7 8.0 2.8 1.7 3.3
Note: Units in feet; 1 ft = 0.305 m. 3Computed using foundation width, 15 2

£
o
Computed using pedestal width, 10.0 ft.
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The field measured scour depths shown in Table 4 were documented during
summer, 1986. Is this sufficient for the above comparisons. Alternatively,
one may ask how scour depths following a f{lood justifiably can e ccmpared
with actual scour depths measured after low flows. Backfilling of the scour
hole may occur during the flood recession in sand bed channels. In graded and

arpored channels, such as those investigated, less backfill is likely.

Figure 10 relates flow velocity, U, and the particle diameter, 4, for a bridge
site on the Newaukum River, one of those sites at which field measurements
were made. This curve, based on incipient particle motion attributed to
Shields (Am Soc of Civil Eng'rs Manual of Practice No. 54, N.Y., 1977, p. 96)
shows the velocity required to move a particle of size d. The average
velocity through the bridge waterway during a 100-year flood is only 4 ft/s
CL:2 m/s)s Assume, for example, that local flow velocities around the pier
reach 10 ft/s (3.1 m/s). Figure 16 indicates that 3 inch (76.2 mm) particles

are the largest which could be moved at this velocity.

Analysis of the upstream bed during the field investigation revealed it is
protected with armor particles, diameters ranging from 2.5 to 12 in. (6l to
305 mm). Since the armor particles are interlocked, it is unlikely that even
the smallest hed particles move downstream and fill the scour holes On the
other hand, if the upstream bed or suspended load in the stream consisted of
sands, ranging in diameter from 0.01 to 0.1 in. (0.15 to 2.5 mm), these
particles could be transported into the scour hole at floéd recession
velocities as low as 0.5 ft/s (0.15 m/s). When this occcurs, this sized
material would be observed in a scour hole and generally on the riverbed.
This deposition was not observed so the measured depths in Table 4 should
represent something near maximum depths. Maximum daily flow at this site was

5360 c¢fs (150 m3/s) on February 24, 1986.

At two of the six sites examined in the field measurements program, local
scour had exposed pier footings which were observed during site visitation.
At these locations, any significant refilling of the scour hole would have
covered the footings. These cases also suggest that the measured depths in

Table 4 represent maximum scour.
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g) Graded Straambed Material.--The "grain size distribution curve" portrays
graphicaly the wvariation in size of particies that constitute a streambed or
bhank. Figure 17 shows three such curves. The Uniform curve indicates that
there is very little range ot particle size in that sample. An example of
this wouid be an alluvial (say, sand) bed channel. The Well-Graded curve
indicates size variation of from less than 0.0l mm to more than 1.0 mm, a
range of over two orders of magnitude. Uniformity and grading iz uninfluenced

by the mean particle size, dSO'

There is no well-defined and universally accepted boundary between a uniform

material and a well-graded one. For purposes here, however, a o, of 2.4 or

g
larger would create local riverbed scour less than half of that with uniform
material (see Fig. 15). Curve C on Fig. 17 has a O value of 2.4 and any
distribution curve, regardless of the dgy, with a slope lesser than Curve C

could be considered a well graded material.

An armored streambed {(or bank) is one in which fine materials will have become
imbedded among larger particles so that some friction and cohesion between the
material will cause protection  against erosive forces of streamflow.
Additicnally, armoring is augmented by chemical or biclogical adhesion fronm
foreign material in the water. Armoring requires a well-graded particle
distribution on streambeds or banks, A well-graded material may not  be

armored, however, unless o, is sufficiently large.

g !
h) Summary.--The UAK prediction formula estimates scour depths in graded
streambed materials about one-fourth as great as do formulae developed for use
with uniform-sized material. This formula is based on rather extensive
research of local scour to uniform but different sized materials as well as to
mixtures of materials bhaving different sizes. The experimental data agrees
with widely accepted thecries of stream particle motion, namely that with
irrge particle sizes and/or with larger portions of all particles bigger,
overall erosion is less. Additionally, experimertal evidence shows that when
particles approach a uniferm distribution, erosion predictions should agree
with that from formula developed specifically for wuniform paiticle size.

Figure 15 i1llustrates these aspects.
R P

Scour predicted by the UAK formula agreed quite well with measured scour at

bridge crosing in Washington State. Measurements were made at six bridge

&y
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sites only and while this is insufficient to establish statistical
reliability, there is strong evidence that the UAK method is more
appropriately applicable than the Laurson-Toch formula, or others presently
used by WDOT, whenever graded materials are encountered. This evidence, the
research results noted above, and the potential eccnomic benefits of reducing
depths to which piers need to penetrate streambeds all encourage the use of

the UAK mathodology in Washington State.

VI. RECOMMENDED PROCEDURE FOR ESTIMATING SCOUR DEPTH
IN GRADED STREAMBED MATERIAL
Scour estimation wusing the UAK formula requires knowledge of the streambed
materials. With this knowledge, a series of algebraic operations, with curve
reading, completes the estimation process. Gathering information about the
streambed material is the initial step in estimating scour and, depending upon

site conditions, may require caution and extremely good judgment.

Values of djg, dsp. and dg, need to be determined. These values can be taken
from a material gradation curve similar to those on Fig. 17. Such a curve can
be develcped by obtaining a sample(s) of the bed material in the vicinity of a
proposed bridge pier and making a sieve analysis on the sample. The

geomorphological history of the stream may dictate the sampling technique.

During the long history of a stream's development, the channel may well have
meandered laterally from valley wall to valley wall. In these cases, several
layers of different material might have been deposited under the present
channel. It is important to obtain samples that include the different
materials into which scour may penetrate. It is just as important to identify
lenses of fines (sands and clays) at various depths, if they exist. In large
streams, several samples may be obtained to ensure that materials are similar

over the entire area of study or, if not, what the differences are.

The gradation curve(s) from the sieve analyses can have any of many shapes;

Fig. 17 shows three and Fig. A6 on Page 46 shows another. The UAK procedure

assumes that the materials are fairly uniformly graded, i.e., the size
distribuation curve is not overly skewed toward any one size or narrow range of
sizes. 1f, for example, sampling extracts a large stone in an otherwise sandy

material, this 1is apt to be a rare chance occurrence and sampling should be

repeated. However, if an occasional large stone does, in fact, exist, the UAK
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procedure should not be applied thereto (resort to prediction by uniform
material formulae, perhaps) or the prediction should apply to the grading of

the materials that do not include the large stone.

Once the gradation curve is available, sizes of material t hat correspond to
16, 50, and 84 percentiles can be determined. These, respectively, are d16
dSO’ and dgy. On Fig. 17, the d8a for Curve C is 0.4 mm, the dgg is 0.17 mm
and the djg is 0.07 mnm.

Step 2 is the prediction of scour for a rectangular-shaped pier (in plan) and
oriented parallel with the streamflow. Knowing b, the anticipated pier width
in the direction of the streamflow, and dgg from Step 1, enter Fig. 13 to find
dg/b.  The mean value of scour depth now can be calculated as dsm = ds/b x b.

Adjustments now will have to be made as in Steps 3-7 below.

Step 3 is to determine K; . With previously determined values of djq and dg,,
compute og = (d8h/d16)1/2° Enter Fig. 15 with this value of % and find K;.

Step 4 is to determine Kg. Calculate L/b {L is pier length) and enter Fig. 11
with this and the angle, «, that the pier will be oriented with the

streamflow. These two values will permit determination of K.
Step 5 is to determine K .  This can be done using Fig. 10 and/or Table 3.

Step 6 is to establish a factor of safety, Kgg. Because there is but little
data collected on actual scour depth in graded streambed material
installations, reliability of the estimated scour depth is not well known. A
purely heuristic approach is to select Kgg equal to 1/K, whenever T s less
than about 2.0. If Ky is greater than 2.0, select Kgz; = 1.5. This nullifies
scour depth reductions for material gradations when Ky < 2.0 but allows for

the full depth of scour when K, > 2.0.

Lastly, Step 7 is to estimate the scour depth as

dg = dgp KoKy KgKeg

Occasions may arise when footings or pedestals are required for load support.
If these foundation structures protrude above the streambed level, their

width, frontal shape, and orientation with the streamf{low should be used in
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the above steps rather than the characteristics of the pier itself. If the
top of such a structure is originally at the streambed level, local scour may
develop more slowly than with a narrower pier, but it will develop eventually.
Thus, the geoﬂetry of the foundaticn structure in this case also should be

used to estimate scour depth.

If the top of a footing 1is lower than streambed level but at a depth below
streambed less than estimated scour depth using the pier characteristics, the
scour depth that should be planned would be based on the foundation geometry.
Here, as above, the full scour may be slower developing but eventually, the

full depth will occur.
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