velocity. The positive relationship between the scour depth and the Froude number has been used
in various empirical equations as suggested by Shen et. al., Chitale and Bata (Kabir, 1984).
Moreover, the scour depth increases as the bed material becomes ﬁner.
Eﬂecz‘ ofApproach Depth

The variation of d/b with respect to the relative approach depth, Y/b for different I/b ratio
and d50 is shown in Figure 2. Here, the relative scour depth shown a linearly increasing
relationship with the relative approach depth. The scour depth changes with the approach depth
at an average rate of 1.95, which shows only minor variation for different pier shapes and bed
materials. Laursen has estimated this rate as 2.0 (Garde and Raju, 1985), which is in close
agreement with the rate of 1.95 found in this study.
Ejfect ofPier Shape

Figure 3 shows the scour pattem around piers of four different shapes. The same I/b ratio
has been maintained for the rectangular, round-nose and sharp-nose piers. Among these, the
sharp-nosed pier had the minimum scour and the rectangular pier had the maximum scour. The
pattem of scour around the pier is similar for the rectangular and round-nose shapes. However,
the location of maximum scour depth is near the upstream edge for all the piers. The effect of
pier shape has been incorporated in the scour depth estimation in a simpliﬁed form through the
width of the pier. However, it is generally observed that streamlining the nose of the pier can
reduce the scour depth.
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placed in a bed containing boulders of large size. In another case, the base of the pier was
established deep into a gravel stratum. Yet, during seasons of high water, the piers failed due
to scour. Hence, it is advisable that the base of the foundation be established at a depth below
low-water channel equal to not less than four times the highest ﬂood level.
CONCLUSION

Scour depth can be predicted to a reasonable precision with the help of empirical or
theoretical correlations involving parameters like silt factor, bed factor, depth of ﬂow etc.
which affect the intensity of scour. As bridges continue to fail in spite of the theoretical
precision, reliable forecasts of scour need to be given based on experience. A large factor of
safety helps because of the uncertainty involved in the prediction of scour depth. It is
advisable to follow the local standard code of practice.
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ABSTRACT

In the USA, the scour depth around a bridge pier is currently calculated using the HEC18 equation. This equation was developed for piers founded in sand and there is a sense that in
clay the depth of scour is not as large. The ptu-pose of this study was to develop a method for
clays, silts, and dirty sands. The SRICOS method (http://tti.tamu.edu/geotech/scour) was
developed on the basis of ﬂume tests, numerical testing, and erosion testing of the soil. A new
apparatus called the EFA (Erosion Function Apparatus) was built for engineers to test the soil for
erodibility in the laboratory.
The output of the simple SRICOS method is a scour depth after a given time. If a
hydrograph is used as input, the extended SRICOS method can be used and results in a scour
depth versus time curve.
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is

(1)

history at a bridge in cohesive soil may only be a fraction of emax. The scour rate effect in
cohesive soils is measured by the erosion rate versus shear stress curve which can be used to
calculate the reduction in scour depth in the case of cohesive soils. The erosion rate 2': is deﬁned
as the depth of soil scoured per unit of time and is conveniently quoted in rrmr/hr. The shear
stress 2' is the shear stress imposed at the water soil interface and is given in N/mi.
The 2' vs. r curve is a measure of the erodibility of the soil (Figure 1). Typically the
erosion rate 2 is zero until the critical shear stress rs is reached and then 2 increases as r
increases. The 2': vs. r ctu"ve can be measured with the EFA (patent pending) (Erosion Function
Apparatus) (http://tti.tamu.edu/geotech/sour) (Briaud et al., 1999(a)). In the EFA (Figure 1) a
soil sample is eroded by water ﬂowing over it. The sample is collected from the site in a
standard thin wall steel tube, placed through the bottom of a rectangular cross section pipe, and a
lmrn protrusion is eroded over time.
Once the 2': vs. r curve is obtained the method to predict the pier scour depth as a
function of time proceeds as follows. First the maximum shear stress rm around the bridge pier
is calculated (Briaud et al, l999)(a)):

rm, = 0.094 pl/2 L-l
log Re 10

(2)

where p is the density of water, v the mean approach velocity, and Re the pier Reynolds
number. Second the initial scour rate 2,. corresponding to rm, is read on the z' vs. 2" curve.
Third the maximum depth of scour em is calculated (Briaud et al., l999)(a)):
em, (mm) = 0.18 Re0'635

(3)

where Re is the pier Reynolds number. Note that equation (2) gives a value of em, which is
very close to the one for cohesionless soils. Indeed it was fotmd that the maximum depth of
scour in clays and in sands where approximately the same in ﬂume experiments. In those same
experiments however it was found that the scour hole in clay developed to the side and in the
back of the pier and not in the front of the pier. This indicates that for scour in clay the front of
the pier may not be the best place to install monitoring equipment. Fourth, the equivalent time
reg is calculated. The time teq is defmed as the time over which the design velocity vdes would
have to be applied for the depth of scour z to be equal to the depth of scour reached after the
hydrograph spanning the design life of the bridge r,,., has been applied. The time re, is
calculated as (Briaud et al., 1999)(b)):
I

1..(hrs) = 73 I10.Iyeerslim(palm/S))1'7°6(a(mm/hr))*“°
Fifth, the scour depth e versus time t curve is given by:
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p_,.: density of sand
density of water
gravity due to acceleration
: porosity of water part
2>-ix}->0Q‘Q : porosity of the sand column
(it = /1,, + 2., , /1,, : porosity of air part)

Substituting equations (2) and (3) into equation (1), and assuming /1,, 2 /1 ,

0", + pg/1' = (p, - p)gz(1-- /1) = constant

(/>.—r>)sYz'(1-1)

Thus, the liquefaction state can be expressed by:

(p._—p)sZ(1-1)
EXPERIMENTAL DETAILS

(4)

The Shields diagram was used to determine critical shear velocity, u.c, against mean

u., = 0.03 4;?

(6)

grain size, 0'50. The relation between critical shear velocity and mean grain size can be
expressed as:

u"'c

dso

g: 5.75log[5.5I-ii]

(7)

where, 24.‘, is in m/s, and dso is in mm.
Critical shear velocity can be converted into critical mean ﬂow velocity (U6) by using
the following logarithmic expression of the velocity proﬁle: _

where, ho = ﬂow depth.
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Bridge foundations must be designed to withstand the effects of scour from extreme ﬂood
events that could potentially occur during the structure’s life. Many equations are available to
assist in the prediction of scour at bridge crossings but until recently, few accounted for the
effects of gradation and none for the effects of cohesion and consolidation. No quantitative
procedure for predicting bridge pier scour in rock has previously been available to practicing
engmeers.

Recognizing this need the United States Transportation Research Board Committee on
Hydraulics, Hydrology and Water Quality identiﬁed scour in erodible rock and consolidated
materials as one of its top three hydraulic problems. One of the methods that have been
developed to address this need (Smith et al. 1997) is based on the Erodibility Index Method
(Annandale 1995). The Erodibility Index Method is a semi-empirical method that can be used to
estimate the erodibility of any earth material, including cohesionless granular soil (sand, gravel
and cobbles), cohesive soil, and jointed and fractured rock.

This paper summarizes the Erodibility Index Method and explains how it is used to
calculate the depth of scour around bridge piers. Application of the method is demonstrated by
means of a case study.
INTRODUCTION

This paper introduces concepts that can be used to explain the scour resistance of
complex earth materials such as rock, slickensided and cohesive clays, and also non-cohesive
granular material. A semi-empirical approach that can be used to quantify the relative ability of
these earth materials to resist scour is presented, concomitantly with a method that can be used to
calculate the depth of scour around bridge piers.

The ﬁrst bridge pier scour analysis using the Erodibility Index Method was conducted for
the Northumberland Strait Bridge (Anglio et al. 1996) (Figure 1). This analysis entailed
veriﬁcation of the Erodibility Index Method by using material properties and estimates of the
erosive power of water that caused scour in rock around one of the bridge piers. Laboratory

1 Director Water Resource Engineering, Golder Associates Inc., 44 Union Blvd, Suite 300,
Lakewood, Colorado 80228.
2 Hydraulic Design Manager, URS Greiner Woodward Clyde, 4582 South Ulster Street, Denver,
Colorado 80237.
3 Engineer, Golder Associates Inc., 44 Union Blvd, Suite 300, Lakewood, Colorado 80228.
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(1)

of parameters that represent the relative role of each of these properties to resist erosion it is
possible to deﬁne a geo-mechanical index that quantiﬁes the relative ability of earth material to
resist erosion. Research (Annandale 1995) has shown that the relative ability of other earth
materials to resist erosion, such cohesionless silt, sand, gravel a_nd cobbles, and cohesive earth
materials, can also be quantiﬁed with the same set of parameters as used for rock. The
Erodibility Index, which is identical to Kirsten’s Excavatability Index (Kirsten 1982) is deﬁned
by the equation

K=M,-K,-K,-J,

Where MS = intact material strength nmnber; Kb = block or particle size number; Kd =
discontinuity or inter-particle bond shear strength nmnber; and J8 = relative shape and orientation
number. Tables and methods to quantify the constituent parameters are presented in Annandale
(1995), Kirsten (1982) and the National Engineering Handbook (NRCS 1997).
Erosive Power of Water

The Erodibility Index Method uses stream power, which is equivalent to the rate of
energy dissipation in ﬂowing water, to represent the erosive power of water. (These terms are
used interchangeably in this paper). By making use of this variable it is possible to quantify the
relative magnitude of pressure ﬂuctuations, which play an important role in initiating sediment
motion and maintaining sediment transport. In order to support the hypothesis that the rate of
energy dissipation can be used to represent the relative magnitude of pressure ﬂuctuations,
Annandale (1995) analyzed observations by Fiorotto and Rinaldo (1992) who measured pressure
ﬂuctuations under hydraulic jumps. The results of the analysis indicated that the standard
deviation of pressure ﬂuctuations is directly proportional to the rate of energy dissipation
(Figure 3). This ﬁnding supports the use of stream power to quantify the relative magnitude of
the erosive power of water. Increases in stream power are related to increases in ﬂuctuating
pressures, which form the basis of the conceptual model of the erosion process schematized in
Figure 2. A method that can be used to determine the magnitude of the rate of energy dissipation
arotmd bridge piers are presented further on in this paper.
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Determination of Extent of Scour

The extent (depth) of scour is determined by comparing the stream power that is
available to cause scour with the stream power that is required to scour the earth material under
consideration. The available stream power represents the erosive power of the water discharging
over the earth material, whereas the required stream power is the stream power that is required
by the earth material for scour to commence. If the available stream power is exactly equal to
the required stream power, the material is at the threshold of erosion. In cases where the
available stream power exceeds the required stream power, the material will scour. Otherwise, it
will remain intact.

Figure 8 shows how the available and required stream power, both plotted as a function
of elevation beneath the riverbed, are compared to determine the extent of scour. Scour will
occur when the available stream power exceeds the required stream power. Once the maximum
scour elevation is reached the available stream power is less than the required stream power, and
scour ceases.

The required stream power is determined by ﬁrst indexing a geologic core or borehole
data. The values of the Erodibility Index thus determined will vary as a function of elevation,
dependent on the variation in material properties. Once the index values at various elevations are
known, the required stream power is determined from Figure 4 or 5, as conceptually shown in
Figure 9. Figure 9 indicates that the stream power required to scour a particular earth material is
determined by entering the erosion threshold graph on the abscissa, with the Erodibility Index
known, moving vertically to the erosion threshold line, and reading the required stream power on
the ordinate. Figure 10 illustrates that the process is repeated as a function of elevation below
the riverbed. The values of the required stream power is then plotted as a function of elevation.
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With Yum assumed to be the maximum scour, the scour depth estimated with the
Erodibility Index Method can never exceed this value. The range of scour depth estimates for
this method is therefore 0 f ys f ymax.
CASE STUDY: WOODROW VVILSON BRIDGE

The Woodrow Wilson Bridge over the Potomac River is an essential part of local,
regional and national transportation systems (Figure 12). The Bridge carries six lanes of Capital
Beltway trafﬁc between Alexandria, Virginia and Oxon Hill, Maryland and is the last river
crossing for approximately 50 miles down river. Congestion and the frequency of drawbridge
openings for marine trafﬁc cause trafﬁc delay at the bridge. The Woodrow Wilson Bridge is one
of a few on the Interstate highway system that contains a movable span. Under current Coast
Guard regulations, the 50-foot high drawbridge opens approximately 240 times per year to allow
for the passage of marine trafﬁc traveling the Potomac River.

The ﬁve-mile section of the Beltway within the project area serves as a systematic link
for local trafﬁc on major north-south roadways feeding into interchanges at Telegraph Road, US
Routel, I-295 and MD 210. Furthennore, the eastern half of the Beltway, including the
Woodrow Wilson Bridge, is designated as I-95 and constitutes a critical link in the Maine to
Florida interstate route. Because the adjacent section of the hectic Beltway is eight lanes wide,
the current six-lane Woodrow Wilson Bridge represents a severe bottleneck on the highway
system.

Furthermore, the existing Woodrow Wilson Bridge cannot last much beyond 2004
without major structural rehabilitation. The inspections and repair activities at the Bridge would
result in extended trafﬁc delays and increased costs. Replacing the Bridge before 2004 will
greatly reduce trafﬁc delays in the area.

In 1992, a Coordination Committee of affected jurisdictions from Maryland, Virginia,
and the District of Columbia and local, regional, state and federal govemments began
investigating solutions to the trafﬁc problems at Woodrow Wilson Bridge. The Committee
approved a “Preferred Altemative” in 1996, which featured a facility with side-by-side, movable
span, twin bridges with a 70-foot navigational clearance. The new twin bridges will carry 10
lanes of trafﬁc plus two future High Occupancy Vehicle (HOV) lanes. The new Bridge design
will clear the river by 70 ft, which will reduce the number of openings by more than two-thirds,
thus decreasing trafﬁc delays.
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of the cretaceous period Potomac group was assigned a value of 100. The reason for using Kb =
100 for the cretaceous period clay is that the clay is so hard that it can be viewed as soft intact
rock according to tables in Annandale (1995). Kb determinations for pier M10 are shown in
column (6) of Table l.
Discontinuity or Inter-particle Bond Shear Strength Number

<8)

The shear strength number, Kb, was calculated using the following equation
(Annandale 1995):

K. = en(¢).

where (I) = 8. 1 ° for the very soft to soft clay material, but = 30° for all other materials. Kb values
with depth for pier M10 are shown in Table 1 column (7).
Relative Shape and Orientation Number

A value of one was assigned to the ground structure number, J5, in all cases
(Annandale 1995). J, is shown in column (8) of Table 1.
Erodibility Index and Required Power

(9)

Erodibility Index (EI), the product of Ms, Kb, Kd, and Ks, is shown in Table 1
column (9). The power required to scour the Potomac River’s bed material was determined
using Annandale’s (1995) erosion threshold (Wittler, et al. 1998) for low strength materials (as a
conservative approach):

pR = 0.48 - 51°“

where: pR = power required to scour granular material (kW/m2). Required stream power is
calculated in Table 1 column (10) for pier M 10.
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power that is available to cause scour. This is determined by making use of dimensionless
graphs that deﬁne the change in stream power as a ﬁmction of scour hole development (Smith, et
al. 1997). A case study that illustrates application of the method to calculate scour around bridge
piers is presented.
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where C* is a coefﬁcient determined from laboratory and ﬁeld-testing, yo is the average ﬂow
depth, and Fr is the ﬂow Froude munber. At bridge piers, they suggested using a safety factor of
2 and a corresponding C* value of 0.28. The form of equation (4), a Froude nmnber multiplied
by a coefﬁcient, is a useful way of expressing many riprap equations. This method has an
advantage over the stability munber formulae as the riprap size can be calculated directly for the
given ﬂow conditions.

Altematively, small-scale experimental results have also been used to develop stone size criteria
speciﬁc to bridge-pier riprap. Lauchlan (1999) provides a summary of a large nmnber of pier
riprap size prediction equations. Here we will discuss a nmnber of the equations and compare
their results.

2

(5)

Breusers et al. (1977) provide riprap-sizing criteria based on previous pier scour experiments by
Carstens (1966), Hancu (1971) and Nicollet and Ramette (1971). It was determined that for
given sediment, scouring begins at half the critical velocity, irrespective of the pier diameter.
Breusers et al. (1977) suggest that the riprap should therefore be sized so that the critical velocity
of the stones is twice the maximmn mean velocity of the ﬂow. The resulting equation is provided
below, where Umax is the maximum mean ﬂow velocity. The formula is based on Isbash (1935)
using E = 0.85.

(5. -08

drso = 2.83 —(]l"“‘——

(6)

The Isbash (1935) equation was also rearranged by Richardson and Davis (1995) to give
equation (6), where U = mean ﬂow velocity. The ‘K’ factor is introduced to account for velocity
changes associated with different pier shapes (Table 1).

(-51- - lie

d _ 0.692(11<r/)2
r50

d

-0.20

(7)

Quazi and Peterson (1974) conducted an early experimental riprap study. They undertook a
series of small-scale experiments with a riprap layer placed around a round-nosed pier, and lying
ﬂush with the bed. They developed the following relation.

NS, =1.14[-is-°-J
ll 6

(8)

Also based on experimental results is the equation of Croad (1997), which is in the same form as
(7), but with the addition of a pier shape factor, A.

dr50

NS, = 2.1A[-ii]
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= 4, produce very small riprap sizes. The reason for this may be that the threshold of motion
approach to riprap stability is not only affected by the choice of critical condition, which varies
substantially with the exposure of stones, but also by the shape of the stones. The drag
coefﬁcient varies with the shape and roughness of the stones and the asymmetric shape of rocks
also introduces an unknown lift force effect, Raudkivi (1990). Therefore any equation based on
this criterion should also be able to adapt to changing embedment levels and stone shape factors.

Given the lack of consistency amongst the methods, it is prudent to select a method that leads to
conservatively large riprap relative to the other remaining methods. On this basis, the methods
of Richardson and Davis (1995) and Lauchlan (1999) are recommended for selecting suitable
riprap for bridge pier protection, Melville a.nd Coleman (2000). These methods were used to
assess riprap size requirements for the Hutt Estuary Bridge (Melville and Lauchlan, 1998) and
provided good agreement with model study results (Lauchlan, Melville and Coleman, 2000).

In order to improve conﬁdence in the use of riprap size prediction formulae it is necessary to
compare these equations to ﬁeld results. Also, additional laboratory work could include
assessing riprap layer performance under unsteady ﬂow conditions.
CONCLUSIONS
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1. Riprap failure mechanisms are affected by riprap size. Shear failure can be eliminated by
correctly sized stones.
2. There is a lack of consistency amongst existing riprap size prediction equations, and a
conservative approach following the method of Richardson and Davis (1995) or that of
Lauchlan (1999) is recommended as appropriate under most situations.
3. Further laboratory and ﬁeld studies are required to improve conﬁdence in the prediction
methods.
L
1 X
.1

REFERENCES
1.
2.
3.

Breusers, H. N. C., and Nicollet, G., and Shen, H. W. (1977). “Local Scour Around
Cylindrical Bridge Piers.” Journal ofHydraulic Research, 15(3), 211-250.
Breusers, H. N. C.,and Raudkivi, A. J. (1991). Scouring, A. A. Balkema, Rotterdam;
Brookﬁeld.
Carstens, M. R. (1966). “Similarity Laws for Localised Scour.” Journal ofthe Hydraulics
Division, 92(HY3), 13-36.

67

Hancu, S. (1971) “Sur le calcul des affouillements locaux dams la zone des piles des
ponts.” 14th International Association ofHydraulic Research Congress, Paris, France.
Isbash, S. V. (1935). “Construction of Dams by Dumping Stones in Flowing Water
(Translated by A. Dorijkow).”, U.S Army Engineer, Eastport.
Lauchlan, C.S (1999). “Pier Scour Countermeasures,” PhD, The University of Auckland,
Auckland.
Lauchlan, C.S., Melville, B.W., and Coleman, S.E. (2000). "Protection of the Hutt
Estuary Bridge Against Local Scour." International Symposirun on Scour of Foundations,
Melbourne, Australia, November, 2000
Melville, B. W., and Coleman, S. E. (2000). Bridge Scour, Water Resources Publications,
Colorado, USA: 550pp
Melville, B.W., and Lauchlan, C.S. (1998) "Hutt Estuary Bridge Physical Model Study
of Scour at Bridge Piers." Auckland Uniservices Limited, Auckland
Nicollet, G., and Ramette, M. (1971) “Affouillements au voisinage de piles des pont
cylindriques oirculaires.” 14th International Association of Hydraulic Research
Congress, Paris, France.
Parola, A. C. (1995). “Boundary Stress and Stability of Riprap at Bridge Piers.” River,
Coastal and Shoreline Protection: Erosion Control using Riprap and Armourstone, C. R.
Thorne, S. R. Abt, F. B. J. Barends, S. T. Maynord, and K. W. Pilarczyk, eds., John
Wiley & Sons, 149-159.
Quazi, M. E., and Peterson, A. W. (1974). “A Method for Bridge Pier Riprap Design.”
First Canadian Hydraulics Conference, Edmonton, Canad, 96-106.
Raudkivi, A. J. (1990). Loose Boundary Hydraulics, Pergamon Press, Oxford.
Richardson, E. V., and Davis, S. R. (1995). “Evaluating Scour at Bridges.” FHWA-IP-900] 7, Fairbank Turner Highway Research Centre, McLean, Virginia.

68

for a rectangular channel
for a rectangular Cl18.I1I16l

(4)

(2)
(3)

Use of any scour formulae must 6I1SUI6 that the expressions are relevant to the characteristics
(ﬂows, chamiel parameters, and sediments) of the site under investigation. The limits of use,
assumptions, and inadequacies of the formulae should also be established before the formulae are
applied. Examples of application of the methodology of Figure l are given in Coleman and
Melville (2000), Coleman et al. (2000), and Melville and Coleman (2000).
GENERAL EQUATIONS

V= Q/A

General equations are:
A = Wy
R = Wy/[W+2y]

(5)

(6)

q = Q/W
u*c = [¢9c(SS-l)gd5g]°'5

(7)

where 66 can be obtained from Shields diagram

V, = 5.75u.c log[5.53 for fully turbulent ﬂow and a bed roughness of k = 2d50
50

The variable y in the above equations is appropriate to the situation being considered, that is
(Figure 1), for calculation ofymS adopt y E yu; for (ymS)c adopt y E ymsg for yrs or ybs adopt y E
(ymslc; for yes adopt J’ E yms; and for ds adopt J’ E ysGENERAL DEGRADATION

1/3
wheref= l.76dm0.5

(8)

Use of a range of the following four methods, combined with ﬁeld and subsurface observations,
together with engineering judgement, typically provides the best approach to initial quantitative
evaluation of mean scoured ﬂow depth yms resulting from degradation at a site.
Lacey (1930)
yms = 0.47[-gj

This approach is indicated to be too conservative for large sediment. The relation for f applies
for dm < 1.3 mm.
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0.784

Maza Alvarez and Echavarria Alfaro (1973)

Q
ym, = 0.365[-__-—
W0.784d26l57

or

x/(A/W1

,V K
ys = —l—‘——

(11)

(12)

This method is valid only for sediments of d75 < 6 mm, principally sands and gravels, with
predictions being noted to differ to observations for ﬁner materials. For a narrow river, the
channel hydraulic mean radius is adopted in lieu of channel width W. Watson (1990) reports
extensive use of this method for gravel-bed rivers in New Zealand.

ys = yu

Holmes (1974)
The author indicates total scour to be the sum ofys and local scour, where
,
ys 1s the greater of

2/3

with K W 0959 3 l, V1 =C[—‘Q-1 —J)“——]
and C = 1.2 where converging ﬂows are
4.83Q '
A Al W
encountered, such as in braided streams, and 1.0 in other cases.

This method, where ys incorporates degradation and contraction scour effects (and also possibly
thalweg, bend scour, conﬂuence scour and b6(1-fOI'I11 effects), is based on ﬁeld data covering a
wide range of sediment sizes collected in New Zealand for scour failures at a number of railway
bridges. The method incorporates no safety factor owing to the use of conservative design ﬂows
in analyses. Watson (1990) reports on conservative predictions of scour for deep incised
channels in gravel-bed rivers, especially when additionally incorporating a safety factor within
the analyses.
AVERAGE CONTRACTION SCOUR

For live-bed conditions (V/Vc 2 1) in the (degraded) approach channel of yms, the average
scoured ﬂow depth for a contracted section (ymS)c can be estimated based on Richardson and
Davis (1995) (modiﬁed from Laursen, 1960), namely
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<0.50 1 0.59 \
0.50-2.0 3 0.64 l

Mostly contact bed material
8
Some suspended bed material discharge

Where V: Vc :

For clear-water conditions (V/Vc < 1) in the approach channel, (ymS)c can be estimated based on
competent velocity being achieved through the bridge site, namely
O)mS)c =

(15)

Each of (13) and (14) assumes a rectangular channel section. Analyses for thalweg and bend
effects can be subsequently adopted to incorporate allowances for variations in ﬂow depths
across the bridge section.
BEND SCOUR

The maximtun scoured ﬂow depth in a bend ybs can be evaluated using (Maynord, 1996)

y,__, = 1~i;(y,,,,),{1.s - 0.051(r, /W)+ 0.00s4[W/(y,,),]}

<16)

where a conservative safety factor of FS = 1.19 is adopted herein. This method is valid for
W/(ymS)c < 125 and rc/W < 10, rc/W = 1.5 being adopted for rc/W < 1.5, and W/(ymS)c = 20
being adopted for W/(ymS)c < 20. The expression of Thome (1988) can also be adopted, namely

J».. = 6...). {Z-07 - 0-191nl(r. /W) — all

(17)

where this method is valid for rc/W> 2. Equations (15) and (16) are recommended to be limited
to ﬂows of overbank depths upstream of the bend of less than 20% of the main channel depth. In
lieu of adopting (15) or (16), it can be assumed that the scoured area below the ﬂood level, of
average depth (ymS)c, can be redistributed in a simple triangular form (Neill, 1973) to give a
peak ﬂow depth in the bend of

ybs = 2(J’ms)c
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THALWEG EFFECTS

or

y, = (ym), +(h/2)

The ﬂow depth in the thalweg yrs can be estimated for a straight channel as the maximtun of

y,, =1.27(y,,,), (Lacey, 1930)

(19)

where amplitude h is the maximum of the thalweg amplitude or the height of altemate-bars in the
channel. Expressions enabling calculation of thalweg amplitude and altemate-bar height are
given in Melville and Coleman (2000). Alternative graphical methodologies for redistributing
average scour across a cross-section to allow for thalweg effects are as used for bend scour
estimation, namely (17) and (18) above. In addition, y;S can be estimated by scaling the
calculated average scoured ﬂow depth (ymS)C by the ratio of maximum to mean ﬂow depths for
the unscoured channel (Maza Alvarez and Echavarria Alfaro, 1973).
CONFLUENCE SCOUR

for noncohesive sands and gravels and a = 30° to 90°

(21)

(20)

(22)

for cohesive material

The maximum ﬂow depth in a conﬂuence yc-S can be calculated for different sediment classes
using the expressions (Ashmore and Parker, 1983; and Klaassen and Vermeer, 1988)

yms

¢J_/9- = 2.24 + 0.031a

yﬂlS

%5“— = 1.01 + 0.0300:

yms

¥- = 1.29 + 0.03701 for 0.6< Q,/Q; <1 and uniform sand of 0.1s< d50(n1rn) <0.25

where 37,", is the average ﬂow depth in the degraded anabranches approaching the conﬂuence. In
regard to (20), poorly-sorted bed material is noted to have lesser conﬂuence scour depths than
well-sorted material of the same mean size.
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bars or antidunes, ripples being typically sufﬁciently small as to be insigniﬁcant in affecting
scour magnitudes. Means of determining the types of bed forms occurring for a range of ﬂows in
a river, and means of evaluating the heights of these bed forms, are discussed in Melville and
Coleman (2000).
LOCAL ABUTMENT SCOUR

(24)

Local abutrnent-scour depth ds below the surrounding bed level is calculated based on the
analyses of Melville (1997) and Melville and Coleman (2000), namely

as = 1<,,K, K,,1<_;K;1<GK,

‘
.

it
1,

‘

KyL = 2L
K-YL :‘ 2,

Ky, =10)»,

L

—— <1

ys

]_< —gI— <

J/S

§>25

I

-

where the factors of (24) are deﬁned in Table 2 and Figure 2. For the calculations of Table 2,
d50a E 0150 and Va E Vc for Lmiform sediments.

\

l For. Luiifonn sediments: d50a E djg land’ Va E-VC'
J For nonuniform sediments:

am, = am,/1.8 s» a34/1.8 = O'gd50/1.8; and

for [V-(Va-Vc)]/Vc < 1
for [V-(Va-V6-)]/Vc 2 1

‘ K1 -,l’_qf..Q-§Yc.¢1z_‘i‘f1?E1j?_Yea.i§E?l9}!l?F?§f9F.f1§Qa.H§lP.%_@.?;‘}fl.@...........--

I

Table 2. Factors Inﬂuencing Local Abutment-scour Depth
Factor ,1 K
Method of estimation

Flow depth8.l)L1lII'1'l6I1'[

size

Flow _

““"’“S“Y

VG

1 K1 _ V-0’. —V.)

7 K, =1.0

75

ds
450
d50a
Fs
Fr

f
h

8
K

Kd
KG
K1
KS» KS *

Kr
K},-L
K0, Ke*

k

kl

L
L*
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n*

Q
Q1
Qs
Q] m

Q2

Q

R
Fc

Se

5'0
SS
I
14*

local scour depth below the surrormding bed level;
median size of bed material (by weight);
median particle size of armour layer;
safety factor;
Froude Ntunber;
Lacey silt factor;
acceleration of gravity;
amplitude (crest to trough), bed-fonn height;
coefﬁcient, factor;
sediment-size factor;
approach-channel-geometry factor;
ﬂow-intensity factor;
foundation-shape factor;
time factor;
ﬂow depth-abutrnent size factor;
fotmdation-aligmnent factor;
bed roughness;
contraction-scour coefﬁcient;
abutment length (including bridge approach) measured perpendicular to the
channel centreline (Figure 2);
width of ﬂood plain (Figure 2);
Marming roughness coefﬁcient for the main channel of a compound channel;
Manning roughness coefﬁcient for the ﬂood plain of a compound channel;
ﬂow rate, mean discharge, design discharge;
larger anabranch ﬂow rate;
sediment transport rate, smaller anabranch ﬂow;
ﬂow rate in the approach main channel (not ﬂood plains) transporting sediment;
total ﬂow rate through the bridge (contracted) section;
ﬂow rate per unit channel width, q = Q/W;
channel hydraulic radius;
centreline radius of bend curvature;
energy slope, stream slope;
channel slope;
speciﬁc gravity of sediment particles, SS = ps/p;
ﬂood peak duration;
bed shear velocity;
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ABSTRACT

A new apparatus is described to measure the erosion function of a soil. The apparatus is
called
the
EPA
(patent
pending)
or
Erosion
Function
Apparatus
(http://tti.tamu.edu/geotech/scour). The erosion function is the relationship between the
hydraulic shear stress applied at the soil-water interface by the water ﬂowing over the soil
and the erosion rate of the soil. This erosion function can then be used to predict scour of
soil by water.
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The testing device must be able to generate shear stresses at levels expected in design storm
ﬂow conditions. Therefore, the laboratory-testing device must be able to operate at shear
stresses that range from ambient to beyond design conditions.

measure the shear stress that is applied to the sample being tested.

I

Based on infonnation obtained from the literature review, rock can be highly resistant to
erosion. Since the erosion rates are very small as compared with cohesionless and cohesive
sediments, the laboratory-testing device must be able to accurately measure small amounts of
lost material while continuously operating for days.

Based on the above-described criteria, the rotating cylinder erosion testing apparatus was
selected. This type of device has been used by several researchers to determine critical stresses
and rates of erosion of cohesive sediments. A description of this device, which is similar to the
Couette viscometer, is given below.
PREVIOUS USE OF ROTATING CYLINDER APPARATUS

Moore and Masch (1962) applied the rotating cylinder principle used in viscometers to measure
the scour resistance of cohesive soils. The device was called the rotating cylinder erosion test
apparatus. A cylindrical sample of cohesive sediment was suspended inside a larger circular
cylinder. The outer cylinder is free to rotate about its axis. The annular gap between the
cylinder a.rrd sample was ﬁlled with ﬂuid. As the outer cylinder is rotated, momentum is
imparted to the ﬂuid and the ﬂuid moves, imparting a shear stress to the face of the sample. The
cohesive soil sample is stationary but mounted on ﬂexure pivots so that the shear stress
transmitted to the sample surface resulted in a slight rotation of the supporting tube. The
resulting rotation was calibrated to measure the torque on the sample from which the shear stress
could be computed (Moore and Masch, 1962, p. 1444).

As a shear stress was applied to the sample, material was eroded from the face of the sample.
The amount of material eroded was measured and the duration that the shear stress was applied
was also recorded. From this information, the average rate of erosion could be computed for a
given applied shear stress.

Several researchers including Rektorik et al. (1964), Arulanandan et al. (1973), Sargunarn et al.
(1973), Alizadeh (1974) and Chapius and Gatien ( 1986) have used similar devices with
improvements and enhancements. Akky and Shen (1973) used the rotating cylinder apparatus
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the apparatus can be operated for long periods of time as the outer cylinder can be driven by
a continuous duty motor.

small quantities of material being eroded can be measured using precision balances, and

It is also important, however, to discuss the limitations of this type of testing device to
understand where uncertainty and bias may be present in the results. The shear stress is
computed by measuring the torque on the sample. However, the torque being measured is the
torque being applied to the entire sample. Therefore, the calculation of the shear stress results in
the average shear stress over the entire sample surface. The results from the experiments asstune
that the shear stress is turifonn across the entire surface of the sample. In actuality, the surface of
rock samples can be pitted and uneven. Therefore, there may be variations in the shear stress
distribution over the face and thus local shear stresses are likely to be greater that the averaged
value computed from the moment on the sample.

In summary the shear stress computed from the measured torque may be biased in the direction
of underestimating the shear stress acting on the sample. In addition to the variations in the shear
stress over the sample surface there may also be components of the ﬂow acting in directions
other than the direction in which the torque is being measured. Thus, there may be a component
of shear stress that is eroding the surface of the sample that is not being accounted for in the
measurements. In the application of these results, the rmderestimation of shear stress would
provide conservative estimates of the rates of erosion versus shear stress. That is, the results
would show greater erosion rates for a given shear stress. The conservative nature of these
results would be appropriate for design applications.
ROTATING CYLINDER APPARATUS

Bodine l/8-hp Frame 42A motor (2500 RPM at 50 in-oz [353 mm-N] of torque) with
controller,

The rotating cylinder testing apparatus used in this study was similar to the devices previously
used; however, some modiﬁcations have been made. Figures 1 and 2 are schematic drawings of
the rotating device and Figure 3 is a photograph of the actual device. English Lmits are shown for
equipment dimensions as they were used by manufacturers to specify equipment sizes. The
metric equivalents were also provided. The major components of the apparatus consist of the
following:
0
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EXPERIMENTAL SAMPLE PREPARATION

Samples that were tested in the apparatus were collected from rock cores obtained by the FDOT.
The sample was fonned by drilling a horizontal solid cylinder through a vertical core. The
rationale for collecting a sample from the side of a core was based on the results of a preliminary
experiment performed at the University of Florida. A sample of limestone was collected from a
FDOT core and then cut into a cube. To obtain qualitative information about the anisotropy of
these samples, a pressure washer was directed at each face of the sample. While this does not
simulate ﬁeld conditions (tangential ﬂow over a bed), it did provide some insight into the erosion
properties of the sample. It was discovered that there were differences in the rates at which
various faces eroded. These differences in erosion can be attributed to the non-homogeneity and
anisotropy of rock samples. It was concluded that in order to most accurately simulate the ﬁeld
condition, the sample face being eroded should be in the same orientation as in the ﬁeld. By
cutting a horizontal solid cylinder from the core, the eroding surface will be closer to the ﬁeld
situation.

The samples for erosion testing were taken from 4-in (10.16-cm) nominal diameter cores
collected by the FDOT. The samples were cored from the sides using a concrete wet corer with
a 2-in (5.08-cm) diameter core bit. This produced a sample of 1.75-in (4.45-cm) in diameter.
The ends of the sample were leveled with a concrete wet saw. This left a sample with a length of
approximately 3-in (7.62-cm).

A hole must be drilled in the center of the rock material to connect the end plates as well as to
allow the sample to be cormected to the torque cell. In preparing the samples, it was discovered
that during coring, the samples could easily fracture. To minimize the fracturing, a 3/ 16-in (0.48cm) diameter hole was drilled through the center. This minimized the disturbance to the sample
and kept the sample intact.
EXPERIMENTAL PROCEDURE
The following is the procedure used to conduct a typical erosion test.
Sample Preparation

l. Prepare the sample for erosion testing as described in above by using a concrete wet corer
and masomy drill bit.
2. Record the mass of the sample with the mass balance.
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7. Compute the sample dry density from the above measurements in g/cm3.
8. Collect the water and loose material in a drying dish. Place the drying dish in the drying
oven to remove the water. Record the mass of remaining material.
9. Completely immerse the sample in water for at least 16 hours to hydrate. The sample is
hydrated to simulate a saturated rock formation as may be fotmd in a waterway bed. After
that time, record the mass of the sample. The sample is considered hydrated when the mass
change is less than 0.1% in a period greater than 1 hour.
Testing Procedure

1. Secure sample on the threaded rod with the platens and place the sample in the rotating
cylinder erosion-testing device.
2. Fill the rotating cylinder annulus with water to the proper level. It is important to note that
water from the actual ﬁeld site where the sample was collected should be used.
3. Place the rubber stopper on the acrylic cylinder and then attach sample to torque cell.
4. Set the offset of the torque cell with the tare switch to 0.000 mrn-N.
5. Turn on the motor and increase the RPM (as measured by the tachometer) until the desired
torque is achieved.
6. Allow the test to run for a minimum of 72 hours. Record the duration of the experiment in
min with the stopwatch. Periodically adjust the motor speed to keep a constant torque on the
sample. Record the torque in mm-N applied to the sample.
Trun off the motor and allow the water within the armulus to cease motion.
Remove the sample from the torque cell and cylinder.
.‘°9°.\' Empty the water out of the cylinder and clean out the eroded particles in the cylinder.
10. Place the sample in the drying oven for at least 16 hours to dry. After that time, record the
mass of the sample. The sample is considered dry when the mass change is less than 0.1% in
a period greater than 1 hour. Record the sample dry mass.

There are a few important items to note with regards to the experimental procedures. First, prior
to begimring the actual erosion experiments, a preparation rim is required. The preparation 11.111 is
required to remove loose material from the surface of the rock sample prior to measuring the
erosion. The coring process disturbs the surface of the sample and this may cause an excessive
amount of material to erode that may not have eroded otherwise. The preparation 11.111 was
conducted after the sample dimensions were recorded but prior to the ﬁrst experiment.

Also, at times, a slight amount of material would be removed ﬁ'om the sample dining the
saturation process. This material was collected and weighed (dry weight). This value was then
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the scale effects. Since it is very difﬁcult to carry out experiments with large model
pipes under laboratory conditions, the understanding to the scale effects is still limited.
However the scale effects can be easily investigated using a proper numerical model.
Numerical tests on the same scour process can be rtm tmder both model and prototype
conditions. The individual factors that may affect the scour process can be isolated and
controlled easily by ntunerical model. In that sense, a good numerical model can
certainly be complementary to model tests and can assist design engineers to identify
the most crucial cases for which model tests may be run. The ultimate goal of numerical
models will be replacing (at least partially) the costly model tests and to be used
directly in the design of pipelines.

Development of numerical models for local scour around pipelines has been slow,
despite of their relative signiﬁcance. There mainly two kinds of ntunerical models on
local scour below a pipeline have been developed: simple mathematical models and
integrated mathematical models (Sumer and Fredsoe, 1999). The simple model
concems the scour around a ﬁxed pipe while the integrated model considers dynamic
interactions between a ﬂexible pipeline and the resulting scour process. Most of the
models reported in literature so far are simple models. The idea of the integrated model
however is to predict the entire scour process such as the occurrence and disappearance
of scour along a pipeline, scouring and backﬁlling below the pipeline due to the
sagging of pipeline. It is obvious that such a model is much more complex than the
simple scour model and needs to be based on the development of the simple model.
Due to the complexity of the problem and the limited computer resources that were
available, current knowledge on the simple models prevents a comprehensive integrated
model from being developed. Therefore the focus will be given to the simple
mathematical model in this paper.

Over the last two decades, mainly two kinds of numerical model for scour prediction
have been developed. One is based on the potential flow theory, such as Hansen et al.
(1986) and Li and Cheng (l999a), and the other is based on the k-s models, such as
Leeuwenstein and Wind (1984), Brors (1999) and van Beek and Wind (1990). It has
been demonstrated that the potential ﬂow models are able to predict the maximum
depth and the upstream part of scour hole correctly. However, none of the potential
ﬂow models can explain the gentle slope of the scour hole fonned downstream the pipe
(Li and Cheng, l999a). This is mainly due to the fact that the potential flow model can
not simulate the vortex shedding process associate with the ﬂow around the pipeline. It
has beenn understood (Sumer et al., 1988) that the gentle slope of the scour hole fonned
downstream the pipeline is mainly due to the vortex shedding around the pipeline.
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the CIC method generally gives good prediction on the gross characteristics of the
organized wake behind the pipeline. However, there was no evidence in the paper
showing that a numerical model was employed to calculate the seabed deformation.
Instead, by comparing the effective Shields parameter with its time average value, an
important conclusion was drawn by Sumer et al. (198 8) that the organised wake behind
the pipeline has strong effects on the proﬁle of scour hole downstream of the pipeline.
The time-averaged bed shear stress is not a suitable parameter to use in predicting the
lee-wake scouring behind a pipeline.

Some improvements on the k-a based models have been achieved recently. Van
Beek and Wind (1990) developed a numerical model based on k-2 turbulence model
and a transport equation for suspended sediment. The application of the model to scour
prediction below a pipeline with and without an attached spoiler showed fairly
agreements with the measured equilibrium scour holes, although a certain degree of
underestimation of downstream scour hole was quite evident in the report. The
predicted rate of erosion was about three times as fast as in the physical model. Brors
(1999) presented a model that includes the description of ﬂuid ﬂow by the standard k-s
turbulence and the suspended and bed-load sediment transports. Density effects were
considered in the vertical momentum equation and in the turbulence equations. Flow
around a surface mounted cylinder was predicted in good agreement with the
experiments. However, in the scour calculation the model did not predict periodic
vortex shedding, even during the later stages of scour development. The author
suggested that a ﬁne mesh (5000 nodes) is needed to predict the phenomena of vortex
shedding. For the scour calculations, the prediction of a clear water scour hole (0=
0.048, where 0 is the Shields parameter) agreed well with Mao’s (1986) experimental
measurements. No attempts were made for cases of live bed scour.

Recently, Li and Cheng ( 1999b) developed a numerical model for local scour around
pipelines employing a slightly different approach. The ﬂow arormd the pipeline is
solved using a Large Eddy Simulation (LES) model that results in more accurate
prediction of seabed shear stress than traditional k-2 turbulence models. The
equilibrium scour hole is detennined by iterations, based on the assumption that the
shear stress on the seabed is equal or less than the far ﬁeld shear stress for live bed
scour (or the critical shear stress for clear-water scour) every where when the
equilibrium scour hole is established. The predicted equilibrium scour hole compared
very well with the experimental results by Mao (1986) for both clear water and live-bed
conditions (Li and Cheng, 1999b; 2000a). The advantage of the model is that it does not
employ any empirical sediment transport formula. However, the disadvantage of the
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predicting the time development of local scour below a pipeline. The model will
employ the LES ﬂow model developed by Li and Cheng (2000a). The morphological

change of the seabed will be calculated in the same fashion as that used by Brlzirs
(1999). The rate of bed-level change will be determined from the deposition rate D and
the erosion rate E. The deposition rate D will be set equal to the difference of setting
velocity and upward turbulent velocity times the near-bed concentration. The erosion
rate E will be determined from the near-bed turbulence intensity and the concentration
gradients. The concentration of the suspended-load will be calculated by solving the
scalar transport equation of suspended-load concentration. The boundary condition for
the near-bed concentration of suspended-load will be speciﬁed using an empirical

formula derived from experimental measurements (Zysennan and Fredsrae, 1990).
Details of the model implementation will be given in the following two sections.
MATHEMATICAL MODEL
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important role in the so-called leewake scour process. Therefore accurate prediction of the ﬂuctuating seabed shear stress
is very crucial to the prediction of local scour below a pipeline. Past experiences of
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Fig. 2 Deﬁnition Sketch: a pipe near a wall
106

using ﬁnite difference method in a curvilinear coordinate system. The convection terms
in equations (2) to (4) are discretized using a third-order upwind scheme and the other
terms are discretized using central difference. A second-order scheme is used for all the
time dependent terms. For details of numerical implementation, readers are refered to
Lei et al. (1999).
Morphological model

The presence of pipeline breaks the local sediment balance and causes the variations
in ﬂow ﬁeld. The location at which deposition or erosion takes place depends on
whether the amount of sediment settling, D, is larger or less than the amount of
sediment entraimnent, E. The net cross boundary ﬂux of sediment is zero only under
equilibrium conditions. In general, there is a residual ﬂux, which is normally the cause
of morphological change of seabed.

<12)

For two-dimensional suspended-load dominant applications, the general sediment
continuity equation can be written as

<1 - 0% = rt». - tat. +
where n is the porosity of bed; ys is bed level.

The ﬁrst tenn on the right hand of equation (12) is the rate of deposition of entrained
material, expressed as volume of sediment grains settling from suspension onto unit
area of bed per unit time. The second term is the actual rate of entraimnent of sediment
mass from the bed, expressed as volume of sediment grains eroded into suspension
from unit area of bed per unit time. Equation (12) indicates that the bed morphological
change ys is not only a result of upward diffusive ﬂux and downward settlement but
also the contribution of convective transport vcb. It should be noted that the bedload
sediment transport is not included in the morphological model given in Eq. (12). This
implies the use of the assumption that the gradient of bedload transport in the ﬂow
direction is negligible. This is mainly based on the experimental ﬁndings that the
bedload sediment transport is only conﬁned within a very thin layer of a thickness of a
few sediment diameters (Zyserman and Fredsoe, 1990).
Solution process

The solution process of local scour below a pipeline will start by solving the ﬂow
ﬁeld and suspended-load concentration ﬁeld around the pipeline with a speciﬁed
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Table l Flow and sediment conditions for the numerical tests

35.0
50.0

3

A

0.5

0
0

Case

0.36
0.36

50.0

l

l

0.098

0.040
0.090

Sandsize =
Flow T
Initial gap
Shields
d5@ (mm)
velocity
ratio e/D 0 parameter
3 U0 (cm/s) l
9

100
100
0.36

H
Pipe T T
diameter
(mm)

1‘
2
100

0

3

*

Fig. 7 and Fig. 8 show the scour development below the pipeline in time for case l
and case 2, respectively. In those two cases, the pipe was originally placed on the
seabed. The casel is a case of clear water scour and the case 2 is a case of live bed
scour. Measurements of scour proﬁles are available even at very early stage of the
scour development. This is extremely valuable to validate the present numerical model.
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ABSTRACT

Pu Qunl, Li Kunz

An experimental study of the scour of the seabed tmder a marine pipeline is
presented in this paper. The tests are carried out in a U-shaped oscillatory water tunnel
with a box imbedded in the bottom of the test section. By use of the standard sand, clay
and plastic grain as the seabed material the inﬂuence of the bed material on the scour is
studied. The relationship between the critical initial gap-to-diameter ratio above which no
scour occurs and the parameters of the oscillating ﬂow is obtained. The self-burial
phenomenon occurred for the pipeline not ﬁxed on two sidewalls of the test section and is
not observed for ﬁxed pipeline. The effect of the pipe on the sand wave formation is
discussed. The maximum equilibrium scour depths for different initial gap-to-diameter
ratio, diﬂerent Kc number and diﬁerent bed sand are obtained.

INTRODUCTION

The sour around a pipeline may inﬂuence the in-place stability of the marine
pipeline, so it is important for the safety and economy of submarine pipeline design [L2].
The scour phenomenon around a pipeline is very complex because the scour can be
inﬂuenced by many enviromnental elements such as the ﬂow, the topography and the soil.
This phenomenon is substantially a result of coupling actions between ﬂuid, solid and
seabed. The scour below a pipeline exposed to wave is related to oscillating separated
vortex ﬂow. Because of the seabed erosion and that the seabed boundary is in a dynamic
condition, the boundary will change and the seabed material will enter the water, which will
cause the difference between the separated vortex ﬂow around a pipeline above a erodible
bed and that above a plane bed B. On the other hand, start and transportation of the
sediment in a unsteady ﬂow is a frontier problem in sediment research [4]. In addition, there
is complicated interaction between multiple separated vortices during the process of the

* The project is supported by the NNSF of China (19772065) and the Key Project (KZ951A1-405) of “Ninth Five-year Plan” of CAS.
I Prof., Institute of Mechanics, Chinese Academy of Sciences, Beijing 100080, P.R. China
2 Senior Engineer, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100080,
P.R. China
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Fig.1 Schematic drawing of the U-shaped water tunnel
1. Test cylinder 2. Working section 3. A differential pressure transducer
4. Water level 5. A butterﬂy valve 6. Wind tunnel connected with an air blower

2.
Pipeline model
The pipe models of diameters D=28.9 and 19.1mm are made of plexiglass and are
ﬁxed on two sidewalls of the test section. For the pipelines directly installed on the seabed,
the pipe models of outer diameter D=l4mm and inner diameter D,=12mm are made of
aluminium with length of 190mm. Different model pipes with different submerged weight
are in different initial burial depth.

3.
The preparation of the soil sample
Four soil samples are used in the tests for ﬁxed pipeline models: the standard sand,
the clay and two kinds of plastic grain with different mean diameter. The standard sand is
with characteristics of d5g=0.20II]II1, speciﬁc gravity y=2.59 and saturated unit weight

}{,,,,=10.24kN/m3. The clay is with characteristics of d50=0.0047mrn, 1; = ,/47, /d25 = 2.86

and with percent ﬁne grains 72%. The plastic grain is with d50=0.47, 0.68mm and speciﬁc
gravity ;=1.42. The clay was excavated at 5-7m depth of port area Dongying of China.
The clay sample in the bed box used in the present tests is obtained from the clay with the
same initial unit weight and after four days of sedimentation in a tank. Then its unit weight
is measured. For observation of the scour phenomenon around a pipeline in oscillating
ﬂow and investigation of the effect of the sand diameter on bed scour the plastic grain is
used as the soil sample.

The standard sand with d50=0.38mm, D,=0.37, }{,a,=19.0kN/m3 is used as bed
material in the tests of unﬁxed pipe model.
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EXPEREMENTAL RESULT AND ANALYSIS

1.
Scour process arotmd the pipeline
The scour phenomenon for gap-to-diameter ratio e/D=0 is dissimilar to that for e/D
not equal to zero. As Kc increase the ﬂow separation and the vortex shedding occur. For
e/D=0, the ﬂow arotmd a pipe is the forward separated ﬂow at the corner between the lower
pipe surface and the bed surface and is the separated and reattached ﬂow behind the pipe.
This ﬂow undergoes an accelerated and decelerated process. Vlfhatever the bed material is,
the tests show that the scour occurs at the forward comer of the pipe at ﬁrst. The sediment
moves backwards away from the pipe and reaches the vicinity of the separated point B as
shown in Fig 3(a). For standard sand bed the reattached ﬂow behind the pipe is observed.
The sediment moves towards two opposite directions away from the reattached point C, as
shown in Fig 3(a). The location of C from the pipe is farther than B. With the scour
development the sediment stacks up near the point B. The gap between the pipe and the
bed occurs after a scour process, the ﬂow pattem changes. For e/D not equal to zero the
ﬂow pattem is different from that for e/D=0. When e/D is small, the sediment reciprocates
near the point A and then stacks up a little (see Fig 3(b)), whatever the bed is made of
standard or plastic sand. When e/D is larger than a certain value, for example
e/D=0.45~1.0 for standard sand bed, the reciprocations of sediments are observed at point
A, D and E, shown in Fig.3(b). The larger the e/D, the larger the distance between A and D
or E. This is dependent on the acting of the shedding vortex of the wake on the sand bed.
With the velocity increased the transﬁguration development of the bed surface is observed
for standard and plastic sand bed. When the velocity is a little larger than the critical value,
there is only one main sand valley formed undemeath the pipe. As the velocity increases,
the second and third sand waves occur successively on both side of the main sand valley.
The larger the distance of the sand wave from pipe, the lower the peak of the sand wave is.
The sand bed far from the pipe is undisturbed. It looks like there is a propagation and
consumption of the wave energy in the liqueﬁed sand bed. The scour holes of the standard
sand bed are steeper than that of plastic sand bed. It may be interpreted by their different
rest angle.
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The pipe model used in self-burial test is not ﬁxed on both side of the test section.
The submerged weight of the pipe model is 0.68, 0.94 and 1.19N/m and the initial burial
depth is 0, 3.6% and 7.1% respectively. The light pipe model rolls away from the original
position at U,,,=0.09m/s. There is not any trace on the bed surface. But for the heaviest
pipe model as the velocity increase gradually, the scour of the bed at both sides of the pipe
takes place at certain velocity and the sediment stacks up near the separated point B. It is
similar to that for the ﬁxed pipe. But it is different from the ﬁxed pipe that due to the sag
of the pipe into the scour valley the gap between pipe and bed carmot form. When the
amplitude increases slowly, a scour hole fonns gradually near point P that is outside the
separated region. The bed sand grains move along the dash line as shown in Fig.5.
Following the ﬂow, the sand grains sedimentated at the top of the pipe shake left and right.
As a result of the above process the pipe is self-buried gradually. The stability of the selfburial pipe increases. The middle weight pipe model shakes a little in scour hole at a
certain velocity, but does not go out of the original place. When the ﬂow amplitude
increases drastically at this state, the pipe would roll up. It is seen in experiment that the
fonnation of the self-burial phenomenon of the pipe is related to the accelerating process of
the ﬂow. A slow acceleration of ﬂow leads to the self-burial, while a sudden acceleration
of ﬂow would bring about the instability of the pipe, especially after a little shaking of the
pipe. The self-burial phenomenon is also related to the pipe weight or the initial burial
depth. For the same accelerating process the heavier of the pipe weight or the deeper of the
burial depth the more easy the self-burial takes place. It is also observed in the experiment
that the characteristics of the sediment transportation near the separated point are major
factors for the self-burial fonnation. The self-burial phenomenon does not occur in the
tests for ﬁxed pipe model.
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Fig.5 Schematic drawing of self-burial process

5.
Maximum equilibrium scour depth
The experimental results of the maximum equilibrium scour depth are obtained at
e/D=0~1.0 for the ﬁxed pipe with D=2 and 3cm in the present paper. The ranges of the
experimental parameters are listed in Tab. l.
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(6)

For every bed material the test results can be related by a series of oblique lines in
the logarithm coordinates of S/D and Kc, where S is the maximum equilibrirun scour depth.
For different e/D the intercepts of the oblique lines are different, but their slopes only differ
a little. Taking the average of these slopes the nonnalized test results are given in Fig.6,
Fig.7, and Fig.8 in logarithm coordinates of S/(DA) and Kc, for fme, coarse plastic sand and
for standard sand bed respectively. Here A represents the intercepts of the oblique lines
with average slope and is a function of e/D and D, as seen in Fig.6(b), Fig.7(b) and
Fig.8(b). It must be pointed that most results for plastic sand are obtained at live-bed case,
but most results for standard sand are taken from the case, where sediment far from the pipe
does not move. A changes with e/D not very much in Fig.6(b) and Fig.7(b) but it changes
obviously in Fig.8(b). From Fig.6, Fig.7, and Fig.8 the following relationship between S/D
and Kc is given by
S / D = A - KCm
Where m is a constant of the bed material.

126

ABSTRACT

By

Kouki ZEN1 and Kiyonobu KASAMA2

The driving forces causing the scour are classiﬁed into two types ofexternal forces; one is the shear force
on the surface of soil layer created by the water ﬂow. A typical example is the scour around the pier of bridge
across the river. The other is the wave force generated by ocean waves. A large scale ofscour in the coastal zone
may be mainly attributed to the excess pore pressure ﬂuctuation produced by wave action on the seabed. This
paper presents the mechanism ofthe scour caused by the latter force in the ocean enviromnent
When ocean waves propagate, the oscillatory pore water pressure is created in the penneable seabed. Due
to the spatial diiference of oscillatory water pressure, the excess pore pressure, namely the excess hydraulic
pressure, is generated and the distribution of excess pore pressure produces the seepage ﬂow in the seabed
When the upward seepage force toward the seabed surface becomes larger than the effective overburden
pressure in the seabed, the liquefaction or quick sand occurs. Once the liquefaction occurs at the seabed surface,
the sand particles are easily transported by water ﬂow, because the shear resistance of seabed surface becomes
nearly equal to zero.
The wave-induced oscillatory pore water pressure in the seabed can be calculated on the basis of the
consolidation theory by applying the appropriate initial and boundary conditions and input data Then, the
excess pore pressure is evaluated as the diiference between the wave-associated water pressure on the seabed

'Professor, Department of Civil Engineering, Kyushu University, 6-10-1 Hakozaki, Higashiku, Fukuoka, 8128581, JAPAN
2Research Associate, Department of Civil Engineering, Kyushu University, 6-10-1 Hakozaki, Higashiku,
Fukuoka, 812-8581, JAPAN
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where, p(0, 19 cmdp(z, 1): the wave-induced oscillatory water pressure on the seabed surface and in the seabed
respectively, 0",(z, 0): the initial vertical effective stress at arbitrary depth, z, ofthe deposit, o",,(z, Q: the vertical
effective stress at arbitrary depth, z, of the deposit and time, 2‘, Ao",(z, I): the wave-associated effective stress
change, u,(z, r): the excess pore pressure at arbitrary depth, z, ofthe deposit and time, t.
The solid curves in Fig.2(b) show the vertical eifective stress distribution drawn by replacing the 0", (z, 0),
with 7/’z, where )7 is the submerged unit weight of deposit. The lines numbered (Dand @ in Fig.2(b)
correspond to ones numbered @and @in Fig.2(a), respectively. In Fig.2(b), the liqueﬁed zone shown by the
slant lines where the vertical stress becomes zero or less appears near the seabed surface, under the wave trough.
As the excess pore pressure is positive in this situation, the transient upward seepage ﬂow is generated toward
the seabed surface.
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Fig.2 Concept ofwave-induced liquefaction and densiﬁcation: (a) oscillatory excess pore pressure, (b) effective
vertical stress
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The vertical effective stress is derived by integrating Eq.(4);
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where,j; the seepage force and y’; the submerged unit weight ofdeposit Eq.(5) is equivalent to Eq.(2) when the
0’,(z, 0) is identical with )/z. The seepage force,j, is derived ﬁom Eq.(2) by taking o"o",(z, 0)/ o"’z= 1/’ and 0"
p(0, r)/ 82 =0 into account;
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The hydraulic gradient, 27, and the ﬂow velocity, v, are respectively given by the following equations;
J.

i= - m
Va

/9.
v = - —-—11.

Where, 1/W is tmit weight ofwater, k is the coefficient ofpenneability.
_
Fig.3 shows the seepage force,j, calculated by using the ﬁeld data on the wave-induced oscillatory water
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pressure, p(z, 2) (Zen and Yamazaki, 1991, Zen et al., 1998). The j is approximately calculated using the
equation, j =Ap(z, I)/Z12. Then, the z’ and v are calculated using Eqs.(7) and (8), respectively. In Fig.3, the
seepage force and hydraulic gradient indicated by solid circles become remarkably larger near the seabed
surface than those at deeper seabed. Especially, the hydraulic gradient attains more than 1.0 at the seabed surface.
This difference is considered to generate the upward seepage ﬂow directing to the seabed surface. The open
circles and solid line are the vertical elfective stress obtained ﬁom Eq.(2) and Eq.(5), respectively. According to
the liquefaction criterion represented by Eq.(3), the liquefaction is sure to occur at the surface of seabed. The
liquefaction creates a large potential for the transportation of suspended sand particles. This is a reason that the
scour may be closely related to the wave-induced liquefaction.
.

RELATIONSHIP BETVVEEN SCOUR AND LIQUEFACTION

The phenomena called scour and sucking are understood that the sand particles consisting of seabed are
carried away by waves and/or current without suﬁcient supply of sand in the trace. Then, the magnitude of
triggering potential for the scour is noticed to begin with. Generally speaking, the characteristics of sand such
as density and strength are different by the sedimentation conditions. Also, in the ﬁeld of geotechnology, it is
the common sense that the characteristics remarkably change due to the action of extemal forces. V1/hen the
sand deposit becomes suspended due to some reason, the ﬂoated particles may be easily transported even by
small intensity of extemal forces such as bottom ﬂow or vortex. In this meaning, the above-mentioned
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for example, by installing the wave dissipating concrete blocks not directly onto the seabed but onto the rubble
mound. Large rubble is not suitable so that the overburden pressure may not be equally transferred to the seabed.
It is desirable to increase as much as possible the contact pressure between the wave dissipating concrete blocks
and seabed. The problem of liquefaction, however, still remains at the toe of rubble mound, because only quite
small overburden pressure is expected there. How to deal with this toe problem is the key for the scour
protection. Furthennore, though the conventional countermeasures such as wire-cylinder, cloth, asphalt mat and
gravel mat expect the effect to separate the seabed from the wave action and!or current They have a weak point
against the liquefaction since the propagation ofﬂuctuating pressure into sand deposit can not be fully restrained.
Is there any countermeasure resistant to the liquefaction? The scour protection in ocean enviromnent may be
found out by taking the liquefaction mechanism into account.

CONCLUDING REMARKS

The wave-induced excess pore water pressure in the seabed was analyzed on the basis of the
consolidation theory by applying the appropriate initial and boundary conditions and input data. Then, the
excess pore pressure was evaluated as the difference between the wave-associated water pressure on the seabed
surface and the oscillatory pore pressure in the seabed. The seepage force was calculated as the inclination of
oscillatory water pressure distribution to the depth
The upward seepage force in the penneable seabed was analyzed using the ﬁeld data to evaluate whether
or not the liquefaction occurred. The result of analysis showed that the liquefaction evidently happened. Once
the liquefaction occurs in the seabed surface, the sand particles are easily transported by the water ﬂow, as the
shear resistance of seabed surface becomes nearly equal to zero. In that sense, the excess pore pressure and
wave-induced liquefaction in the seabed are very important in predicting the scour potential of pemreable
seabed in the coastal zone.
The post-liquefaction phenomenon is one of the further signiﬁcant topics in making clear of the scour
potential in the ocean environment.
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The paper summarizes methods that are used to predict scour downstream of overtopping
dams in the United States of America. These methods can be subdivided into physical hydraulic
model studies, rigorous constitutive computer modeling and empirical methods. Conventional
procedures are used to conduct physical hydraulic model studies. Rigorous constitutive
modeling is based on Keyblock Theory (Goodman & Shi 1985 and Goodman and Hatzor 1991),
whereas conventional empirical methods that are used include the Veronese (1937), Yildiz and
Uzucek (1994) and the Mason and Artunugam (1985) equations. Keyblock theory is directed at
solving scour problems in hard rock blocks, whereas the conventional empirical methods are
intended to predict scour in cohesionless granular material.

The essence of the Erodibility Index Method (Armandale 1995) that is used to predict
scour in any earth material, including rock, and cohesive and non-cohesive granular earth is also
presented in this paper. The presented case studies illustrate the application of this empirical
method to predict scour of rock and granular material. Comparison of observed and calculated
scour in rock and granular material for ﬁeld and near-prototype experimental studies indicates
satisfactory correlation.
INTRODUCTION

Scour downstream of dams, induced by either large spillway ﬂows or overtopping,
influences the safety of dams. This is a matter of interest to United States Federal and State
Agencies that own or regulate dams. There are currently more than 75,000 dams in the United
States National Inventory of Dams (P.L. 99-662, P.L. 104-303). The U.S. Army Corps of
Engineers (USACE) maintains and periodically updates the inventory. Many of these dams
could potentially be subject to dam foundation erosion resulting from high flows. The issue is
regularly considered during dam safety reviews and re-licensing of projects. Some of the legal
requirements pertaining to the safety of dams are contained in the National Dam Inspection Act,
P.L. 92-367.

There are two general approaches to the hydrologic and hydraulic safety of dams in the
United States. Some agencies prefer to use the Pl\/LF or a proportion thereof to assess the impact
of hydrologic loading on a project. Other agencies use risk based approaches. The emphasis of

1 Associate and Director Water Resource Engineering, Golder Associates Inc., 44 Union Blvd., Suite 300,

Lakewood, Colorado.

2 Research Hydraulic Engineer, Water Resources Research Laboratory, US Bureau of Reclamation, Department of
Interior, Denver, Colorado.
3 Senior Technical Specialist, Structural Analysis Group, US Bureau of Reclamation, Department of Interior,
Denver, Colorado.
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this approach do not fully account for the ﬂuctuating pressures caused by the hydraulic loading
that often dominates the scour process.

Empirical equations for predicting scour depth include the Veronese equation (updated
by Yildiz 1994) and the Mason & Arumugam (Mason & Arurnugarn 1985) equation. The
principle concem with these equations is their inability to comprehensively account for material
properties. The Veronese / Yildiz equation does not contain any allowance for material
properties. Although the Mason & Arumugam equation contains an allowance for particle
diameter, a large ntunber of dam foundation erosion problems deals with scour of rock.
Selection of an appropriate particle diameter to represent rock properties presents a practical
problem.

Research by the United States Bureau of Reclamation, Golder Associates Inc. and
Colorado State University into an empirical method known as the Erodibility Index Method
(Annandale 1995) shows good agreement between observed and calculated scour of earth
materials that include rock, and cohesive and non-cohesive granular material. This method uses
a geo-mechanical index to quantify the relative ability of earth material to resist erosion. An
empirical relationship between the geo-mechanical index and the erosive power of water that
defmes an erosion threshold for any earth material makes it possible to estimate erosion potential
and calculate scour depth.

This paper summarizes the different approaches to assess dam safety issues pertaining to
hydrologic loading on dams, and presents methods that are used in the United States to assess
dam foundation erosion. Keyblock Theory, conventional empirical equations and the Erodibility
Index Method are brieﬂy discussed. The paper concludes with case studies that illustrate
application of the Erodibility Index Method.
PMF AND RISK BASED APPROACHES

Current policy by US Agencies to assess the hydrologic safety of dams includes Probable
Maximum Flood (PMF) and Risk Based approaches. Traditional standards-based approaches to
evaluate the potential for overtopping rely on routing the PMF or some percentage thereof
through a reservoir system, to determine the potential depth and duration of dam overtopping, or
the potential for damaging spillway ﬂows. Spillways and outlet works are assumed to function
in accordance with operating criteria during the routings. The dam must be shown to be stable
for this maximum loading in order to pass the standard. Such an analysis includes assessment of
the impact of formdation scour on dam stability. The magnitudes of PMF’s are based on Hydro-
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of water. Hence, this is an important consideration with regard to abutment erosion, requiring
further research.
Conventional Empirical Methods

Equations used in the past to calculate plunge pool scour are the Veronese, Mason and
Artunugam, and Yildiz and Uzucek equations. Of these equations only the Mason and
Artunugam equation acknowledges that material resistance plays a role in scour. Equation (2) is
the Veronese (1937) equation. The equation yields an estimate of erosion measured from the
tailwater surface to the bottom of the scour hole.
Y8 =1.90H0.225q0.54

Y, = depth of erosion below tailwater (meters)
H = elevation difference between reservoir and tailwater (meters)
q = unit discharge (m3/s/m)

w

(a

(3)

Yildiz and Uzucek (1994) presents a modiﬁed version of the Veronese equation,
including the angle, 0:, of incidence from the vertical, of the jet.

Y, =1.90H°~’”q°-54 cosa:

y

Equation 4 is the Mason & Arurnugarn (1985) prototype equation.
x

r—Kqi?
gd

h = tailwater depth above original ground surface (meters)
d = median grain size of formdation material, d5@ (meters)
g = acceleration of gravity (m/s2)

K=6.42—3.1-H°'1°
300

x=0.6—ﬂ— v=0.3
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Erodibility Index Method

(5)

Annandale (1995) developed the Erodibility Index Method by analyzing scour events
from approximately 150 ﬁeld observations and by analyzing published laboratory data pertaining
to the initiation of motion of sediment particles subject to ﬂowing water. An erosion threshold
was established by plotting the Erodibility Index for different rock types and cohesive and noncohesive granular soils against stream power, and noting whether scour occurred or not for each
event under consideration. The Erodibility Index that was used to quantify the relative ability of
the earth material to resist erosion is identical to Kirsten’s Excavatability Index (Kirsten 1982).
Kirsten’s Excavatability Index is used to characterize rock for determining the power
requirements of earth moving equipment that can rip the subject material. The index, as
formulated in the Erodibility Index Method, is expressed as 11116 product of four parameters,
K=MsKbKdJs

K = Erodibility Index
M, = intact rock strength parameter
Kb = block size parameter
K4 = shear strength parameter
J, = relative orientation parameter.

The values of the parameters are detennined by making use of tables and equations that
are published in Annandale (1995) and Kirsten (1982). The intact earth material strength
parameter is equated to its unconﬁned compressive strength in MPa for strengths greater than
10 MPa. The block size parameter is a function of RQD and a joint set number in the case of
rock, and a ﬁmction of median particle diameter in the case of cohesionless granular earth
material. The shear strength parameter is a function of a joint roughness number and a joint
alteration number, or the tangent of the residual intemal angle of ﬁiction in the case of granular
soils. Relative orientation, in the case of rock, is a frmction of the relative shape of the rock and
its dip and dip direction relative to the direction of ﬂow. The material characteristics are
generally obtained from borehole data, ﬁeld testing (such as vane shear testing) and laboratory
testing (to obtain the unconﬁned compressive strength). It is also possible to obtain parameter
values by making use of geologic descriptions of the material.

The relative magnitude of the erosive power of the water is quantiﬁed by stream power,
also known as rate of energy dissipation. This parameter is used because of its close relation to
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Annandale (1995) used equation 6 to derive a number of other equations that can be used
to calculate stream power for a variety of ﬂow conditions, including headcuts, knickpoint ﬂow,
hydraulic jumps, etc. Sets of graphs that can be used to calculate stream power at the base of
bridge piers (Smith et al. 1997) have also been developed.

Application of the method requires expertise in engineering geology, and geotechnical
and hydraulic engineering. Approaching scour analysis from an interdisciplinary point of view,
especially on large important projects, is advisable.

The erosion threshold that relates the Erodibility Index to stream power is presented in
Figure 2. The solid markers represent events where scour was observed, whereas the open
markers represent events where scour did not occur. The dotted line represents the approximate
location of the erosion threshold.

The extent (depth) of scour is determined by comparing the stream power that is available
to cause scour to the stream power that is required to scour the earth material under
consideration.

Figure 3 shows how the available and required stream power, both plotted as a function of
elevation beneath the riverbed, are compared to detennine the extent of scour. Scour will occur
when the available stream power exceeds the required stream power. Once the maximum scour
elevation is reached the available stream power is less than the required stream power, and scour
ceases.
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determining erodibility at the time when modiﬁcations were designed.

Back calculations: The empirical approach to detennining erodibility presented in this
paper was subsequently used to detennine if it would accurately predict the observed response.
This approach is based on the stream power of the impinging jet, and the erodibility index of the
material being hit. Annandale’s (1995) graph suggests that erosion of rock is possible if the
iaggqigﬁrble stream power is greater than the erodibility index raised to the 0.75 power (Pr >=

The Erodibility Index is computed as K=(M,)(Kg,)(Kd)(J_,). The value of each of the
parameters making up the Erodibility Index is obtained from tables in Annandale (1995). M, is
an evaluation of the mass (intact) strength of the foundation. This varies depending on whether
the foundation is a granular soil, a cohesive soil, or rock. The majority of the fotmdation rock at
Gibson Darn is limestone and dolomite (referred to as limestone in much of the documentation).
For the evaluation at Gibson, the value of M, is equal to the unconfmed compressive strength in
MPa. The average value from laboratory tests was 22,900 lb/in2 (158 MPa). Some weaker
intensely fractured beds (about 6 to l0 feet (1.8 to 3.0 m) thick) are present, particularly on the
left abutment. The rock in these beds would have a lower strength, perhaps by a factor of 2 to 4
(40-80 MPa). Laboratory testing perfonned on the concrete during original construction of the
darn resulted in an average unconﬁned compressive strength of about 2940 lb/inz (20 MPa).

Kb is an index related to the mean block size. It can be estimated as the rock quality
designation (RQD) divided by the joint set ntunber (Jn). The dam foundation limestone varies
from thin beds a few inches thick to massive beds, 8 to 10 feet (2.4 to 3.0 m) thick. The rocks
were found to be broken by several ﬁssures, which followed the bedding surfaces very closely.
Another prominent joint set was mapped on each abutment, and there were other minor joints.
This corresponds to a joint set nmnber of 2.24. The RQD was not logged for holes drilled on the
downstream right abutment, but in general the rock was recovered in long sticks with a few
fractured zones. Based on core recovery numbers and ﬁeld observations, the average RQD is
probably about 90-95%, with isolated areas ranging down to about 80%. This results in Kg,
values between about 35.7 and 42.4. The intensely fractured beds would have an RQD of about
17% based on ﬁeld measurements. This corresponds to a Kb value of about 7.6. The concrete
was placed in 4-foot (l.2m) lifts using large blocks generally encompassing the entire thickness
of the dam. The contraction joints are widely spaced (35 to 60 feet (10.7 to 18.3 m)) and keyed.
Although some lift lines exhibit minor seepage at high reservoir elevations, the lifts were cleaned
well and also keyed. The value of K1, for the concrete should be high, say about 80 or higher.
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foundation after the overtopping. The concrete should not be vulnerable to erosion provided that
the concrete remains intact and there isn’t degradation of the concrete by cracking, freeze-thaw
action, or vandalism. The decision to protect the intensely fractured beds appears to be sound
under any scenario. The areas of abutment rock most susceptible to erosion for higher
overtopping ﬂows have been protected.
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<8)

Erodibility Index (K): The Erodibility Index, _K, is used to quantify the granular
material’s relative ability to resist erosion. It is the product of the Mass Strength Number, Ms,
the Block Size Ntunber, Kb, the Shear Strength Ntunber, K4, and Relative Ground Structure
Number, JS.

Mass Strength Ntunber (Mi)

From Table 1 of Annandale (1995) the Mass Strength Number, M,-, for granular soil
between loose and medium density is equal to 0.07.
Block Size Number (K9)

(9)

The particle Block Size Number, Kb, for cohesionless granular materials can be
detennined directly by (Annandale 1995):
Kb =1000D§0

A median grain size, D50, of 10 mm yields a block size number equal to 1.00E-03.
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Erodibility Index Calculation

(10)

The product of the four numbers yields an erodibility index roughly equal to 5 .87E-05.

K, = (0.07)(1.00E -03)(0.84)(1.0); 5.876 - 05

480
044
=--16
PR 1000

11
( )

Required Power: From Annandale (1995), the power (kW/m2) required, pR, to erode
earth material in the lower range of Erodibility Index numbers is a function of K:

Rate of Energy Dissipation

P... 8L

(13)

(12)

Available Power: The power (kW/m2) available from the plunging jet to erode the earth
material within the plunge pool is a function of jet hydraulics. From Bohrer and Abt
(Bohrer 1996) the velocity along the centerline of a jet in a plunge pool is a function of the jet
velocity at impact, the angle of impact, the air concentration of the jet at impact (represented by
the ratio of air and water densities) and gravitational acceleration. Equation (12) describes this
functional relationship, followed by the limits of application. Equation (13) expresses the
distance along the centerline.

V1

-111(1) = -0.5812111 [J-"-*-I1/+37’) + 2.107

P... 813

- 0.29 3 lnH£’—][L/in 5 2.6

COSO!

L =_-Z1
"Z1

The rate of energy dissipation, or available power, is a discretized function of the total
head at various elevations along the centerline of the submerged jet. Equation (14) shows a
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to 69.

K, = (12)(17)(0.75)(0.44)s 69

(23)

The product of the four numbers is an estimate of the erodibility index roughly equal

Rate of Energy Dissipation

(24)

It is assumed that all the energy is dissipated at the location where the jet impinges on the
simulated rock. The total rate of energy dissipation is equal to the product of the unit weight of
water (7), the discharge (Q), and the change in energy, AE.

P=;/-Q-AE

14
2

l,-‘Ir

9192» 1,733‘ J
J’ [L

17;.

/

(25)

The rate of energy dissipation per unit area (p) is equal to the rate of energy dissipation
divided by the horizontal projection of the area of the jet at impact, A ,-.

'

P = LT

In this application, the change of energy, AE, is equal to the total available energy
between the nozzle and the tail water surface. This supposes that 100% of the total available
energy is dissipated in the erosion process. The water cushion in the experiment was kept to a
minimum in order to simplify the estimate of the rate of energy dissipation.

Table 2 contains the calculations and parameters used to determine the rate of energy
dissipation. The total head, H, is the stun of the nozzle elevation and the velocity head minus the
tailwater elevation. The calculations assume that the total available head is converted into
kinetic energy and dissipates at the point of contact with the foundation.
For this
experiment with a jet width at impact of 3.0 ft (approximately 1m) a rate of energy dissipation of

P = 22.6 kW/m2 is indicated.
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Fig. 1 - General scour and sedimentation recorded at San Juan River, near Bluff, Utah, USA,
on Sept.-Oct. 1941
NIETHOD PROPOSED

The initial movement of bed load particles and their lifting to put them in suspension are
random processes govemed by the instantaneous shear stress developed in the vicinity of each
particle. A stochastic or probabilistic approach to quantify the bottom scour seems to be an
adequate solution. However, in this work a different criterion will be applied because of the
following reasons: the lack of sufﬁcient reliable data on the conditions under which a particle
becomes suspended and remains in suspension; the relative accuracy of the friction-related
fonnulas that are used to obtain the depth of scour; and the complexity of the potential resulting
equations of no practical use to designers.

Hypotheses

(1)

1.- The ﬁrst hypothesis establishes that the bed load material is lifted and suspended
when the vertical component 0' of the turbulence is larger than the free fall velocity a1 of the
particles. Since the peak value of 0' is related to the shear velocity U., an expression can be
written as
U. = aco
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U. = a (084

(4)

In this last equation the coefﬁcient a can take into account, at least on a partial basis, the
fact of considering D84 instead of the actual diameter likely to be found at the partly armored
river bed. VVhen ﬁeld measurements are made, if they are taken from the scoured bed, the values
of D, and a), proposed by each of the authors of the ﬂow resistance equations referred to in
subsequent paragraphs should be taken into account.

3.- The third hypothesis establishes that during the transit of the ﬂood, and therefore
during the scouring process, the width of the river bed remains constant. Furthermore, it is
considered that during the calculations the ﬂow discharge along a unit width remains
theoretically constant when the bed elevation subsides.

PROPOSED EQUATIONS

In order to quantify the general scour it is required to use as starting equation, one related
to ﬂow resistance. It is possible in these equations to differentiate the friction induced by the
particles from bed Lmdulations, as occurs in those proposed by Engelund, Paris, and Alam,
Lovera and Kennedy. Other equations take into account the combined effect of particles and
undulations, such as those developed by Garde and Ranga-Raju, Brownlie, Cruickshank and
Maza, and Karim and Kennedy. This paper presents the deduction of the equations to evaluate
the general scour based on the equation of ﬂow resistance proposed by Cruickshank and Maza;
subsequently, only the ﬁnal equations of general scour obtain ﬁ'om the equations of Karim and
Kennedy, and from Manning's are presented.

FROM THE EQUATION OF CRUICHSHANK AND MAZA (1973)

These authors suggested two equations to obtain the mean velocity U. One of them
corresponds to ﬂow under lower regime and the other to upper regime; both are applicable to
river beds with particle sizes within the range of sands to gravel (0.00007 5 D50 2 0.008 m) .
The general depth of scour of the river bed will be then determined when a ﬂood occurs, based
on the formula for lower regime and indicating all stages necessary to deduct it.
The equation proposed to evaluate the mean velocity U, for lower regime conditions is:
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The variables not yet deﬁned are: h, ﬂow depth, in m; D84, particle diameter of bed
material in which 84% are smaller than that size, in m; 0150, free fall velocity in clear water for
particles with diameter D50, in m/s; and S is the hydraulic gradient.

The general scour is calculated for a ﬂow discharge associated to a certain return period.
To perform the calculation of scour it is assumed, at least theoretically, that the design ﬂow
discharge moves through the area formed between the maximum elevation of the water surface
and the original cross section area surveyed prior to the occurrence of the ﬂood or before the
ﬂood season. This condition does not happen in nature because when the maximum water
elevation occurs, the maximum scour of the river bed also takes place. In other words, from the
very ﬁrst moment of the ﬂood, and when the ﬂow is already capable of suspending more
particles than those being sedimented, the scouring process actually takes place. Therefore, the
bed subsidence continues whereas the ﬂow discharge keeps on increasing at the cross section
under study.

The assumption referred to before is applied with the purpose of deﬁning the distribution
of the unit ﬂow discharges existing across the cross section during the transit of the peak ﬂow
discharge. The unit ﬂow discharge along any vertical of a river cross section can be obtained
with two different procedures. The ﬁrst of them is as a frmction of the initial theoretical ﬂow
depth ho, measured between the maximum water elevation upon passage of the design ﬂow
discharge Qd and the bed elevation given by the original cross section surveyed when ﬂow
discharges are small (dry season) (see ﬁgure 2). In this case the higher ho the higher the unit
ﬂow discharges. The second approach to fmd out the unit ﬂow discharges implies their direct
measurement during the transit of the ﬂow discharge Qd, as suggested by Schreider er al.

(1999).
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Taking into account the above assumptions and using equation (5), the ﬂow discharge
passing through the theoretical cross section already described can be expressed as follows:

d

Q

where B, is the effective width of the free water surface, in m; and Qd is the design ﬂow
discharge, i.e. the peak ﬂow of the ﬂood for which the general scour is going to be calculated, in
m3/s. Q0. is associated to a certain return period T, to be selected beforehand in tenns of the
problem to be solved. For example, for calculating the total scour in bridge design, the value of
T ranges from 50 to 100 years. On the other hand, hm is the mean depth of the cross section, in
m, deﬁned by the water elevation upon passing of the peak ﬂow discharge of the ﬂood and by
the initial proﬁle of such cross section, and given by the relationship hm = A/Be, where A is the
hydraulic area, in m2.

A

(8)

When passing the ﬂow discharge Qd, the tmit ﬂow qr that moves through any vertical
(unit width) with a depth ho is equal to:

D8g.634 I

7.58 05,, h,‘~°“ s °"“5°
qr - I

After dividing equation (7) by equation (8), i.e. Qd /qr, and solving for qr, the
following expression is obtained:
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(10)

bed scouring process that will stop upon reaching a certain depth hs in which the equilibritun is
achieved among lifted and settled particles. Therefore, for the equilibritun condition, i.e. for the
peak scour, equation (8) can be written as:
121.634 510.456

(1)6345A 0.456

D84

7.580)

qe _ 1

758 Q50 hsrrvs hs0.456 S0456 g0.456
D8q.6s4 g0.456 A0456

(11)

In order to express the unit ﬂow discharge in terms of the shear velocity U.., the
following transfonnation can be made:

qe T

where q, is the unit ﬂow discharge under which particles that become suspended and those
already settled are in equilibritun when the ﬂow depth becomes equal to hs.

7'58 $50 hsl.l78 U‘0.9l2

D8q.634 A0456 g0.456

(12)

If it is taken into account that U. = (g h S)0'5 , equation (11) is transformed as follows:

qe

D801634 (g A)0.456

(14)

(13)

As established before, during the full scotuing process the unit ﬂow discharge at each
tmit width remains constant; therefore:

qr = <15
If equations (9) and (12) are matched, then:

hm

Qi ﬁg 1.634 — 7.58 C050 hS1.17sU*0.912
Be
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ABSTRACT

In this paper the fonnation of altemate bars, central bars, or multiple transverse
bars, for ﬂow in a straight river reach of constant width, is studied as an instability problem
of the mobile bed. Once a speciﬁc, doubly periodic perturbation of the mean bed level is
selected, and the goveming principles, laws, and empirical friction and sediment transport
relations are imposed, expressions are obtained for the bed wave celerity, rate of growth of
the bed amplitude, and additionally, it is possible to estimate the longitudinal wavelength to
which the maximum rate of growth corresponds, and also to determine the dominant type
of bars: altemate, central or multiple.
Instead of working with a totally vertically-integrated version of the governing
equations, care has been taken to solve for a three-dimensional solution of the transverse
velocity component, thus avoiding the error of having to relate the transverse bed-shear
with the mean transverse velocity component.
Assuming that the linearized perturbation solutions are acceptable, up to values of
the ratio of bed amplitude to depth equal to one tenth, it is found that signiﬁcant deviation
angles of the local velocity vector (angles of attack) from the longitudinal direction exist, at
certain speciﬁc locations, depending upon the type of bed defonnations present. Thus it is
shown that bridge piles and abutrnents adequately aligned with straight parallel banks, still
can be subjected to locally approaching ﬂows at signiﬁcant angles of attack owing to the
development of various types of sediment bars.
INTRODUCTION

Scour of rectangular-shaped bridge piles is signiﬁcantly sensitive to the angle of
attack of the approaching ﬂow: a pile is generally set such that its major length is parallel to
the approach-ﬂow velocity vector (in a straight, constant-width reach, the major length
would be parallel to the banks), and thus the magnitude of scour will depend upon the
smaller rectangular length (width of the pile), as Laursen and Toch (1956) and Melville
(1999) have reported (see ﬁgure 1). However these authors show that if for various possible
reasons, the angle of the approach-ﬂow with respect to the pile major axis deviates from

1 Professor, Institute of Fluid Mechanics, Faculty of Engineering, Central University of
Venezuela, Caracas, Venezuela.
2 Graduate Student, Institute of Fluid Mechanics, Faculty of Engineering, Central
University of Venezuela, Caracas, Venezuela.
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would appear to be worthwhile to take ﬁeld data upstream of the bridge site in order to
check natural deviation angles of the velocity vector for design purposes.
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From the trained network the densimetric Froude munber is considered to be the most
signiﬁcant variable for predicting scour depth. This is also the conclusion of several
experimental studies (Raj aratnarn and Beny, 1977, Blaisdell and Anderson, 1988, Lim, 1995).
The effect of removing densimetric Froude number from the set of variables had a 4 times
larger effect than that of removing the next most signiﬁcant variable. Outlet shape was found
to be the next most signiﬁcant closely followed by width of the receiving charmel and width
of the culvert outlet. The sediment size, sediment gradation and tailwater depth were formd
make only a slight difference to the overall prediction of scour depth when they were removed
from the input variables.

Studies that have explored outlet shape have reported that shape is a signiﬁcant factor and that
the scour depth can vary by up to 40% depending on the shape of the outlet (Abt et al. 1984).
The effect of tailwater depth has received some attention experimentally however the effect of
tailwater depth is still a point of debate. For low tailwater depths it is considered that there is
an effect on the depth of scour. The tailwater depths in the dataset cover a large range and
therefore the overall result shows the tailwater depth to be insigniﬁcant. A different result may
be obtained if the input data was restricted to a smaller range of tailwater depths.
VALIDATION OF ANN

Figure 2 below shows a comparison of the measured scour depth and that predicted by the
trained network using previously unseen data and shows good agreement. The test data set in
this case includes some of the authors’ experimental data and data from 3 previously
published studies by other researchers.

It can be clearly seen that the artiﬁcial neural network is successfully predicting the scour
depth to with +/- 15% in most cases.
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ABSTRACT

This paper deals on three different subjects, as examples of the contribution of Argentine
research on local scour: local scour at bridge piers, local scour downstream ski jump
structures and local scour downstream hydraulic jump energy dissipators.
Firtly, the proposal of Cotta and Jensen to avoid the local scour at bridge piers, developed at
the sixties in La Plata National University. The practical results were published in the Latin
American Congress of the IAHR in Spanish. It has good diffusion in South America, as it
was included in the Bridge Design Manual of Venezuela.
Secondly, the INCYTH equation for local scour downstream ﬂip buckets, intentionally
oversimpliﬁed in order to be of use as an initial estimate of scour. It requires only the
knowledge of the unit discharge and the fall height from the reservoir level to tailwater level.
It should be noted that during the design stage many parameters are usually unknown, such as
the size of blocks fonned by fracture of the rock at different depths near the jet impact. For
preliminary calculations, this equation demonstrates acceptable performance for the data of
other authors, even with data published later than its fonnulation.
Finally, the phenomenon of local erosion downstream of hydraulic jtunp energy dissipators in
large ﬂatland dams, when rocks submitted to severe pressure ﬂuctuations compose the
riverbed, which is well different of the case customarily studied in alluvial bed rivers. This
problem was analyzed by means of results of ﬂuctuating pressures (statistic values of
amplitudes and frequencies) in the base of a hydraulic jump stilling basin, downstream a
continuous end sill, taking into account the ampliﬁcation of the process and the trend to
induce important depressions. Vlfhen granular materials compose the bed, the presence of the
end sill collaborates with a controlled scour downstream near the structure. If large rocks
compose the bed, prototype experimental data demonstrates that the end sill has not a
beneﬁcial action. It increases ﬂow ﬂuctuations and concentrates the turbulent energy arotmd
a dominant frequency, removing bigger blocks and favoring local scour. A methodology is
proposed for the calculation of the weight of eventual protecting blocks or the anchorage bars
to avoid the removal, taking into account the incident Froude Number of the jump and the
relationship among broad and length of the block.
INTRODUCTION

As it is usual in other countries, more than 50% of the bridge failures in Argentina
were caused by hydraulic problems, more speciﬁcally because underestimated scour. It is true

I Scientiﬁc Manager, National Institute of Water and Environment (INA), C.C. 46, (1082) Aeropuerto Ezeiza,
Argentina
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In 1949 Dr. Schoklitsch was appointed "Extraordinary Professor" at the Hydraulics
Institute of the Exact Sciences and Technology School at the University of Tucuman. In 1953
Dr. Schoklitsch began his academic and scientiﬁc activities at the National University of Cuyo,
in San Juan, at the foot of the Andes Mountains. It should be pointed out that Dr. Schok1itsch's
research dealt basically with the movement of water-transported solids. Based on his works to
verify Stemberg's theories and revise Du Boys's, he formulated new equations on the movement
of uniform grain-size sands, speciﬁc ﬁiction, and critical drag force. On the other hand, his
known equation to allow the maximum depth calculation of local scour downstream energy
dissipators was published previously, when the author was professor in Europe. Nevertheless,
the inﬂuence of Schoklitsch equations on the argentine design of structures under scour
conditions was detected in a wide range of engineers.

Three different subjects can expose the contribution of Argentine research on local
scour: local scour at bridge piers, local scour downstream ski jump structures and local scour
downstream hydraulic jump energy dissipators.

1- The proposal of Cotta and Jensen to avoid the local scour at bridge piers

The protection against local scour around bridge piers in alluvial rivers, is an local
system developed by Cotta and Jensen (2), after a long experimental research from laboratory
tests at the "Guillermo Céspedes" Hydraulic Laboratory of the La Plata National University.
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The construction system consists in a corbel slab emerging from the pier section just
at the bed level. The slab avoids the horseshoe vortex action on the movable bed.
The comprehensive design of the protection structure can be observed in the Figure 1,
'
I
F
'

!

i

Fig. 1 General design of the protection structure
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pressure and speed ﬂuctuations. Incident kinetic energy has a transformation along the jump
converting to potential energy. It also generates ﬂuctuation energy which is transported by
different scales vortex. This energy is gradually dissipated downstream the jump.

Rapidly variable pressure ﬁelds in space and time trends to enlarge existing bed
discontinuities or create them when it is composed by erodable rock. Fluctuating pressures
propagation inside the rocky structure causes it to break into minor pieces. Altematives forces
induced by pressure ﬂuctuations pull some blocks out of the bed. Drainage established among
the blocks reduces ﬂuctuations amplitude. The cavity created previously enlarges by ascending
streams generated in the zone when the jet hits against the bed.
Water pressure is highly variable along the interface rock-water being greater than
average in certain zones and lesser in the others. VI/hen rocky blocks dimensions increase, spacetime correlation of ﬂuctuating pressures trends to reduce. A strong ascendant instantaneous force
will be generated if there is an important simultaneity of actions. Blocks should have reduced
dimensions, turbulence should be of a large scale or both causes should present together for this
to happen. There are clear evidence that macroturbulence largely exceeds conventional stilling
basins length. He presented some practical examples where turbulence intensity decay begun at
twice the basin length (basins designed using classical jtunp length)

Macroturbulent nature of ﬂow inside a hydraulic jump stilling basin is responsible for
the existence of strong pressure ﬂuctuations. Many papers has been written giving a warnings
about its highly destructive nature (5). Presence of structural discontinuities helps to severely
amplify pressure ﬂuctuations amplitude. Also spectrurns show a tendency of energy
concentration around a dominant frequency. Forced hydraulic jumps can be produced inserting a
chute element in the laboratory canal. Consider that this element consist of a despicable
thickness situated at a distance x0 from jump start, of height hb and Reynolds number is high
enough to admit viscous forces inﬂuence is negligible. The expression to calculate a non
dimensional coefﬁcient that ground upon root mean square ﬂuctuating pressure amplitudes

(\li>'2) iS=

C7 11,0:/iii/2

(4)

(3)

,2
C'i1> = C'p (X/hi. X0/hi. hb/111, F1)

where Section 1 is the upstream section of the jump (where it begins) and p = ﬂuid speciﬁc
mass, h1 = vertical depth at Section 1, V1 = velocity at Section 1, and F1 = Froude Number at
Section 1. This expression has been obtained through dimensional analysis.
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Estiinations about the dimensions of basaltic rock blocks that could be removed by the
ﬂow downstream Salto Grande dam's stilling basin have been made. This dam is located on
Uruguay river (between Argentina and Uruguay). An exigent condition that really occurred was
taken a base of comparison: q = 70.87 m2/s, F1 = 4.17,
l = 64 m (basin's length), h1 = 3.09
m, L, = 82 m (jump's length), U1 = 22.96 m/s, x/h1 = 26.5 (non dimensional position).

Results obtained are enough to calculate C'p coefﬁcient through root mean square force
F(m,,) . C'1= is not a good indicator of extreme instantaneous forces values. Using data registered
for Froude number equal to 4 with fix barrier experiments, a relationship between uplift extreme
0.1% and mean values has been found. Extreme values are 3.07 to 3.20 times higher than root
mean square values. The idea of all this calculations is to obtain an estimation of minimum rock
blocks thickness to assure stability its own weight. For this working conditions ﬂow can lift even
a block of 1.70 m of thickness and linear dimensions of several meters. This number is in good
concordance with visual measures realised during a restoration of the stilling basin.

Localised erosion of importance should not be admitted downstream a spillway with a
hydraulic jump stilling basin which dimensions have been designed using classical criteria.
Though, this is never accomplished. In general, erosion downstream a stilling basin which
length is equal to the theoretical juinp's length is never zero. The problem is that jump's lengths
given by macroscopically conditions being the last section the one where the downstream depth
corresponding to ﬁee jump is reached and average speed is easily detemiined using continuity
and momentum equations.

Velocity proﬁle is usually assumed as unifonn in that section ( as channel turbulent ﬂow
proﬁle). In fact this is not true being it more and more different while Froude Number at Section
1 decreases. This disturbance implies very low surface speeds and high speeds near the bottom,
with an erosive capacity highly superior to the one calculated using average speed. It has
happened that some kind of basalt classiﬁed as non erodable have been found in places where
large ﬂatlands dams have been built. Using standard criteria stilling basins have been designed
with a length of 60% of the theoretical. End sills of those basins generates conditions of forced
hydraulic jump if they are of enough height, favouring macroturbulence and local erosion of the
river bed. A warning against considering that a rocky bed submitted to severe pressure
ﬂuctuations behave as an alluvial bed is given. Equilibrium is dynamical in this last case,
reaching a fmal condition after scouring. On the contrary, when the bed is composed of
meteorized rock of several dimensions blocks, the remotion of one of this blocks is irreversible.
Erosion process on rocky beds is then completely different than the analysed for granular
material in laboratory.
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Bridge scour problems have recently become important issues for civil engineers in
Korea. The reasons are: ﬁrst, the catastrophic collapse of the Sung-su Grand bridge has led
to a reconsideration of safety measures and inspection methods for all bridges, including
Imderwater structural integrity inspections and sediment scour measurements. Second,
relatively older small and medium sized bridges were designed and built without
considerations of scour effects. A recent evaluation of 100 bridges in Korea for scour
sensitivity showed that about 85% are scour critical and thus, they would fail if subjected to
the design ﬂood. In these respects, this paper presents the brief summary of scour practices,
the techniques of scour monitoring systems and scour protection techniques available for
bridge foundations in Korea.
INTRODUCTION

In South Korea, many bridge constructions are in progress in river and costal areas.
Bridge scour problems have recently become important issues within the Korean
geotechnical and water resources engineering commiuiity. The reasons are numerous but
the most important factors can be stunmarized as follows. First, the catastrophic collapse of
the Sung-Su Grand Bridge crossing the Han river has led to a reconsideration of safety
measures and inspection methods for all bridges. These safety concems have pushed local
govemments to include underwater structural integrity inspections and sediment scour
measurements. Second, relatively older small and medium sized bridges were designed and
built without considering scour effects, and measurements show that these bridges do suffer
from severe scour problems.
In addition to bridge transversing rivers, active development of the coastal areas has
brought increased pressure to build coastal bridges such as the Seohae, the Youngjong and
the Kwangan Grand Bridges. Interestingly among them, the site of the Seohae Grand
Bridge was not a favorable site on which to build a bridge due to the relatively large tidal
motion. It is true that much work has been done in the ﬁeld of river bridge scoiuing
(Breusers and Raudkivi, 1991) and there seems too many empirical formulas to apply. It is

1 Professor, Dept. of Civil Engineering, Hanyang University, Seoul, Korea.
2 Professor, Dept. of Civil and Enviromnental Engineering, Chung Ang University, Seoul,
Korea.
3 Associate Professor, Dept. of Civil Engineering, University of Inchon, Inchon, Korea.
4 Associate Professor, Dept. of Civil Engineering, Yonsei University, Seoul, Korea.
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and concluded the pier Reynolds number and turbulent strength are the main parameters for
forecasting the maximum scour depth. Kim(1985a) conducted the experiments about the
maximum scour depth including the vortex mechanism at circular pier. Kim(1985b)
compared the maximum scour depths calculated using the existing scour equations with his
experiment data which were obtained from the model tests using the diatomite as the
channel bed material. Since 1990, much work has been done in many ﬁelds: the estimation
of scour depth utilizing numerical models, the detailed characteristics of local scotu" at
bridge piers in cohesive soil (Choi, 1998), sack gabion as scour countermeasures (Yoon,
1998), and automatic real-time scour measurements (Lee and Yeo, 1998).
SCOUR MONITORING SYSTEMS

There are some monitoring devices available for bridge scour measurements in
Korea. They are GPR(Ground Penetrating Radar), Magnetic Collar, Fathometer and buried
rod. Here, an automatic real time bridge Scour Monitoring System(SMS), designed by Lee
and Yeo (1998) and then used to detect the scouring process of Seohae Grand Bridge, is
introduced.
Seohae Grand Bridge is a coastal highway bridge crossing Asan Bay Channel. Fig.
1 shows the bridge location map enclosed by Korean peninsula. The construction started in
1994 and will be completed in 2001. The most signiﬁcant problem from the perspectives of
costal engineers of the construction site is the world’s famous and largest tidal motion
measuring up to a tidal level difference of 9.3m bringing tidal current speed up to 0.8m/s.
Also, concurrent development plans in that area resulted in the current speed adding up to
2.65m/s. Field bridge engineers reported excessive bridge scour depth more than 8m from
the design bed level.
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protection and deﬂectors. Mattress protection has been proposed as a new concept using
artiﬁcial protection for local protection around a big, circular pier in a bed of fme sand.
This protection consists of ntunerous bundles of polyester ﬁlaments which can be
suspended under a frame cantilevered from the pier. The ﬁrst prototype test showed
promising results (Carstens 1976). In general, special attention has to be given to providing
a tight comiection between the mattress and the pier, because even though a small gap, the
downﬂow can induce severe erosion that extends under the mattress. Deﬂector has been
used for reducing the intensity of the downﬂow near the pier (Carstens 1976; Dargahi
1987). But, this method has not been used widely and frequently, because there are no
design rules are available for the determination of the width and the height of the deﬂector,
which is ﬁxed to the pier, and it did not noticeably reduce the erosion depth.
CONCLUSIONS

The main objective of this study was to gather the general information on the scour
problem, scour practice, and scour solutions in Korea. Before 1990, most of the research
done on bridge scour was based on experiments. The test results from such experiments
were not applicable to multiple situations because most of the experiments were carried out
at localized conditions. Thus hydraulic and/or bridge design engineers are often at a loss
over which method or equation is applicable for the speciﬁc bridge sites.

Since 1990, much work has been done in many ﬁelds in Korea: the estimation of
scour depth utilizing numerical models, the detailed characteristics of local scour at bridge
piers in cohesive soil, sack gabion as scour countermeasures, and scour monitoring systems
in coastal zones. Lately there have also been advanced research focusing on the evaluation
of safety of hydraulic facilities and research concerning with enviromnental matters.
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ABSTRACT

In September 1988 The U.S. Federal Highway Administration (FHWA) issued Technical
Advisory T514023 entitled "Scour at Bridges" to State Highway Departments or Departments of
Transportation which recommended that each State evaluate every bridge over a stream as to its
vulnerability to scour of its foundations. Accompanying the advisory was a document entitled
"Interim Procedures for Evaluating Scour at Bridges." This was the ﬁrst U.S. publication which gave
specific recommendations and equations for evaluating scour. Subsequently, FI—IWA issued
Hydraulic Engineering Circulars (I-IEC’ s) 18, 20, and 23 which gave state-of-practice for evaluating
bridge scour for bridges over riverine and tidal waterways, stream stability at highway structures and
bridge scour and stream instability countermeasures. This paper presents the FHWA’s
recommendations for bridge scour and stream instability evaluation.
INTRODUCTION

In September 1988, the U.S. Federal Highway Administration (FHWA) issued Technical
Advisory T514023 entitled "Scour at Bridges" to State Highway Departments or Departments of
Transportation which recommended that each State evaluate every bridge over a stream as to its
vulnerability to scour of its foundations. The Advisory stated: "Most waterways can be expected to

experience scour over a bridge's service life (which is now approaching 100 years). Exceptions

a scale that is measured in centuries..... The added cost of making a bridge less vulnerable to scour

might include waterways in massive, competent rock formations where scour and erosion occur on

is small when compared to the total cost of a failure which can easily be two or three times the
original cost of the bridge itself. Moreover, the need to ensure public safety and to minimize the

adverse effects stemming from bridge closures requires our best effort to improve the state-of-

practice of designing and maintaining bridge foundations to resist the effects of scour."

Accompanying the advisory was a document entitled "Interim Procedures for Evaluating
Scour at Bridges". This was the first U.S. publication which gave specific recommendations and
equations for evaluating scour. Subsequently, in 1991, this document was revised and issued as

a companion document (HEC-20) entitled "Stream Stability at Highway Structures was issued."

Hydraulic Engineering Circular 18 (HEC-18) entitled "Evaluating Scour at Bridges." Also, in 1991
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Figure 1. Pier Scour Depth in a Sand-Bed Stream as a Function of Time
(not to scale) (Richardson and Davis, 1995).

The magnitude of the scour depth depends on the ﬂow variables of the stream (discharge,
ﬂow velocity and depth, angle of the ﬂow to the bridge, etc.), bed and bank material characteristics
(bed rock, alluvial or non-alluvial, cohesive or non-cohesive, size distribution, etc.) and bridge
characteristics (size and shape of the pier and abutments, width of opening, elevation of the deck,
etc).
'
Design Discharge

The magnitude of the ﬂow variable depends on the selection of a design discharge. The
selected design discharge for a bridge is based on the design life of the bridge, bridge importance,
consequence of failure, etc. The design discharge for a divided highway with large average daily
traffic (ADT) (interstate highway, autobahns, etc.) would be larger than for a farm to market or
logging road. Some engineers advocate a maximum possible ﬂood for important bridges (Laursen,
1998) others recommend risk analysis. Important bridges are those with large ADT, Interstate
highways, school bus and ambulance routs, and etc.

The Federal Highway Administration (FHWA) in HEC-18 (Richardson and Davis, 1995)
recommends that bridges should be designed to resist the ﬂood event(s) that are expected to produce
the most severe scour conditions. HIEC-18 recommends the 100-year ﬂood or the overtopping ﬂood
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transport into the contracted section is essentially zero and maximum scour occurs when the shear
stress reduces to the critical shear stress of the bed material.

To determine if the contraction scour at a bridge is clear-water or live-bed detennine if the
critical velocity (V0) or critical shear stress (re) of the median diameter (D50) of the bed material in
the channel upstream from the bridge opening is larger than the average velocity or shear stress
(clear-water scour) or smaller (live-bed scour). Or calculate the contraction scour depths using
both equations and take the smaller scour depth (Richardson and Davis, 1995).
Live-Bed Contraction Scour Equation

9
VV2

K1

=
=
=
=
=
=
=

acceleration of gravity (9.81 m/s2)

average depth in the upstream main channel, m
average depth in the contracted section, m
average depth in the contracted section before contraction scour, m
bottom width of the upstream main channel, m
bottom width of main channel in the contracted section, m
ﬂow in the upstream channel transporting sediment, m3/s, cms
ﬂow in the contracted channel, cms. Often this is equal to the total discharge
unless the total ﬂood ﬂow is reduced by relief bridges or water overtopping
the approach roadway
exponents determined below depending on the mode of bed material transport
(8Y1$1)” shear velocity in the upstream section, m/s
median fall velocity of the bed material based on the D50 (see Figure 2)

0,

Richardson and Davis (1995) in HEC-18 recommend a modified Laursen (1960) equation for livebed contraction scour. It is based on a simplified transport function (Laursen, 1956) to obtain
equilibrium sediment transport in a long contraction. In short contractions such as at a bridge it over
estimates the scour depth (Richardson and Davis, 1995). The equation is:

Q1

y,
yz
y0
W,
W0
Q,
Q0

=

:
=
=

ys = y0 - y0 = (Average scour depth, m)

&I
yr

where:

g

kl
V.
w

237

g

=

acceleration of gravity (9.81 m/s2)

(Average scour depth)

(9)

(3)

Equation 7 is the basic equation for the clear-water scoured depth (y) in a long contraction.
Shield’s coefficient for initiate of motion ranges from 0.03 to 0.1 (Vanoni, 1975). Strickler’s
equation for n given by Laursen, in metric units, is n = 0.041 D”°. Research discussed in
Richardson et al. (1990) recommends the use of the effective mean bed material size (Dm) in place
of the D50 size. The use of Dm would also be in accordance with the work of Froehlich (1995).
Dm is approximately 1.25 D50_ Using KS of 0.039, n = 0.041 Dm 1'6 and SS = 2.65 in Equation 7
results in:

Dm2/3 W2

2
y = [ ]3”

y S = y — yo
where:

Dm
=
diameter of the bed material (1.25 D50) in the contracted section, m
ys
=
depth of scour in the contracted section, m
yo
=
original depth in the contracted section before scour, m
Other variables as previously defined.

Clear-water contraction scour equations assume homogeneous bed materials. However, in
stratified materials, the clear-water contraction scour equation could be used sequentially.

Both the live-bed and clear-water contraction scour equations are the best that are available
and should be regarded as a first level of analysis. If a more detailed analysis is warranted, a
sediment transport model such as BRI-STARS (Molinas, 1993) or HEC-6 (U.S. Army Corps of
Engineers, 1993) could be used.

CRITICAL VELOCITY FOR MOVEIVIENT OF BED MATERIAL

The velocity and depth given in Equations 6 are associated with initiation of motion of the
indicated size (D). Rearranging Equation 6 to give the critical velocity for beginning of motion of
bed material of size D result in:.
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Figure 8. K0 as a function of angle of attack (after Salim and Jones, 1996).

Scour depths for complex pile groups (not uniformly spaced laterally and longitudinally in
the stream flow) can not be determined by these methods. Scour for complex pile groups would
require a physical model study.
Pile Caps Placed at the Water Surface or in the Flow

For pile caps placed at or near the water surface or in the flow, HEC-18 (Richardson and
Davis, 1995) recommended that the scour analysis include computation of scour caused by the
exposed pile group, computation of the pier scour caused by the pile cap and pier scour caused by
the pier if the pier is partially submerged in the flow. A conservative estimate of local scour will be
the largest pier scour computed from these three scenarios

When computing the pier scour caused by the pile cap, a conservative estimate is to assume

that the pile cap is resting on the bed and determine V4 and yf from Equation 19. Use Equation 12

for pile cap, pier shaft and exposed pile groups as recommended in the previous discussions.
Research is underway to develop a less conservative and more realistic equation (S alam and Jones,
1996 and Jones, 1998)
Multiple Columns Skewed to the Flow

Scour depth for multiple columns (as illustrated as a group of cylinders in Figure 6) skewed
to the flow, depends on the spacing between the columns. The correction factor for angle of attack

would be smaller than for a solid pier. How much smaller is not known. Raudkivi (1986) in

discussing effects of alignment states "..the use of cylindrical columns would produce a shallower
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(Richardson and Davis, 1995).

composite pier width would be used in Equation 12 to determine depth of pier scour. The correction
factor K, would be 1.0 regardless of column shape. The coefficient K2 would also be equal to 1.0
since the effect of skew would be accounted for by the projected area of the piers nonnal to the ﬂow

The depth of scour for a multiple column bent will be analyzed in this manner except when
addressing the effect of debris lodged between columns. If debris is evaluated, it would be logical
to consider the multiple columns and debris as a solid elongated pier.
Pressure Flow Scour

Pressure flow, which is also denoted as orifice flow, occurs when the water surface at the
upstream face of the bridge is greater than or equal to the low chord of the bridge superstructure and
the water is in significant contact with the bridge deck. At higher approach flow depths, the bridge
can be entirely submerged with the resulting flow being a complex combination of the plunging ﬂow
under the bridge (orifice flow) and flow over the bridge (weir flow). In many cases, when a bridge
is submerged, ﬂow will also overtop adjacent approach embankrnents. Hence,_for any overtopping
situation, the total weir ﬂow can be subdivided into weir flow over the bridge and weir flow over
the approach.

Abed (Abed, 1991, and Abed et al., 1991), from a limited clear-water flume study at
Colorado State University, stated that pressure ﬂow could increase pier scour depths by 2.3 to 10
times. These results were obtained by comparison of scour depths for free surface and pressure flow
simulations with similar hydraulic characteristics. However, sometimes when a bridge becomes
submerged, the average velocity under the bridge is reduced due to a combination of additional
backwater caused by the bridge superstructure impeding the flow, and a reduction of the discharge
which passes under the bridge due to weir ﬂow over the bridge and approach embankments. As a
consequence scour depths are reduced.

Jones (Jones et al., 1993, 1996 and Richardson and Lagasse, 1999, p. 288) in clear-water
pressure flow studies at FI—IWA’s Tumer-Fairbank Research Center, found that (1) local pier scour
with pressure flow has two components; (2) one component is vertical contraction scour caused by
the bridge superstructure and the other is local pier scour caused by the pier obstructing the flow; (3)
the magnitude of the local pier scour with pressure flow is approximately the same as for free surface
flow; and (4) that the two components are additive.
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where:

ycps

=
=
=
=

=
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o<o_<GE

Hb

y1

vc

depth of vertical contraction deck scour, m
ﬂow depth upstream of bridge deck, m
distance from bridge deck to channel bed, m
average velocity of ﬂow through bridge opening, m/s
critical velocity of the bed material, m/s

Scour Depths With Debris

Debris lodged on a pier usually increases local scour at a pier. The debris may increase pier
width, local velocity and deﬂect the flow downward. This increases the transport of sediment out
of the scour hole. When ﬂoating debris is lodged on the pier, the scour depth is estimated by
assuming that the pier width is larger than the actual width. The problem is in determining the
increase in pier width to use in the pier scour equation. Furthermore, at large depths, the effect of
the debris on the scour depths should diminish. Also, debris lodged on piers and abutments can
deﬂect the ﬂow against another pier of abutment resulting in very large angles of attack, and larger
velocities. This may be worse than the scour at the pier or abutment with the debris.

As with estimating local scour depths with pressure ﬂow, only limited research has been done
on local scour with debris. Melville and Dongol (1992) have conducted a limited quantitative study
of the effect of debris on local pier scour and have made some recommendations. However,
additional laboratory studies will be necessary to better deﬁne the inﬂuence of debris on local scour.
TOPWIDTH OF PIER SCOUR HOLES

(22)

The topwidth of a scour hole in cohesionless bed material from one side of a pier or footing
can be estimated from the following equation (Richardson and Abed, 1993), Richardson and Davis,
1995), and Richardson and Lagasse, 1999, p. 311):

W = ys (K + cot 9)
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=

0.43

Fr°'61 + 1

Scour depth, m

Coefficient for abutment shape (see table 4)
Coefficient for angle of embankment to ﬂow
(0/90) (see figure 9 for definition of 0)
0<90° if embankment points downstream
0>90° if embankment points upstream
Length of abutment (embankment) projected normal to flow, m
Flow area of the approach cross section obstructed by the embankment, m2
Froude Number of approach ﬂow upstream of the abutment, V4./(gy5)"*
Q4/A4, m/s
Flow obstructed by the abutment and approach embankment, m3/s
Average depth of ﬂow on the ﬂoodplain, m

(24)

modification of HIRE’s (Richardson et al., 1990) equation for L/y > 25 were given. The HIRE
equation was based on field data of scour at the end of spurs in the Mississippi River (obtained by
the US Corps of Engineers.

=
=
=

V45

=

L/

Froehlich’s Abutment Scour Equation for L/y < 25

K1
K2
K2

=

§ = 2.27 K1 K5

where:

L’

Ac
Q5

=

Fr

Ya
Y5

(25)

The 1 added to the equation caused it to envelope 98 percent of the data in the development of the
equation by statistical methods.

0.55

=
=

Scour depth, m
Depth of ﬂow at the abutment on the overbank or in the main channel, m

HEC-18 Equation for L/y > 25

y,

ii = 4 p;°-33 i

where:
Y5
Y1
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1.

Strum (1999 ) equation for abutments in compound with variable set backs from the main

Chang and Davis equation (Richardson and Lagasse, 1999, p. 401) which is based on
Laursen, live bed contraction scour equation.

Recent abutment scour equations have appeared in the literature that are not based on the
abutment length but on the ﬂow intercepted by the abutment and approach embankment. These are:

2.

3.

Kouchakzadeh and Townsend (Richardson and Lagasse, 1999, p. 417) equation based on
momentum exchange.

Richardson and Trivino (1999) equation based on momentum exchange

channel.

4.

These equations have not been tested in the field so the 1995 HEC-18 recommendations are
still valid in the U.S.
CONIPUTER MODELS

The hydraulic bridge routines of either the computer models WSPRO (Shearrnan, J.O., 1987)
or HEC-RAS (U.S. Corps of Engineers, 1997, Richardson and Lagasse, 1999, p. 669) can determine
the one-dimensions ﬂow variable for use in the determination of scour depths at a bridge. These
models determine average ﬂow depths and velocities over the roadway and bridge, as well as average
velocities and depths approaching and under the bridge.
STREAM INSTABILITY

Streams are dynamic. Areas of ﬂow concentration continually shift bank lines. In
meandering streams having an "S-shaped" planforrn, the channel moves both laterally and
downstream. A braided stream has numerous channels which are continually changing. In a braided
stream, the deepest natural scour occurs when two channels come together or when the ﬂow comes
together downstream of an island or bar. This scour depth has been observed to be 1 to 2 times the
average ﬂow depth (Northwest Hydraulic Consultants Ltd., 1973) (Richardson and Davis, 1995).

A bridge is static. It fixes the stream at one place in time and space. A meandering stream

whose channel moves laterally and downstream into the bridge reach can erode the approach
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the bed material (normally fine sand) as well as silts and clays with cohesion and littoral drift
(transport of beach sand along the coast resulting from wave action) affect the magnitude of bridge
scour. In addition, tidal ﬂow are subjected to mass density stratification and water salinity but these
have only a minor effect on bridge scour. The hydraulic variables (discharge, velocity, and depths)
and bridge scour in the coastal region can be determined with as much precision as riverine ﬂows.
These detenninations are conservative and research is needed for both cases to improve scour
determinations. Determining the magnitude of the combined flows can be accomplished by simply
adding riverine ﬂood ﬂow to the maximum tidal ﬂow or routing the design riverine ﬂows to the
crossing and adding them to the storm surge ﬂows.

~

Tidal ﬂows are unsteady with short duration peak ﬂows. Riverine ﬂows are also unsteady
and many have short duration peak ﬂows. Existing scour equations predict scour depths for
these short duration peak riverine ﬂows. Also, waterways in the coastal zone are composed
of fine sand which erode easily. Therefore, riverine scour equations will predict scour
depths in short duration tidal ﬂows.

Some of the similarities and differences between tidal and riverine ﬂows are:

~

Mass density stratification (saltwater wedges), which can result when the denser more saline
ocean water enters an estuary or tidal inlet with significant freshwater inﬂow, can result in

of this scour, but not the time history (Richardson et al., 1993, Richardson and Davis, 1995).

Lillycrop, 1993) (Vincent et al., 1993). Existing scour equations can predict the magnitude

Astronomical tides, with their daily or twice daily in and outﬂows, can and do cause longterm degradation if there is no source of sediment except at the crossing. This has resulted
in long-term degradation of several feet per year with no indication of stopping (Butler and

~

larger velocities near the bottom than the average velocity in the vertical (Sheppard, 1993).
However with careful evaluation, the conect velocity can be detemiined for use in the scour
equations. With storm surges, mass density stratification will not normally occur. The
density difference between salt and freshwater, except as it causes saltwater wedges, is not
significant enough to affect scour equations. Density and viscosity differences between fresh
and sediment-laden water can be much larger in riverine ﬂows than the differences between
salt and freshwater. Salinity can affect the transport of silts and clays by causing them to
ﬂocculate and possibly deposit, which may affect stream stability and must be evaluated.
Salinity may affect the erodibility of cohesive sediments, but this will only affect the rate of
scour, not ultimate scour.
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have flow reversal. The limiting case for a tidal-affected crossing is when the magnitude of the tide
is large enough to reduce the discharge through the bridge to zero.

The objectives of the preliminary analysis are to determine the magnitude of the tidal effects
on the crossing, the overall long-term vertical and lateral stability of the waterway and bridge
crossing, and the potential for waterway and crossing to change.
DETERMINATION OF HYDRAULIC VARIABLES

The general procedure is to determine (1) design ﬂows (100- and 500-year storm tides and
riverine ﬂoods), (2) hydraulic variables of discharge, velocity, and depths. These variables are then
used to determine the scour components (depths of degradation, contraction scour, pier scour, and
abutment scour) using the equations and methods given previously., and (3) evaluation of the results.
HEC-18 gives method and equations for determining the hydraulic variables for unconstricted tidal
affected waterway and constricted waterways. Also, describes 1- and 2-dimensional computer
programs for determining storm surge hydrographs and resulting hydraulic variables. These 1- and
2-dimensional models are also described by Ayres Associates, 1994; Bingham Young University,
1997; Burkau, 1993; Froehlich, 1996; U.S. Corps of Engineers, 1996; and Zevenbergen et al.,
1997a,b.

Abed,L.M., 1991, "Local Scour Around Bridge Piers in Pressure Flow," Ph.D. Dissertation,
Colorado State University, Fort Collins, CO.
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This 2-cell box culvert was constructed in 1979 on Sennar-Medani Road
(NHA,2000). The actual width of the stream is 26m, however; the width of the culvert
was only 3m. The culvert washed out 3 times since its construction.
Post failure investigation in 1999 revealed that the scour depth ranged from 1
to 3m. The geotechnical investigation after failure (BRRI 2000) revealed a subsoil
condition that consists of highly plastic clay extending to a depth of 15m. The highly
plastic clay is underlain by clayey sand extending to the maximum depth explored
(about 20m).
Based on geotechnical and hydraulic investigations it was decided to replace
the culvert with a one span bridge. The proposed new bridge will be supported on
piles bearing below a depth 8m. The bridge will be constructed this summer.

SUMMARY AND CONCLUSIONS

A review of the geotechnical aspects of scour as related to design of bridges in
Sudan is presented. Two distinguished trends of foundation design for bridges are
identiﬁed: - One design practice for major bridges crossing permanent rivers and
another for highway bridges crossing seasonal streams. The former bridges are
supported on piles or piers bearing on bedrock well below the scour depth. Settlement
and bearing capacity considerations rather than scour depth control the design of these
bridges. No failure cases were recorded for these bridges although some of them were
constructed more than 80 years ago.
Highway bridges crossing seasonal streams are susceptible to scour problems
because of inadequate hydraulic data and incompetent geotechnical practice. Case
histories have shown that scour caused failure of bridges. The following factors
contributed to scour-induced failure of bridges in Sudan:
1)
Construction of foundations within the scour zone.
2)
Placement of inadequate compacted ﬁll beneath the foundation.
3)
Lack of geotechnical investigation or improper implementation of
recommendations given by the geotechnical consultant.
4)
Excavation for foundation and placement and compaction of ﬁll and
backﬁll is not supervised by a geotechnical engineer.
5)
Practical methods are not used to predict the scour depth.
6)
Hydraulic and hydrologic data is not sufﬁcient which results in
inadequate hydraulic design.
7)
Obstruction of bridge openings by soil heaps, construction debris and
tree branches.
8)
Most of the seasonal streams in Sudan are meandering and require
training.
Stone pitching is not used to protect the streambed in the vicinity of the
bridge and the stream banks.
9)
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ABSTRACT

East Japan Railway Company (JR East) has over three thousand river bridges. These
bridges are occasionally damaged by scour around the piers due to heavy rainfalls or
typhoons. Among those events there have been the cases of tilting or collapse of bridge
piers, which might put railway transport in unsafe. Operational rules for train suspension in
case of bridge scour hazard have been established and renovated on the basis of those cases.
This paper presents some important bridge scour cases and outlines the current train
suspension rules in JR East which represent the empirical knowledge learnt from those
cases.
RIVERS IN JAPAN

.

Terrain Characteristics in Japan are that more than 80 percent areas are mountainous.
Therefor, The characteristics of river in Japan are short river length and steep riverbed slope
compared with the Mainland Rivers (Fig.1). Water of l00km length river fallen within 6 to
8 hours. In addition, Climate of Japan has many precipitation. For example, Average
precipitation in Tokyo was 1460mm one year (1951 to 1980). For this purpose, rivers in
Japan has a bigger coeﬁicient of river regime. That is to say, river ﬂow of inundation, and
conveyance of gravel are large, because of much precipitation. A prominent Dutch civil
engineer who gave many suggestion about harness river of Japan in the late 19th Century
said “River of Japan that is not a river, that is a torrent”.

RAILWAY BRIDGES OF JR EAST

Six passenger railway companies and a traffic Railway Company formed on division,
and privatization of Japan national Railway since 1987. East Japan Railway Company (JR
East) is the largest railway company in Japan. JR East has a network of 7,53 8km of tracks
in Tokyo area, and carry sixteen million and eighteen thousand passengers a year.
Almost lines of JR East maintains over three thousand river bridges. These bridges were
usually built before the Second World War. Bridges at this time were built at the point of

1 Assistant Manager, Equipment Maintenance Dept., East Japan Railway Company
2 Manager, Takasaki Office, East Japan Railway Company
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Fig.3-An Inclined Pier of Rokumaizawa bridge
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1) Cause 1
'
Gradient of riverbed in disaster of 1995 was steep, which is the rivulet than be called
river. Thus, water level ahnost does not increase with river ﬂows increase, reversely,
erosion force increased with increment of flow rate. Such as these rivers, it is
impossible to prestune scour depth on the basis of water level.
(An example for a calculation)
Generally water level
approximately 10cm
Basis 100 years probable rain fall
approximately 60cm

2) Cause 2
Both disasters of 1995 and 1997, head arisen in downstream region. This is become
with ctunulation of riverbed decline age long.

RIVER CHARACTEEERISTICS OF SCOUR CASES

Analysis of twelve bridge piers scours cases in JR-EAST that there are some causes of
scour which are inherent to their river characteristics. As ﬁgure 8 shows, causes of scour
are related to particularities which riverbed decline, large affection of downstream head,
curvature of river course and others. However, the inference of scour depth so far has been
made solely from the water level value of a bridge location; variation in river characteristics
are not been taken into accotmt for scours depth estimation.
We investigated riverbed decline that had intensely affection for scour in 19 rivers
system, and 112 localities of JR-EAST area. Investigated results, we looked out swift
tendency of riverbed decline under 1960 to 1970. The period of gathers river sand and built
dams just in time is consistent with on highly development period of Japan.
Fluctuate rate of river bed shows in ﬁgure 9. We compared the mean riverbed level
values per water system, and found a decline tendency in all of 19 water systems. On the
other hand, riverbed decline rate show a convergent tendency in the last 10 years.
Presumably, it can be considered to the effect of so called “the river sand gathering
restriction law”, which was enacted in and around 1970’s.
However, heads were formed in downstream of bridges because of accumulation
of riverbed decline until now.
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ABSTRACT

New Zealand is a country with numerous rivers and streams and a high density of bridged river
crossings. On average, at least one serious bridge failure each year in New Zealand can be
attributed to scour of the bridge foundations, bridge scour having been a high-priority issue for
transportation authorities in New Zealand over many years. Selected cases of bridge-scour
damage that have occurred within New Zealand are presented herein to provide an overview of
the range of scour processes occurring within the country. Owing to New Zealand’s remarkably
diverse terrain, the cases presented cover ranges of bed materials, ﬂood magnitudes, bridge
foundation conﬁgurations, and river morphologies. The presented case studies highlight
important bridge-scour design considerations: including relevant aspects of river morphology to
be considered (including variability in river course); that bridges can suffer potentially
signiﬁcant scour damage in ﬂoods smaller than the design ﬂoods traditionally used in scour
analyses; that the effects of human intervention into a river (in the form of mining and river
training works for example) in the vicinity of a bridge site can signiﬁcantly impact bridge
stability; and that the expected scour depth at a given bridge foundation can be severely
underestimated if the combination of the full range of possible scour components is not
considered for the foundation.

TYPES OF SCOUR

The types of scour that can occur at a bridge crossing can be classiﬁed as follows (Figure 1):
0 Total scour is the combination of individual scour components at a bridge crossing.
0 General scour occurs irrespective of the existence of the bridge and can occur as either longterm or short-term scour.
0 Long-tenn general scour develops over a time scale nonnally of the order of several years or
longer, and includes progressive degradation or aggradation and lateral bank erosion due to
channel widening or meander migration.

I Senior Lecturer, Department of Civil and Resource Engineering, The University of Auckland,
Auckland, New Zealand.
2 Associate Professor, Department of Civil and Resource Engineering, The University of
Auckland, Auckland, New Zealand.
3 Postdoctoral Fellow, Delft University of Teclmology, Faculty of Civil Engineering and Earth
Sciences, Delft, the Netherlands.
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Contraction scour occurs where the bridge foundations (including approaches) constrict the
ﬂow.
Local scour results from the direct interference of the bridge foundations with the ﬂow, and
includes abutment scour and pier scour.

The effects of debris rafting at a bridge site fruther magnify any erosion around the foundations
and also any lateral and vertical forces on the bridge due to debris and sediment loads.

Cases of bridge-scour damage are presented in the remainder of this paper in order to illustrate
the range of these scour processes occurring for New Zealand conditions.

NEW ZEALAND CASES OF BRIDGE-SCOUR DAIVIAGE

Aggradation: Bullock Creek Road Bridge
The 49-m-long four-span single-lane Bullock Creek Road Bridge on State Highway 6 was built in
1938. In 1972, a major ﬂood set off several slips in the catchment, which is on the line of the
Alpine fault. The landslip-deposited material has subsequently been moved downstream by freshes
and ﬂoods, this material repeatedly causing bed aggradation and bridge closru"e at the Bullock Creek
bridge site. The sediment at the bridge site is predominantly gravels and cobbles, with a
representative size of 30-150 mm, and with larger fractions up to the order of 1 m in size. The
braided channel upstream of the bridge ﬂows between large terraces fonned by deposited landslip
material that has been pushed to the edges of the channel.

A ﬂood in January 1983 caused aggradation to a level more than 1 m above the deck level of the
original bridge. Subsequent to this ﬂood, the existing bridge was removed and the main channel
was excavated. A replacement bridge was constructed about 100 m downstream of the original
bridge, with the sofﬁt level of the new bridge 2-3 m higher than that of the previous bridge.

Since the bridge replacement, the river has aggraded and cut down quite regularly. With the
aggradation, the river has outﬂanked the bridge at each end, although the new bridge has not been
buried. Bulldozers have occasionally been used to push aggraded bed material across to the
riverbanks, the river then cutting down again in the central channel. It is expected that once the slips
in the catchment stabilise, possible future degradation at the bridge site may require the construction
of a rock weir to protect the bridge foundations.
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Oreti River. Degradation at the Branxholme Rail Bridge has been further exacerbated by the
upstream interception ofbed-load sediments by a weir used to facilitate water withdrawal. Flooding
in February 1994 resulted in several piles of Pier 7 of the Branxhohne Rail Bridge being
undemrined. This ﬂood constitutes the third largest annual maximum over the period 1977-1996.

In 1975, a weir composed of vertical timber piles was noted to be across the entire main charmel 66
m downstream of the centreline of the Oreti River Road Bridge. Between 1977 and 1978, a rock
weir was constructed with the existing timber weir as its upstream face and deﬁning the weir crest
level. A rock mattress was also constructed beneath the bridge (Figure 3). The mattress extends
across the width of the main channel, with the 16-m-wide crest at a level of 1.7 m below the level of
the rmderside of the pile caps and centred along the bridge centreline. Despite continued
degradation of the river upstream, the rock weir" and mattress have prevented frnther signiﬁcant
degradation of the streambed at the bridge site. Although some rock has been replaced due to
ﬁetting, the structures haven’t needed to be topped up to compensate for general scour resulting
from the mining.

As a result of the 1994 scour damage of the Branxholrne Rail Bridge, Piers 7 and 11 were
underpinned using steel H-piles driven to 18-21 m below rail level, and a rock weir was constructed
downstream of the bridge. The weir centreline varies from 6 m to 12 m downstream of the bridge
centreline. The crest of the weir is 2.5 m wide and is generally 9 m below rail level, with elevated
sections towards the banks to facilitate ﬁsh passage along the river. The rock weir was expected to
require maintenance by topping up, as a result of ﬂood damage for example. Flood-level wamings
have been set to enable the railway line to be closed in extreme events.

Degradation: Ashburton River Road Bridge
This road bridge (on State Highway 1) over the Ashburton River is a 340-m-long, two-lane,
reinforced-concrete structure that was built in 1931. The bridge comprises 31 slab-type piers
(Figure 4), about 25 of which lie within the active river channel. Each pier is formded on seven 400
mm reinforced-concrete octagonal piles. These piles were driven to a relatively uniform depth of
between 6.5 m and 6.7 m below the underside of the pile caps.

The Ashburton River in the vicinity of the bridge site is about 280 m wide, is straight, rmiform in
slope and width, and is bounded by trees and straight stopbanks. The channel is braided and there is
evidence of active bed movement. The bed material is well-graded gravel. Over the life of the
bridge, various stopbanking, river-clearing works and gravel-extraction works have taken place over
extensive lengths of the river, upstream and downstream of the bridge. The extraction of gravel
from the river has been, and continues to be, controlled.
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m was used to construct the aprons, with the upper surface of each apron located beneath the
riverbed surface and approximately 2 m below the base of the pile cap. Aprons act to reduce the
scour potential at piers both by armouring the bed against local scour due to local hydraulic vortices,
and also by protecting against general scour by dropping at the apron extremities as this scour
develops. Aprons nevertheless cannot provide total assurance against scouring, particularly for
ongoing general degradation. Inspection in 1994 indicated the rock apron to be exposed at one pier
only. Bed levels in the river channel continue to be regularly monitored.

Degradation and Channel Widening (also Bend and Local Scours): Blackmount Road Bridge
The 82-m-long single-lane Blackrnount Road Bridge (Figure 5) crossing the Mararoa River forms
part of Weir Road from Clifden to Manapouri in the South Island of New Zealand. Pier B (C) was
supported by two staggered rows of four (three) driven vertical 0.4 m x 0.4 m concrete piles.

About 1.5 km downstream of the bridge site, the river ﬂows into the Waiau River. Owing to water
levels being lower than anticipated, the waterway area at the bridge site is in excess of ﬂrat required
to pass the 100-year ﬂood. The bridge is located in a mild right-hand bend of the river (radius of
curvature w 500 m), the river approaching the bridge at about 60° to the bridge centre-line. The
wall-type piers were aligned perpendicular to the bridge centre-line, with Pier B towards the outside
of the bend (Figure 5). Below the underside of the pile cap for Pier B were about 2 m of gravels
(large) and boulders underlain by about 11 m of tight gravels with some sands and sand lenses.
Debris acctunulation, principally parts of trees, can occur at the bridge piers.

During the failure event in August 1980, the channel scoured across the width of the ﬂood ﬂows.
The ﬂood that caused failure peaked at about 900 m3/s, the largest recorded ﬂood peak over the
period 1963-1996, with a peak ﬂow duration of about 6 hours. The ﬂows at an angle to the walltype pier resulted in undermining and removal of Pier B. With the loss ofthe foundation, the bridge
superstructure buckled but remained in place. The deﬂected bridge deck proﬁle had a maximum
deﬂection at the position of the removed pier of approximately 3 m. A maximrun scour depth of
about 2.9 m was subsequently measured at the position ofthe failed Pier B, scour depths decreasing
with distance away from this pier. Slipping of the rmdermined embankment around Pier C
(degradation-associated channel widening) exposed the piles for this pier.

Remedial work consisted of restoring the riverbed to the original level using natural riverbed
material, replacing Pier B (about 3.5 m closer to Pier C), reinstating the slipped material around Pier
C, protecting the piers and the embankments using rock riprap, and replacing the superstructure
with similar steel trusses. The new Pier B consists of a 1.5-m-diarneter concrete cylinder down to
the restored bed level, then a 1.9-m-diarneter concrete cylinder encased in a steel shell extending
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Because hydraulic considerations are extremely important to ensure the integrity of a
bridges and culverts, the Malaysian authority has placed high emphasis in the hydraulic design of
bridges. In the Public Works Department, Malaysia, the design philosophy builds upon the
considerations that bridges may fail due to:

(a) inadequate ﬂow capacity leading to over-topping of the bridge deck or the approach
embankments;
(b) increased loading on the structure from water, sediment or debris; and
(c) failure of the formdations or supports as a result of bridge scouring.

The solution to the ﬁrst problem involves the detemrination of the design discharge and the
ﬂow capacity, and to ensure that the fonner is less than or equal to the latter. The design
discharge can be calculated using either the measured stream ﬂow data or rainfall records. In
Malaysia, guidelines for the procedures to calculate this value are contained in a series of
documents published by the Drainage and Inigation Department (DID) under the Ministry of
Agriculture. Some of these publications are Heiler (1973, 1974), Heiler and Chew (1974), Lewis
et al (1975) and Taylor and Toh (1980). The Public Works Department (PWD) in Malaysia
utilizes a 100-year storm for bridge design and a 50-year stonn for culvert design.

To counteract the second problem, the department proposes the provision of a freeboard,
which is the vertical distance between the highest water level and the sofﬁt level of the bridge
deck. A value ranging from 0.3 m to 1.0 m is used, with the lower value for channels that are not
expected to have debris or ﬂoating logs. However, if debris and ﬂoating logs are expected in the
river, the force exerted by these objects on the piers must also be considered in the design of the
pier.
The standard practice by the Public Works Department (Public Works Department
Malaysia, 1982, 1985) to calculate these forces is as follows:

For debris: tr
0 the force shall be computed based on a minimum depth of 1.22 m (4 feet) of debris; and
Q the force shall be computed based on the assumption that the length of the debris is
equivalent to half the stun of the adjacent spans.

For ﬂoatinglogs:
0 the force shall be computed based on the assumption that the log weighs 2 tonnes, and travels
at the normal stream velocity; and
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knowledge can be disseminated. It is hoped that the information on how bridge design is
conducted in Malaysia, and the three examples cited above will encourage discussion for mutual
beneﬁts amongst researchers and practitioners in this area.
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The scour evaluation program was started in 1988 as the result of Technical
Advisory T5140.20 which was superceded by T5140.23 in 1991. The evaluation is to be
conducted by an interdisciplinary team of hydraulic, geotechnical and structural engineers
who can make the necessary engineeringjudgments to determine the vulnerability ofabridge
to scour. This program resulted from the failure ofthe I-90 bridge over Schoharie Creek in
upstate New York which killed 10 people (NTSB, 1988 and Richardson, et al, 1987). There
are 471,407 bridges over water in the National bridge inventory. As of November, 1999,
481,155 have been screened as to their scour vulnerability and 3 53 ,73 8 have been evaluated.
The statistic ﬁom the screening are as follows:
Q
Low Risk
345,033
v
Scour Susceptible
23.492
Unknown Foundations
87,093
Tidal
1,055
Scour Critical
23,582

The evaluation program in the U. S. is on schedule and scour countermeasures have
been taken on bridges that have been identiﬁed as scour susceptible or scour critical.
Replacement bridges are being constructed as rapidly as funds can be provided. An
important scour countermeasure is riprap protection, scour monitoring before, during and
after a ﬂood and the inspection program (Richardson and Davis, 1995, Lagasse et al, 1995,
1997a and 1997b). Inspection for scour is extremely difﬁcult because of the many factors
that impact the scour vuhrerability of a bridge. Some ofthese factors are stream instability,
drainage area changes, changes in ﬂood magnitude, potential changes in angle of attack,
stream changes upstream and downstream ofthe bridge, long term degradation, changes in
land use, urbanization, gravel mining, and etc.

This paper describes in more detail scour inspection and use three case histories to
illustrate the difficulties in inspection for scour vulnerability.
FHWA "RECORDING AND CODING GUIDE" (1995)

During the bridge inspection, the condition of the substructure, bridge waterway
opening, charmel protection, and scour countermeasures are evaluated, along with the
condition of the stream. FHWA’s "Recording and Coding Guide" (FHWA, 1995) gives
guidance" for rating the present condition of the bridge.
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60 if scour has substantially affected the overall condition of the substructure.

The substructure condition rating shall be made independent ofthe deck and superstructure.

Integral-abutrnent wingwalls to the ﬁrst construction or expansion joint shall be included
in the evaluation. For non-integral superstructure and substructure turits, the substructure
shall be considered as the portion below the bearings. For structures where the substructure
and superstructure are integral, the substructure shall be considered as the portion below the
superstructure.

NOT APPLICABLE
EXCELLENT CONDITION
VERY GOOD CONDITION - no problems noted.
GOOD CONDITION - some minor problems.
SATISFACTORY CONDITION - structural elements show some minor
deterioration.
FAIR CONDITION - all primary structural elements are sound but may have minor
section loss, cracking, spalling or scour.
POOR CONDITION - advanced section loss, deterioration, spalling or scour.
SERIOUS CONDITION - loss of section, deterioration, spalling or scour have
seriously affected primary structural components. Local failures are possible.
Fatigue cracks in steel or shear cracks in concrete may be present.
CRITICAL CONDITION - advanced deterioration of primary structural elements.
Fatigue cracks in steel or shear cracks in concrete may be present or scour may have
removed substructure support. Unless closely monitored it may be necessary to close
the bridge until corrective action is taken.
"IMMINENT" FAILURE CONDITION - major deterioration or section loss present
in critical structural components or obvious vertical or horizontal movement
affecting structure stability. Bridge is closed to trafﬁc but corrective action may
put back in light service.
FAILED CONDITION - out of service - beyond corrective action.

Description

The following general condition ratings shall be used as a guide in evaluating Items 60:
Code

O\\]OO\Dz

5
4
3

2

1

0
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Rate and code the condition in accordance with the previously described general condition
ratings and the following descriptive codes:

6

7

8

9

Bank is beginning to slump. River control devices and embankment protection have
widespread minor damage. There is minor stream bed movement evident. Debris
is restricting the channel slightly.

Bank protection is in need ofminor repairs. River control devices and embankment
protection have a little minor damage. Banks and/or channel have minor amounts
of drift.

Banks are protected or well vegetated. River control devices such as spur dikes and
embankment protection are not required or are in a stable condition.

There are no noticeable or noteworthy deﬁciencies which affect the condition ofthe
channel.

Code
Description
N
Not applicable. Use when bridge is not over a waterway (charmel).

5

Bank protection is being eroded. River control devices and/or embankment have
major damage. Trees and brush restrict the channel.

1

2

3

Bridge closed because of channel failure. Replacement necessary.

Bridge closed because of chamrel failure. Corrective action may put back in light
service.

The charmel has changed to the extent the bridge is near a state of collapse.

Bank protection has failed. River control devices have been destroyed. Stream bed
aggradation, degradation or lateral movement has changed the channel to now
threaten the bridge and/or approach roadway.

Bank and embankment protection is severely undermined. River control devices
have severe damage. Large deposits of debris are in the charmel.

0
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Bridge not over waterway.
Bridge with "unknown" foundation that has not been evaluated for scour. Since risk cannot
be determined, ﬂag for monitoring during ﬂood events and, if appropriate, closure.
Bridge over "tidal" waters that has not been evaluated for scour, but considered low risk.
Bridge will be monitored with regular inspection cycle and with appropriate underwater
inspections. ("Unknown" foundations in "tidal" waters should be coded U).
Bridge foundations (including piles) on dry land well above ﬂood water elevations.
Bridge foundations determined to be stable for assessed or calculated scour conditions;
calculated scour is above top of footing.
Countermeasures have been installed to correct a previously existing problem with scour.
Bridge is no longer scour critical.
Scour calculation]evaluation has not been made. (Use only to describe case where bridge has
not yet been
evaluated for scour potential.)
Bridge foundations determined to be stable for calculated scour conditions; scour within
limits of footing or piles.
Bridge foundations detennined to be stable for calculated scour conditions; ﬁeld ‘review
indicates action is required to protect exposed foundations from effects of additional erosion
and corrosion.
Bridge is scour critical; bridge foundations determined to be unstable for calculated scour
conditions:
- Scour within limits of footing or piles.
- Scour below spread-footing base or pile tips.
Bridge is scour critical; ﬁeld review indicates that extensive scour has occurred at bridge
foundations. Immediate action is required to provide scour countermeasures.
Bridge is scour critical; ﬁeld review indicates that failure of piers/abutments is imminent.
Bridge is closed to trafﬁc.
Bridge is scour critical. trafﬁc. Bridge has failed and is closed to trafﬁc.

Description

hydraulic/geotechnical/structural engineers. Details on conducting a scour analysis are
included in the FHWA Technical Advisory 5140.23 titled, "Evaluating Scour at Bridges."
Vlflrenever a rating factor of4 or below is determined for this item, the rating factor for Item
60 - Substructure may need to be revised to reﬂect the severity of actual scour and resultant
damage to the bridge. A scour critical bridge is one with abutment or pier foundations which
are rated as unstable due to (1) observed scour at the bridge site or (2) a scour potential as
detennined ﬁom a scour evaluation study.
Code
N
U
T

9
8
7
6
5
4

3

2
1
0
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~

~

~

Is there evidence at the bridge or in the up- and downstream reaches that the stream
carries large amounts of debris? Is the bridge superstructure and substructure
streamlined to pass debris, or is it likely that debris will hang up on the bridge and
create adverse ﬂow pattems with resulting scour?

Are there conﬂuences with other streams? How will the conﬂuence affect ﬂood ﬂow
and sediment transport conditions?

Are there active gravel or sand mining operations in the channel near the bridge?

instability?

~

The best way of evaluating ﬂow conditions through the bridge is to look at and
photograph the bridge from the up- and downstream charmel. Is there a signiﬁcant
angle of attack of the ﬂow on a pier or abutment?

~
~
-

Rotational movement (check with plumb line)
Settlement (check lines of substructure and superstructure, bridge rail, etc.,
for discontinuities; check for structural cracking or spalling)
Check bridge seats for excessive movement

Evidence of movement of piers and abutments;

Assessing the Substructure Condition
Item 60, Substructure, is the key item
for rating the bridge foundations for vulnerability to scour damage. When a bridge inspector
fmds that a scour problem has already occurred, it should be considered in the rating ofItem
60. Both existing and potential problems with scour should be reported so that a scour
evaluation can be made by an interdisciplinary team. The scour evaluation is reported on
Item 113 (Table 4) in the "Recording and Coding Guide." Ifthe bridge is determined to be
scour critical, the rating of Item 60 should be evaluated to ensure that existing scour
problems have been considered. The following items are recormnended for consideration
in inspecting the present condition of bridge foundations:
1.

2.

Damage to scour countermeasures protecting the foundations (riprap, guide banks,
sheet piling, sills, etc.), Has riprap placed arotmd piers and/or abutments been
removed or replaced with river run material. A common cause of damage to
abutment riprap protection is rrmoff from the ends of the bridge which ﬂows down
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~
~

Note and measure any depressions around piers and abutments
Note the approach ﬂow conditions. Is there an angle of attack of ﬂood ﬂow
on piers or abutments?

In order to evaluate the conditions ofthe foundations, the inspector should take cross
sections ofthe stream, noting location and condition ofstrearnbanks. Careful measurements
should be made of scour holes at piers and abutments, probing soft material in scour holes
to determine the location of a ﬁrm bottom. If equipment or conditions do not permit
measurement of the stream bottom, this condition should be noted for further action.

Assessing Scour Potential at Bridges The items listed in Table 5 are provided for
bridge inspectors’ consideration in assessing the adequacy of the bridge to resist scour. In
making this assessment, inspectors need to understand and recognize the interrelationships
between Item 60 (Substructure), Item 61 (Channel and Channel Protection), and Item 71
(Waterway Adequacy). As noted earlier, additional follow-up by an interdisciplinary team
should be made utilizing Item 113 (Scour Critical Bridges) when the bridge inspection
reveals a potential problem with scour.

Use of divers
Use of electronic scour detection equipment
What are the shapes and depths of scour holes?
Is the foundation footing, pile cap, or the piling exposed to the stream ﬂow;
and if so, what is the extent and probable consequences of this condition?
Has riprap around a pier been moved or removed?

Cross-Sections and Underwater Inspections Perhaps the single most important
aspect of inspecting the bridge for actual or potential damage from scour is the taking and
plotting of measurements of stream bottom elevations in relation to the bridge foundations.
Where conditions are such that the stream bottom cannot be accurately measured by rods,
poles, sounding lines or other means, other arrangements need to be made to determine the
condition of the foundations. Other approaches to detennining the cross section of the
streambed at the bridge include:
.
.
.
rb-UJl\.)|-~

5.
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Notification Procedures The States have established a positive procedures of
promptly commtmicating inspection ﬁndings to proper agency personnel for action. The
procedure provides for action for any condition that a bridge inspector considers to be of an
emergency or potentially hazardous nature. In some states the inspector can close a bridge
which he considers dangerous. Whereas, in other states he notiﬁes a designated authority
who takes the necessary action. Conditions which do not pose an immediate hazard, but still
warrant further action, are conveyed to those responsible for action. Nomrally, an
independent revue authority is established to be sure that corrections are made to a problem
that an inspection has identiﬁed.

CASE HISTORIES OF BRIDGE INSPECTION PROBLEMS
Introduction

Since 1987 there have been three bridge failures with loss of life that illustrate the
importance ofbridge inspections. In two ofthe failures inspectors failed to observe changed
conditions that if corrected may have saved the bridge. In the third case, the inspectors
documented the changes, but there was no follow-up action to evaluate the changes and to
protect the bridge. In the following sections, the inspection problems associated with these
bridge failures are described and issues related to inspection are highlighted.
Schoharie Creek Bridge Failure

On April 5, 1987 the New York State Thruway Authority Bridge (I-90) over
Schoharie Creek collapsed killing 10 persons (Richardson et al,1987 and NTSB, 1988). The
National Transportation Safety Board investigated the collapse and gave as the probable
cause as:

" .......... ..tlre failure ofthe New York State Thruway Authority (NYSTA) to maintain
adequate rip rap around the bridge piers, which led to severe erosion in the soil
beneath the spread footings. Contributing to the accident were ambivalent plans and
speciﬁcations used for construction of the bridge, an inadequate NYSTA bridge
inspection program, and inadequate oversight by the New York State Department of
Transportation and the Federal Highway Administration. Contributing to the severity
of the accident was the lack of structural redundancy in the bridge."
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devices have closer relationship with stability of bridge foundation.
(2) These devices are also effective for the ﬂtune with steep slope that stream
becomes super-critical ﬂow and water level hardly rises during a ﬂood

CONCLUSIONS
Table 1 shows summary of the four scour monitoring devices developed by JR East.
Scour monitoring devices except for accelerometer-type were made for practical use. At
present, new regulation of train operation during high water including with installing a
scour monitoring is considered by JR East.

Those can monitor an
elevation of riverbed.

Assessment of the risk of Bridge
pier failure

Assessment of the risk of
abutment or revetment failure

Use for

Floating Switch Type
Electrode Type

Those can monitor stability
of bridge pier.

Table 1 Summary of Scour Monitoring Devices
Type of scour
. .
Characteristics
momtoring

I Accelerometer Type
Clinometer Type

REFFERENCE

1) Nishimura, A., Tanamura, S., 1989 “A Study on Integrity Assessment of Railway
Bridge Foundation (in Japanese)”, RTRI Report Vol.3, No.8
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A method to assess bridge scour potential is presented. The purpose of the method
development is to provide agencies such as state Departments of Transportation (DOTs), state
police, and local police a means of assessing the hazard posed by bridge scour. This method is
based upon a spatial decision support system (SDSS). The SDSS is an interoperable code that
will allow for ﬂexibility in spatial calculation. The SDSS is a JAVA based program designed
with interchangeable modules (data management, algorithm, and graphical user interface).
Because the code is JAVA based, the program can rim on any platform. It is important to
recognize that the SDSS was originally envisioned for use as a means to assess seismically
induced landslide hazard, but is ﬂexible enough to be used for all types of spatial analysis (Miles
et al, 1999). For this application, the SDSS calculates bridge scour hazard using different types
of data sets, analytical algorithms, and spatial analysis.
The data sets are archival (foundation design, geometries, stream bed contours, location,
etc.) and temporal (climatalogical, hydrological, bridge scour monitors, etc.). Archival data can
be periodically modiﬁed as needed. Analytical algorithms are based upon recommendations
from the Federal Highways Administration Hydraulic Engineering Circulars 18 and 20. Other
algorithms could be simply implemented using the modular nature of the SDSS.
An important aspect of evaluating the hazard potential is an assessment of types of data
that are available and the format in which these data are kept. A survey of the available data is
made of the New England region of the United States of America. A survey was made of federal
and regional agencies to detennine the types of available data. In addition, existing scour
programs in each New England state are reviewed to provide an understanding of the each state’s
program and its direction. Recommendations are made for the development of additional means
of data acquisition for better real-time assessment. Ultimately, the SDSS could be used as a
web-based monitoring scheme for real-time dissemination of bridge scour hazard warning for
safety and maintenance related public agencies.
INTRODUCTION

The collapse of the Schoharie Creek Bridge in New York in 1987 was the ﬁrst
catastrophic event that brought bridge scour into the public spotlight. Since then, the Federal
Highway Administration (FHWA) has focused its efforts on identifying and coding all bridges
regarding their scour susceptibility through qualitative and quantitative means. In 1989, the
FHWA mandated that all states evaluate stream stability and the potential for scour at bridges
over water. Technical advisories TA5140.20 “Scour at Bridges” (U.S. Department of

1 Grad. Asst., Dept. of Civ. and Env. Engineering, Univ. of Mass., Amherst, MA 01003
2 Assoc. Prof., Dept. of Civ. and Env. Engineering, Univ. of Mass., Amherst, MA 01003
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evaluation, and inspection of bridges for scour (Richardson and Davis, 1995). Of particular
concenr are scour critical bridges, which are bridges that could experience catastrophic failure or
become structurally unstable as a result of excessive scour caused by a destructive ﬂood event.
A single digit rating system within the National Bridge Inspection Standards (NBIS) was also
developed by the FHWA to help classify the vulnerability of bridges to scour.
Now that most of the bridges have been evaluated, inventoried, and coded with regard to
scour, the next logical step is to develop a systematic means of classifying and prioritizing
bridges for remediation. The objective of this research is to develop a strategy for the
organization of a statewide network of scour monitoring devices to assist in the allocation of
resources during potentially destructive ﬂood events, which would include assessing bridge
scour in real-time. This would be accomplished using a web-based approach, which consists of a
platform independent code that utilizes a SDSS.
Unfortunately, the scour equations found in HEC-18 may not predict accurate scour
depths. This may be due, among other things, to the inability to conduct tests on large-scale
laboratory models. Therefore, new scour equations should also be researched that could also be
used along with the current equations.
BACKGROUND

Through the NBIS, scour critical bridges are addressed in the Item I113 code in the
Recording and Coding Guide for the Structure Inventory and Appraisal of the Nation’s Bridges
National Bridge (Report No. FHWA-PD-96-001). A scour critical bridge is classiﬁed as such
according to one of the following: (1) observed scour at the bridge site or (2) scorn potential as
determined by a scour evaluation study. A single digit code is used to describe the stability of
the bridge’s pier and abutment formdations. Scour critical bridges are identiﬁed by a code of 3
or less (U.S. Department of Transportation, 1995).
Over the past ten years, state DOTs in New England have devoted a large amount of time
to assigning I113 codes for each bridge. Many bridges were assigned codes after an initial
screening was performed, without the need for a full scour analysis. This was done through a
review of existing information for the bridges, including, but not limited to, bridge plans,
hydrologic ﬁles, FEMA ﬂood studies, and USGS stream gage data. For a large ntunber of
bridges, however, the initial screening was not sufﬁcient and a full comprehensive scour analysis
was required. This usually meant hundreds of bridges for each state. Of those bridges that were
put through a scour evaluation study, many still remain either rurcoded or were assigned a
temporary code until a more thorough analysis could be performed. One reason for this has been
that for many of the older bridges, no plans were available and thus the foundations were
unknown. In other cases, hydraulic or FEMA studies were not available or complex hydraulic
conditions necessitated a more intensive analysis. While many of these states have coded the
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radar. Obviously, this approach is more costly, but it pemiits a full scour evaluation to be
conducted and instead of assuming all of these bridges are scour critical, some may be able to be
removed from this list. This could also save money in the long term as well, which will be
discussed later in the paper.
All states must deal with the same scour problem, yet when it comes to available
resources such as money and persomrel, no two states are alike. The implementation of a SDSS
will help level the ﬁeld for all states, permitting all parties to evaluate and monitor scour using
the same models.

GENERAL SCOUR ANALYSIS

To some extent, all of the states in New England have developed a ﬂowchart that outlines
the general procedure followed for a typical bridge scour analysis. Each state’s scour program
was a result of a collective effort between geotechnical, hydraulic, and structural engineers. In
many cases, the services of outside consultants were also needed. In general, all bridges
underwent an initial review of existing information, which was mainly qualitative. Bridges that
were clearly stable or unstable were coded after this process. A bridge that displayed extensive
scour during a ﬁeld inspection could be coded just as easily as a bridge that was founded on
bedrock. For those bridges determined to be scour susceptible (i.e. their vuhrerability to scour
was not as apparent), they were put through a full Level 2 scour analysis or some abbreviated
analysis (Glemi, 2000).
Engineering judgement was also brought into the analysis as ﬂood and bridge history
were considered along with existing data, records, and reports. For example, considerations
would be made in the instance where a bridge was detennined to be scour critical for a 10-year
event, but had withstood two separate 50-year events. Analysis of the bridge for a 10-year event
may have estimated scorn" depths that classify the bridge as scour critical, but clearly the
structure did not fail. Some states addressed this issue by adding a second character to the
single-digit I113 code, which was based upon a modiﬁed version of the Maryland State Highway
Administration (MSHA) 113 rating system, to supplement the I113 code in order to more
realistically describe the scour susceptibility of a bridge. An example of this is described below:

“...a single-span bridge which has been standing for 50 years may be scour critical,
solely due to the calculated abutment scour. For such a bridge, we might select a MSHA
rating of ‘3A’ which denotes scour critical, but with a mild scour risk.” (Whitman &
Howard, Inc., 1996)
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evaluation studies in general accordance with the aforementioned procedures. After a period of
time, faced with prohibitive costs and a large number of bridges remaining to be analyzed,
CONNDOT, along with the Federal Highway Administration (FHWA) and consultants,
developed a new method that would provide an I113 code without requiring a full Level 2 scour
analysis. This new method, called the comparative scour analysis, utilized the results of previous
Level 2 scour analyses while generating time and cost savings (CHA, 1998).
Prior to the introduction of the comparative scour analysis, approximately 300 bridges
received a full Level 2 scour analysis, including air I113 code. At this point, CONNDOT took a
step back from their scour studies and decided to take another approach for the remaining
bridges, which resulted in the implementation of the comparative scour analysis. It was decided
that the 1350 remaining bridges would be placed in one of three categories: (1) Low Risk, (2)
Level 2, or (3) “advance to the next phase.” Examples of Low Risk bridges included those
which were a box culvert or those foimded on competent rock. Level 2 bridges included, but
were not limited to, those that were not considered low risk, had complex hydraulics, or were
considered very important, based upon trafﬁc volume, replacement cost, structure size, etc. The
purpose of this categorization was to identify those structures that were clearly stable or unstable.
Any bridge not placed in the ﬁrst two categories fell into the “advance to the next phase”
category (CHA, 1998).
The susceptibility to scour was less clear for the bridges placed in the “advance to the
next phase” category. These bridges were candidates for either a Phase Ill or Phase IV
evaluation. Upon completion of an ofﬁce review and site visit, a bridge could either be coded
using the comparative analysis, recormnended for a full Level 2 analysis, or advance to the next
phase to obtain additional information (i.e. structural stability analysis) to determine the
recommended rating without needing a full Level 2 study. A structural stability analysis would
be performed on bridges for which predicted scour depths were calculated to be within the
spread footing or pile foundation that was exposed, but not completely undermined. The
analysis would address concems that the bridge would become unstable due to the calculated
scour depths and stability checks would be made to ensure minimum factors of safety still
applied for bearing pressure, overturning, and sliding. The difference between Phase III and
Phase IV is that Phase III represented the validation process of the comparative analysis and
includes bridges which are representative of those found across the state. Once ﬁnal approval
had been given to the comparative process, Phase IV was initiated and the remaining bridges
were evaluated following the same procedure (CHA, 1998).
Those bridges that were already rated using the Level 2 analysis served as the group of
rated bridges with which the unrated bridges would be compared. The comparative analysis was
purely qualitative in nature, but it was still used to provide recommendations for the NBIS Item
113 rating (Antoniak and Levesque, 2000).
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Application of Comparative Analysis

Although the comparative analysis may not be applied exactly the same way should
another state adopt it, the concept certainly would still be valid. As previously mentioned, I113
codes have been assigned to most of the bridges with known foturdations. The only ones that
remain are bridges that are uncoded or received a temporary code due to unknown foundations.
The comparative analysis may provide incentive to states that may have been reluctant to
determine the foundations of bridges that are currently unknown, whether they do so through
borings, geophysical methods, or recovered plans. While it is easy and inexpensive to code a
bridge with unknown foundations as scour critical without doing airy analysis, initial savings
could be lost if that bridge is monitored at a later date. It would be a misuse of resources to place
a monitor on or near a bridge that was not scour critical, simply because it was too costly to
detennine the formdations initially. The resources should only be applied to those bridges that
are truly scour critical.
Perhaps even more importantly, the comparative analysis would allow for infonnation to
be shared among states. For example, a database or web-based system containing information
pertaining to rated bridges (full Level 2 analyses) in Connecticut could be accessed to ﬁnd a
bridge which could be compared with an similar unrated bridge in Vermont, assuming the proper
criteria was met. Through the use of queries, several rated bridges could be pulled up for
possible comparison of the Lurrated bridge. Based upon a review of the Level 2 scour reports for
the rated bridges, a decision will be made to detennine if a rating can be recommended using the
comparative process. If a rating cannot be made, then the bridge could be forwarded to a Level 2
or abbreviated analysis. Once the most appropriate bridge is selected for the comparison, using
engineering judgment, the report for the Level 2 bridge, and ﬁeld reports for the imrated bridge,
an appropriate Item I113 rating will be reconnnended. It should be noted that the comparative
process only compares Lurrated bridges with bridges that have been through a full Level 2 scour
analysis. A bridge that received a rating through comparative analysis carmot be considered a
rated bridge to be compared with another rurrated one.
There are some conditions that should be satisﬁed if this analysis is to be adopted and
used by other states. First, a large and representative group of bridges must be available for
comparison; otherwise, the analysis would be limited in its scope. States may even wish to
develop their own database of bridges that were rated using a Level 2 analysis if they feel that
would better represent the bridge types and conditions in their state. In the event that bridge or
stream conditions drastically changed, a bridge could be reanalyzed using the comparative
analysis. However, if this occurred to a bridge that initially received a Level 2 analysis, there
would be two options. It could be placed back into the group of rated bridges used for
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platform independent, which is due to the application of the concept of a virtual machine. The
virtual machine allows for low-level operating system implementation to be separated from highlevel coding. Java was selected for the approach as a result of its algorithmic ﬂexibility, its
ability to be accessed from the web by all parties, and the familiarity of the authors with it (Miles
et al, 1999).

GRAPHICAL USER INTERFACE COMPONENTS

The graphical user interface (GUI) components serves the purpose of making the system
more user-friendly. It does this by masking the complexity of the user tasks and the differences
between the nrunerous underlying components. Through direct-manipulation, the GUI will
include several components for use in managing spatial data requirements (input parameters),
model conﬁguration (algorithms), and analysis output (Miles et al, 1999). Direct-manipulation
refers to performing computing tasks through physical action instead of syntax. Several
advantages of direct-mairipulation are cited by Schneiderman (1988), such as control-display
compatibility, reduced error rates, faster learning, longer retention, and more user explanation.
The GUI will be based upon a tree model, which will be familiar and comfortable for
most users. Its structure will not only aid in the tmderstanding of information such as model
conﬁguration and input parameters, but also in the structure of the infonnation in terms of
organization and relation. The ﬂexibility of the tree will also pennit modiﬁcation of spatial data
parameters, such as in the instance where a model component is added or changed (Miles et al,
1999).
The three components of the GUI include the Spatial Data Manager, the Model Manager,
and the Output Manager. The Spatial Data Manager will contain all spatial data requirements,
which will be represented by branches of the tree in the GUI. The Model Manager will list all of
the models (algorithms) that can be selected for analysis, pennit editing of model parameters,
and perfonn the analysis through direct-manipulation. The Output Manager will have the same
conﬁguration as the Spatial Data Manager, except that it will organize and present the results of
the analysis (Miles et al, 1999). A ﬂowchart is shown in Figure 1 to provide a visual reference
of the system components:
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APPLICATIONS OF THE STRATEGY
Engineering Application

0.43

Fr°"”+1

(1)

Some states have expressed their satisfaction with the scour codes they assigned using the
HEC-18 scour equations. They understand that the equations can be overly conservative, but
they feel the requirements that were established by the FHWA regarding scour analyses have
been met (Nardone, 2000). Other states have indicated their interest in identifying new
equations that could more accurately predict measured scour depths in the ﬁeld. The application
of new equations ca.n not only provide better estimates of scour depth, but could also reduce the
number of bridges determined to be scour critical (Antoniak and Levesque, 2000). Revising
codes for bridges that were initially coded as scour critical could signiﬁcantly impact the
allocation of new monitoring devices, the routing of trafﬁc during an evacuation, and the
prioritization of bridges for remediation.
Connecticut has already taken this initiative of adopting new equations by amending the
local abutment scour equation by Froehlich, as presented in HEC-18, Third Edition. The current
fonnula is as follows:
1

If,/Y,,=2.27KK
1 2 5
Y
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A, = the ﬂow area of the approach cross section obstructed by the embankment
Fr = the Froude number = VJ (g ya)°'5
Ve = Qe/ Ac

Q, = the ﬂow obstructed by the abutment and approach embankinents
Y, = scour depth

0.43

Fr°"”+0.05

(2)

CONNDOT reported that the +1 value was initially intended as a factor of safety, but was not in
Froehlich’s original paper. This value increases the predicted scour depth by the depth of the
overbank ﬂow. Based upon the conservative nature of the equation based upon laboratory data
with regard to actual ﬁeld data, CONNDOT, after consulting with researchers, chose to replace
the +1 value with a value of +0.05 and reanalyze their bridges using this revised equation. The
predicted scour depth is now referred to as the amended scour depth (CONNDOT, 1999).
Therefore, the amended local abutment scour equation is:
I

Y/Y
s
a =2.27KK
I
2 5
Y

In the event that a new equation is developed or modiﬁed, such as the one presented
above, it could very easily be added as a model. For this equation, no additional spatial data
requirements would be necessary, but an additional branch of the tree would be added to the
Model Manager. A ﬂowchart representing the system architecture for the engineering
application is shown below in Figure 2:
.
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Fig. 2: Flowchart of system architecture for engineering application

The output would contain, among other things, the calculated value of Y5. Instead of
going back through all of the scour critical bridge ﬁles in order to recalculate predicted scour
depths using the new model, the scour analysis can immediately be conducted through the GUI.
The new results can then be compared with scour depth results using existing models. The more
models that are available for analysis, the more informed DOT officials will be regarding the
scour susceptibility of a bridge.
Comparative Application

Algorithms such as the Comparative SCOUI Analysis could also be introduced and used in
the web-based approach. The spatial data, which contains the bridge attributes, would have to
include the primary and secondary criteria established for the rated bridges. Queries could be
used to identify rated bridges that are similar to unrated bridges according to matching criteria.
From the comparison, approximate scorn‘ depth values can be estimated for the turrated bridge
from the rated bridge. Therefore, if ﬂows at the structure evaluated by the comparative analysis
approach magnitudes similar to critical ﬂows for the rated bridge, the system can warn the user
of the potential hazard. A ﬂowchart representing this application is shown in Figure 3:
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Connecticut plans on using the revised abutment equation to reevaluate the 300 rated (full
Level 2 scour analysis) bridges that served as the sample of bridges with which unrated bridges
were compared. The state’s goal is to reduce the number of scour critical nrunber of bridges and
it is hoped that the revised equation can predict more accurate aird less conservative scour depths
(CONNDOT, 1999). 8 Changes in the results of the Level 2 bridge scour analyses would impact
the ratings of those bridges that were rated using the Comparative Analysis. The versatility of
the system would allow the user to immediately implement the new equation and begin
calculating revised real-time scour depths for the Level 2 bridges. By having critical ﬂows
stored within the spatial data, new scour depths could also be computed or even updated for
critical ﬂoods (e.g. overtopping, 100 year, 500 year). If the results of the analysis of a Level 2
bridge were changed, then the Comparative Analysis could be rertur to ensure that bridges rated
using this procedure were still compared with similar rated bridges. It would be easy and quick
to make any modiﬁcations within the system.
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in which scour critical bridges are located (Nardone, 2000). Installing monitoring devices on all
of the bridges would be preferable, but budget constraints prevent this. Instead, a better
turderstanding of the spatial orientation of our monitoring systems will aid in the allocation of
additional devices, whether it may be stream gages, rain gages, or bridge scorn monitors. This
further reinforces the idea that imknown foundations must be detennined. Otherwise, monitoring
devices may be installed in places where they are not necessarily needed. Money will have to be
spent up front to detennine unknown foundations, but some of that money could be recouped
through a better distribution of new gages and new monitors.
Creation ofBridge Scour Action Plans

A Bridge Scour Action Plan (BSAP) was originally developed for Massachusetts that
would have prioritized the implementation of actions outlined in the plan based upon the cost of
a bridge replacement along with the structure’s vulnerability to scour. Each bridge was to have
had a BSAP that identiﬁed those ofﬁcials responsible for monitoring or closing the bridge as
well as infonnation regarding the location and elevation of the foundations and the critical scour
elevation. This plan, however, never was put into effect. The state cancelled remediation
projects due to a lack of ftuids and while it has been discussed, the Emergency Management
Service (EMS) has no formal emergency procedure for closing bridges during a ﬂood event
(Nardone, 2000).
The development of Bridge Scour Action Plans, similar to those originally proposed for
Massachusetts, is highly recommended for all scour critical bridges. According to the NBIS
program, all bridges in a state must be given an I113 code. The problem exists in that not all of
the bridges are owned and maintained by the state DOT. Generally speaking, for bridges owned
by local municipalities that were identiﬁed as scour critical, a letter is sent out to notify the
owner of the bridge as to the condition of the bridge and the scour critical determination.
Recommendations for repair or coiurtermeasures may also be included (Nardone, 2000).
However, for small towns where there is no engineer or the owner does not have a technical
backgrormd, the ﬁndings in the letter may not receive proper consideration, especially if it is
only distributed once. Five or ten years down the road, the initial letter may not be remembered.
Another problem that could arise is the repair of the bridge is the responsibility of the owner.
Local mtuiicipalities, even after receiving the ﬁndings of the scour analysis for their bridge, may
not decide to implement a remediation program, whether it is due to cost or their contention that
the predicted scour depths are extremely conservative. It would be prudent to move all bridges
under the jtuisdiction of the state DOT. The DOT is the agency responsible for inspecting and
monitoring bridges and it seems naive to have the agency perform all of the analyses, but not
allow them to install corrective measures even though the DOT is most familiar with the
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This makes it difﬁcult to consolidate and organize information. Another problem is that current
analyses are unable to respond inrrnediately to changing bridge or stream conditions. In addition,
new or revised scour equations that are introduced in the literature would require a great deal of
effort for DOTs to rerun the scour analyses. The I-IEC-18 equations are known for their
conservative results in some instances. Some states do not have the resources to perform
additional analyses. Others may be content with their current Item I113 codes since the HEC-18
equations are conservative to begin with and there is no incentive for them to do the analyses
again.
The development of the strategy of a real-time scour monitoring system would provide
state and local ofﬁcials with an altemative method to evaluating bridge scour. The advantages of
this are numerous, with the versatility of the approach being the best advantage. The approach
provides a mechanism for estimating bridge scour automatically in real-time. The data is
centralized and very accessible aird the interface is user-friendly. Analyses can be performed
quickly and at the user’s discretion. A particular model might not be a very good one, but it is
the responsibility of the user(s) to decide which models are suitable for their purposes. Multiple
algorithms, whether it be models or analyses like the Comparative Scour Analysis, could be used
for analysis, instead of just one or two. There is a great deal of ﬂexibility when adding new
models and the results of these models can be compared very easily. DOTs that may have
initially shied away from performing additional or new scour analyses would now have the
ability to do so at a much smaller cost. The more pro-active DOTs are when dealing with scour,
the greater the beneﬁt to themselves and society as a whole. In the meantime, gaps in the
existing coverage where scour critical bridges are not overlain by stream gages, rain gages, or
bridge monitors should be identiﬁed so that resources can be allocated more appropriately. The
implementation of this strategy could ultimately aid in the improved identiﬁcation of and
response to scour critical bridges jeopardized by a potentially destructive storm event.
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ABSTRACT

Recent laboratory experiments reported that cable-tied blocks perform excellently
among many countermeasures for local scour around the bridge piers. G-blocks are
concrete blocks being placed aroturd the bridge piers in order to protect the channel bed
from local scour. The slnface of G-blocks is made uneven with Lurifonn roughness
height to increase friction. For G-blocks to perform their role successfully, the
roughness should not be signiﬁcantly different from that of natural channels. Otherwise
they will cause serious problems of local erosions. Furthennore, they should be safe
against the ﬂow force. If they are moved by the ﬂow, they will not only be invalid for
bed protection but also make adverse effects on the channel conveyance. In this paper,
hydraulic properties of G-blocks are investigated through laboratory experiments.
Flume experiments indicate that both logarithmic and power laws can be applied to
intermediate-scale roughness by G-blocks, and that the roughness characteristics of Gblocks are similar to those of natural channels. It is also shown that the resistance by Gblocks changes depending upon the placement angle of the roughness elements to the
ﬂow direction. Furthermore, the critical weight of G-blocks required to withstand strong
current is estimated in terms of mean velocity for an individual block and mat-type
blocks.
INTRODUCTION

Flows tend to accelerate when they have to circumvent a longer path compared to
their neighbors. This results in local scour around the bridge piers, piles, and other
hydraulic structures constructed in water course. Many countermeasures have been
devised for the remedy of local scorn: Examples are riprap, gabion, cable-tied blocks,
sacriﬁcial pile, and collar. They are either armoring or ﬂow-altering countermeasure.
Among these, ripraps have been the most common choice because of the long design
experience.

However, supplying ripraps for protection against scour becomes pessimistic in
the future. Big stones for guaranteed use are being exhausted and environmental
regulations make the use of ripraps more diﬁicult than ever. Furthermore, it is true that
ripraps have been the most common choice but not the best choice. Engineers have
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technique, few attempts were made regarding hydraulic properties of those blocks.

Experiments by Jones et al. (1995) indicate that there are two failure modes in the
blocks paved on the channel bottom. The ﬁrst is by overturning of blocks located at the
leading edge and the second is by uplifting of inner blocks. In the light of their
experimental results, the followings can be suggested: First, it is important to maintain
the roughness of the block-paved bed similar to that of natural channels in order to
prevent severe local erosion at the leading and tailing edges. This will reduce the chance
of failure of the ﬁrst-type mode. Secondly, the block should be heavier enough to
withstand the severe ﬂow safely. The only resisting force of the block (either single or
mat-type) against the ﬂow forces comes from its (or their) submerged weight.

In the present paper, basic laboratory experiments are introduced to study
hydraulic properties of cable-tied blocks. Flow resistance relationships such as
logarithmic and power laws are applied to block-paved open-charmel ﬂows, and their
validity is investigated. Values of Manning’s roughness coefﬁcient are estimated, and
they are compared with the roughness of natural channel and the roughness by ripraps.
Finally, the critical weight of the block is obtained not to make a motion when the block
is exposed to strong ﬂows.
FLOW-RESISTANCE RELATIONS

For fully-developed turbulent open-charmel ﬂows with intermediate-scale
resistance, the logarithmic or power law equation is known to be appropriate for the
mean velocity. The logarithmic equation due to Keulegan (1938) has the form of
U
1
R
——=—1 —
1
U. tr Ogkshg
()

where U = mean velocity, U. = shear velocity, R = hydraulic radius, ks = roughness
height, 7c= von Karman constant (= 0.41), and ,6 = constant. In the problem at hand,
the characteristic roughness height (ks) in eq.(1) characterizes not only the height of the

roughness elements but also their orientation to the ﬂow, geometric aligmnent, and

spacing. Many relationships for ks corresponding to various bed materials have been

proposed (Griﬁiths, 1981; Aguirre-Pe And Fuentes, 1990; Maynord, 1991; Ferro and
Giordano, 1991). By replacing ks with the height of roughness elements D and by using
Darcy-Weisbach formula, eq.(1) is rewritten in the form of
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This conforms to the previous ﬁgure. In the ﬁgure, values of Manning’s rt range
between 0.011-0.022, which corresponds to values of 0.016-0.031 for prototype. This
suggests that overall roughness by G-Blocks is less than the roughness by riprap ranging
0.032-0.036 (Maynord, 1991). Also, roughness provided by G-blocks is not
signiﬁcantly different from that of natural channels.

In the design practice of blocks, the concept of permissible shear stress can be
used. That is, the shear stress by the design ﬂow should not exceed the permissible
shear stress of the blocks. Figure 5 depicts the change of bed shear stress with mean
velocity. In the ﬁgure, a linear relationship between bed shear stress and mean velocity
is observed mainly due to non-constant values of Cf. For G3P, the permissible shear

stress is estimated to be l70—240 kg/m2 by assmning Coulomb friction coefﬁcient of
,u = 0.8. However, the permissible shear stress of ripraps with diameter of 15-30 cm

ranges between 9.76-19.53 kg/m2 (ASCE and WEF, 1992). This indicates that G-

blocks are much safer from movement by the ﬂow force than ripraps.

In Figure 6, the critical weight of the block versus mean ﬂow velocity is plotted.
Here, the critical weight is defmed by the weight required to resist ﬂow forces. First, a
mat type installation, where blocks are shacked by U-bolt, is considered. The total shear
force is calculated by using eq.(5), and a value of Coulomb friction coefﬁcient of ,u =
0.8 is assumed. The second case considered is for a single block. Values of drag
coefﬁcient of 0.80 and lift coefﬁcient of 0.25, from the hexahedron (Naudascher, 1991)
are used in accounting for the mobility of a single block. Resulting critical weights of
mat-type and single block are given as a ftmction of mean velocity in Figure 7. In the
ﬁgure, the last letter S and M in the legend denote single and mat-type, respectively. It
is observed that blocks withstand the ﬂow better when they are tied together, and that
clear difference between two critical weights is seen.

CONCLUSIONS
Laboratory experiments were carried out to investigate hydraulic properties of Gblocks for bed protection against local scour around bridge piers. It has been shown that
both logarithmic and power laws are appropriate for intennediate-scale roughness by Gblocks. Roughness of the channel bed paved by G-block did not show signiﬁcant
difference compared with that of natural channels. The permissible shear stress
estimated from the experiments revealed that G-blocks are much safer ﬁom the
transport by the ﬂow than ripraps. Finally, the critical weight needed to resist ﬂow
forces were calculated for a single block and mat-type blocks.
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The problem of scour has caused many bridge failures and, therefore, needs to be
prevented by suitable cormtermeasures. Several methods have been suggested for the
prevention of scour. They are based on model studies for the protection of embankrnents and
piers from undemiining by scour. Riprap arrests the progress of the erosive cycle. Walls of
river banks are protected, in some cases, by gabions. Similarly, spur dikes and mattresses of
bamboo sticks are also successfully used for preventing scour. The paper discusses the
problem of scour and different countermeasures in detail.

INTRODUCTION

Scour is a serious problem to combat with in bridge engineering, as it has been the
major cause of failure of most of the bridges. Scour is a natural phenomenon in which soil
particles are removed from their environment by moving water. Because of this continuous
removal of soil, bridge piers and abutments are subjected to undermining (Terzaghi, 1936).

SCOUR CHARACTERISTICS

Three types of scour have been recognized. The ﬁrst form of scour (Lane et al, 1954)
takes place as a result of ﬂooding. This causes suspension of material in the river bed. The
velocity of water increases, thereby increasing the erosive capacity. Solid particles will be
lifted and moved and suspended when the ﬂow returns to normal. This type of scour, called
general scour, is particularly great where the channel is narrow. Bridge piers are generally
founded below the depth of general scour.

The second form of scour, called local scour, is caused by the presence of some
obstruction to the stream such as a pier. Within the proximity of the pier the ﬂow pattem
changes, becomes turbulent and erodes the soil. This localized scorn (Laursen et al, 1956) is
of greater intensity and acceleration, and is a function of velocity of ﬂow, shape of the pier
etc.
The third form of scour is bank scour which occurs due to lateral bending of the
channel. Water strikes the outer side of the bend and erodes the material. The inside of the
bank is ﬁlled with the eroded sands and silts. The foundations of any structure placed
adjacent to the outside of a bend must be protected.

‘ Dr.B.R.Phani Kumar, Department of Civil Engineering, JNTU College of Engineering,
Kakinada-533 003, INDIA
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COUNTERMEASURES

Various countermeasures to scorn" have been suggested and practiced. They have
been found to show satisfactory performance in protecting embankments and piers. A
discussion of different measures for preventing scour follows:

Riprap or coarse rock ﬁll is one of the most widely used protection measrues (Searcy,
1967). Generally, a ﬁlter is placed between the riprap and the natural ground in order to
prevent the ﬁner soil from clogging the void space of the riprap. By using riprap the progress
of the erosive cycle is stopped and the hydraulic area of the channel is not reduced.

In some places where coarse rock for riprap is not available gabions will be used.
Gabions are wire baskets ﬁlled with gravel or coarse aggregate. They are stacked to form
bank protection walls. If coarse aggregate is not available, stacks of cloth bags ﬁlled with
sand a.nd cement are used for protecting the walls of banks. Gabions are quite effective in
controlling scour.

Another preventive measure for scour is the use of mattresses for bank protection. It
is the one of the oldest practices. These mattresses consist of woven sticks of wood or
bamboo. Sometimes, concrete slabs are also used as mattresses.

The structures employed for diverting the high velocity ﬂow from reaching the bank

are called spur dikes which have been found to give excellent results. They are embedded in
the river bank and extend into the channel. Their design is a ﬁmction of river geometry,
length of the dikes and spacing between the dikes. If the spur dikes are built with their tops
sloping down towards the center of the river, local scour arotmd the end of the dike can be
reduced.

CONCLUSION

Many bridges have been investigated to fail due to tmdermining by scour. Localized
scour in the proximity of any obstruction like a pier is of quick progress. Scour can be
prevented by different countermeasures. Riprap with a ﬁlter reduces the progress of erosive
cycle. Gabions and mattresses made of wood or concrete slabs protect walls of river banks.
Spur dikes arrest local scour.
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ABSTRACT

Scour is a natural phenomenon caused by the ﬂow of water in rivers and streams and
occurs as a part of the morphological changes caused by rivers or as a result of man-made
structures. For the Dutch Delta Works hydraulic structures were often constructed on ﬁnes
with loose packing. To guarantee the geoteclmical stability of these structures the bed in their
immediate vicinity had to be protected. Though several types of bed protection can be
distinguished, for example concrete blocks, asphalt, and granular ﬁlters (with or without
geotextiles) the scope of this paper is limited to granular ﬁlters. In the Netherlands
geometrically sand-tight ﬁlters are usually used. The stability of these ﬁlters is mainly
determined by the geometrical properties of the materials. Consequently, these classical ﬁlters
with nturrerous layers are very expensive. In this study a model relation for sizing a
geometrically open granular ﬁlter is discussed. Our goal is to promote discussion than rather to
try to solve the many problems in the complex ﬁeld of ﬁltration in geotechnical engineering.
INTRODUCTION

Non-geometrical granular ﬁlters have a hydraulic mode of operation; i.e. the reduction of
the hydraulic shear stresses on the base material is such that erosion is prevented. Available
knowledge of the hydrodynamic forces, lift and drag, acting on particles in granular ﬁlters is
mainly based on experience and laboratory and ﬁeld measurements which has proven inadequate for the purpose of developing a highly accurate design criterion. This is due to the
numerous factors that influence the stability, and to the deﬁnite probabilistic nature of the acting
forces which may at times be signiﬁcantly in excess of mean values and consequently cause
movement. Verheij and Den Adel (1998) calibrated and validated model relations for granular
ﬁlters that are based on the Navier Stokes equation for rmiform ﬂow, the so-called Forchheimer
relation and the hypothesis of Boussinesq.

Figure 1 shows a horizontal one-layer ﬁlter with a thickness d above the base material.
Considering uniform ﬂow the shear stress distribution in the open ﬂow is linear. Usually the
mean ﬂow velocity in the downstream direction can be approximated by a logarithmic function.
The velocities and shear stresses in the ﬁlter layer will be brieﬂy discussed by applying the three
aforementioned equations.

‘ Ministry of Transport, Public Works and Water Management, Hydraulic Engineering Division, Delft (email is
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explained in a qualitative way. For example, when the base material is more graded than the
ﬁlter material, ac-,1, is greater than aqf Consequently, the required ratio Df/Db is less when this
value is compared to situations where base and ﬁlter materials do have the same gradation. If
only the ﬁlter material is broadly graded, orqf is greater than arc, 1,, so the maximum value of
D];/Db is higher than for similarly graded materials. These predictions correspond with
observations in ﬂume experiments. A broadly graded base material has more ﬁnes than a more
uniform material. The material in the ﬁlter layer has to prevent the erosion of the ﬁnes. This can
only be achieved by reducing the ﬁlter velocities or by putting more ﬁnes into the ﬁlter layers. A
broadly graded material in the ﬁlter layer has relatively more fmes, which reduce the pore
velocity in the ﬁlter and so also the loading on the base material. Hence, the broadly graded ﬁlter
material is allowed to have an average grain size that is larger than for unifonn material.

(15)

Using the assumptions ac’); = aqf and multiplying both sides by D]§,,/D]f,;,, equation (14)
reduces for high values of §d into:
D1150 77 \Pc,G,t At

Df,1s _ Df,15 I LPc,G,b Ag,
Db,50

The value of 17 has been calibrated by using experimental results obtained by Van Huij stee et
al. (1991). In these 9 ﬂume experiments the instability of the ﬁlter layer and the base layer
was simultaneously observed. The mean value of 17 is about 0.01 with the boundaries 0.005 <
17 < 0.025. Hoffrnans (1996) also found a value of 0.01 on the basis of the Japanese tests of
Shimizu et al. (1990). Remark that the calibration and validation of 17 was based on unifonnﬂow experiments .

Db,85

Db,50

Pia V -l3fi°<10

(16)

The resemblance to traditional relations derived by Terzaghi is surprising. The stability
between ﬁlter and base layer for geometrically sand-tight ﬁlters is:

which means 27 5 0.1.

The differences between equations (15) and (16) can be ascribed to a safety factor that varies
from 4 to 20. This analysis shows that for uniform ﬂow the relations for geometrical sandtight materials are strongly oversized. When the turbulence intensities are much higher, for
example downstream of sills, the value of 17 (17 2 0.01) might be questionable. Under these
conditions the ratio Df/Db probably tends to the geometrical value of about 17 5 0.1. It should be
remarked that in this study, equation (15) has not been validated for non-uniform ﬂow
conditions.
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is much smaller than the particle diameter of the grains in the ﬁlter layer. Consequently, the
inﬂuence of the boundary layer is practically negligible in the case of laminar ﬂow.

For turbulent ﬂow conditions Verheij et al. (2000) found tf 5 5,5/Dfw whereas Ikeya (1991)
arrived at the following: 1/Dfso < 5 < 6/Dfso. Ikeya discussed a suggestion made by Stephenson
(1979) that the turbulent boundary layer in the ﬁlter layer is approximately, 1.5Df5;, which was
later independently conﬁrmed by the measurements of Suzuki (1992). Sumrnarising equation
(15) is valid for both laminar and turbulent ﬂow.

The difference between results of the Dutch and Japanese researchers can be attributed to a
different way of modelling the eddy viscosity and to different values for the coefficients in the
so-called Forcheimer relation. The Japanese assmned a constant eddy viscosity in the ﬁlter layer.
In this study the eddy viscosity is related to the varying ﬁlter velocity (see equation 4). Note that
the eddy viscosity is not a physical parameter, but a parameter that helps us to relate velocities to
shear stresses. Since no measurements of ﬁlter velocities in relation to loading parameters are
available no conclusions can be drawn at present.
CONCLUSIONS

In this study model relations for both the ﬁlter velocity and the shear stress at the
interface ﬁlter-base material are presented. Although the exact relation between the damping
parameter in a ﬁlter material and its material properties is disputable, the type of relation
between characteristic length scale and particle size will hold, in spite of the fact that the
asstunptions for a continuum approach are violated.

It should be noted that the term shear stress is somewhat misleading. In fact the distribution of
the shear stress in ﬁlter layers has to be considered as a distribution of a loading parameter. A
model relation has been discussed for geometrically open ﬁlters, which can be used for both
uniform and non-uniform ﬂow. This relation is based on simultaneous instability of ﬁlter and
base material. The inﬂuence of the grading effects of the ﬁlter and base materials has been
shown qualitatively. This relation corresponds closely to the traditional stability relation of
Terzaghi for geometrical ﬁlter design and represents the range of the magnitude of the safety
factor.
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To increase the accuracy of the model presented here more detailed information is needed, in
particular the value of 27, which may be found by carrying out experiments with non-Lmifonn
ﬂow conditions. It is necessary to use sophisticated equipment to measure ﬁlter velocities and
loading parameters.
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Fig. 2 Longitudinal proﬁles of river bed downstream
railway bridge in: 1-1963; 2-1978; 3-1981; 4-1985.

regime of a hydropower plant, scour and sedimentation may go on at the same spot at
different periods of time.
Due to the effect of Kaunas hydropower plant transformations of river bed goes on in the
zone of 30 km length at the centre and suburbs of Kaunas town. The bottom level at present
is on the average 1.0 m below the previous level of 195 9, when the plant was constructed. At
some places the bed was lowered up to 2 m (see Fig. 2). Moorings and embankments of the
tow, pipelines and cables are under the constant danger of damage due to scour of both
structures toe and bottom of the river. Municipality of the town realised possible
consequences of the threat. They applied to scientists of Kaunas University of Technology to
investigate the phenomenon and to formulate some proposals to stop the deformations of the
river bed. Field and laboratory investigations were performed and some suggestions were
offered.

SCOUR AND SELFLINTNG OF NON-COHESIVE HETEROGENEOUS GROUND

(1)

Scour strength of non-cohesive soils depends mainly on the diameter of soil particles and
degree of heterogeneity. There are many formulas for computation of admissible nonscouring velocity for the type of the soil (Zdankus, 1965). Most of these formulas are
designed for computation of maximal admissable non-scouring mean ﬂow velocity. We
consider that maximal momentary bottom velocity is a more suitable parameter for estimation
of ﬂow scotuing power and suggest the following formula

umbadm=42 J5 + 21+ 370 , CIT]/S

where umbadm is maximal momentary bottom non-scouring velocity at the distance of D/2
from the bottom level and D is mean diameter of a soil particle in cm.
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Here Dm and D, are maximal (corresponding percentage of 95%) and rated diameters of soil
particles respectively.
It is evident that smaller than D, soil particles will be washed out from the surface of
the soil until selﬂining is completed and the surface is reinforced by the layer of soil particles
larger or equal to rated diameter D, (see Fig. 3). Thickness of a reinforcement layer may be
determined by our formula
h, = 0.023P,D,2 / Dm.
(4)
Here P, is percentage of rated diameter taken from a grain-size distribution diagram.
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Fig. 3 Surface of heterogeneous ground before (a) and after
selﬂining (b)

(5)

Scour depth hs (see Fig. 3) containing large particles necessary for lining quantity
may be computed from our formula
PT

h‘ h'100 - P, '

Lining layer may be broken by an occasional ﬂood wave of high velocities. Then the
layer of large particles then is being mixed with smaller ones. While new reinforcing layer is
being formed scour and lowering of bottom level proceeds once again until new reinforcing
layer has been formed.
SCOUR OF COHESIVE SOIL

'

Clayey soil scour process differs greatly from that of non-cohesive soil. Particles of the
last one remain immobile if velocity is less than scotuing. Cohesive soil scour goes on at any,
even at much less than admissible non-scouring, velocity. At small velocities intensity of
cohesive soil scour is small and the process is similar to melting, where the smallest particles
gradually loose contact with the mass of a solid body under the process of swelling.
Increment of ﬂow velocity leads to gradual increment of scour intensity, therefore, it is rather
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INFLUENCE OF SEEPAGE AND SLOPE INCLINATION ON SCOUR
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Ground water ﬂow may inﬂuence the scour process (Zdankus, 1965). It increases stability
of soil particles on the surface when water inﬁltrates into the bed of the river and decreases
when water leaves the soil (Nian-Shen Cheng, Yee-Meng Chiew, 1999). The seepage
changes both distribution of river ﬂow velocities and magnitude of maximal momentary
bottom velocity. The velocity is higher in a case of upward seepage and lower for downward
seepage. Entering the grotmd water presses soil grains to the surface and increases their
stability. Leaving the soil water lifts the grains and reduces their stability (see Fig. 5).
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I

Fig. 5 Scheme of upward (a) and downward (b) seepage inﬂuence
on soil particles and river ﬂow

Conditions of soil particle stability on an inclined slope of a river bank are worse than
those on a horizontal bottom of a river bed. Perpendicular gravity force Fp, which is equal to
the gravity force Fg projected to the slope plane, tends to move soil particle down along the
383

Fg=O.524(pS-p)gD3. (7)

Fh=0.393c,p u2,,,1,. (8)

Here pg is density of a soil particle.
Horizontally directed hydrodynamic drag
force is

2

F1,

1

b

(10)

Here C, is drag coefﬁcient for river ﬂow.
Fig_ 6 Scheme of forces acting Soil
S°i1Pa1'l5i°l95 On the 519199 inclined by
particle on slope: a-vertical cross
0: angle are acted by perpendicular force
Segtign; b-p1ane; 1-5011 pa11;i¢1e; 2Fp=Fgsina
(9)
slope line; 3-direction of ground
therefore, they are under less favourable
water ﬂow
stability conditions than those on horizontal
surface (Zdankus, 1973). Thus, inclination of soil surface in the slope reduces soil scour
strength.
Two equations for a critical state of the particle for shift and overturn may be set up
and solved with respects to velocity umb. Maximal momentary bottom non-scouring velocity
formula would be obtained. The fonnula would express dependency of the velocity on
diameter D to 1.5 degree. Unforttmately, there are no possibilities to take into account the
inﬂuence of seepage on the structure of a boundary layer of the ﬂow and maximal
momentary bottom velocity. Therefore, solution of the equations has no sense, and only
empirical formulas may be suggested. Here is a formula developed by us on the ground of
our investigation results
t

kS=(l-0.lIv)cosa 1-£9‘-.
raw

Here ks is non-scotuing velocity correction coefﬁcient; Iv is vertical component of ground
water ﬂow hydraulic gradient: positive for upward seepage and negative for downward one;
or is slope inclination angle; go is soil internal ﬁiction angle.
Seepage gradient depends on the ground water level at a river bank, permeability of
ground and water level rise or drop rate. Drawdown curve for ground water ﬂow must be
computed to determine a hydraulic gradient. Hydrogeological conditions and permeability
coefﬁcients should be known for computations. Our device to test non-cohesive soils
(Zdankus, 1987) suitable for permeability investigations good enough.
It should be mentioned here, that inﬂuence of seepage to scour is important merely to
non-cohesive soils. Therefore, our attention was paid mainly to this type of soils. Ground
water motion in cohesive soils is so slow, that seepage may have no influence on scour of
such soils.
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charmel has been estimated at about 12 m to 20 m. At the peak of the failure ﬂood, ﬂow is
estimated to have extended approximately ﬁom Abutment A to Pier H (94 m), with ﬂow and
erosion concentrated at Piers C and (in particular) B on the outside of the left-hand bend in the
channel (Figure 3). The ﬁxed nature of the cliff forming the true-right limit of the ﬂood channel
may have aided in forcing the ﬂow passing across the upstream face of the bridge to pass beneath
the bridge at the position of Pier B.

The ﬂood ﬂow was estimated to be less than the mean annual ﬂood at the site. The writers have not
obtained quantitative estimates of ﬂow magnitudes at the bridge site. Within about 15 km
downstream of the Bealey Bridge, the mean annual ﬂood at the Mt White Road Bridge across the
Waimakariri River has been estimated at 1200 m°/s (Melville and Coleman, 2000). Recognising the
relative magnitudes of ﬂows into the Waimakariri River between the Bealey Bridge and the Mt
White Bridge, and that the failure event was less than the mean annual ﬂood, a failure ﬂow of 200
m3/s is adopted for the risk-assessment scour analyses presented below. The bridge failure is
estimated to have occurred at about the time of the ﬂood peak at the site. From photographs taken
within hours after the failure event (Figure 3), ﬂood levels at the bridge appear to have peaked at
about the level of the top ofthe 0.9-m-deep pile caps.

The bed material was noted to be of a wide grading with particles ranging from sands to 200-300
mm cobbles. A median bed sediment size of d5@ = 50-70 mm was estimated. Design drawings
indicate a bed material of shingle.

I-HSTORICAL SCOUR

In 1948, the upstream edge of Pier Q dropped by about 60 mm, with Pier Q rotating ir1 the plane of
the pier. For Pier Q, the points of Piles 1, 2 and 3 were found to be driven to 7.6 m, 6.1 m, and 7.6
m respectively below ground level. The pier was underpinned by three piles at each end of an
extended pile cap (located beneath the existing one). Each new pile consisted of three rails welded
together and was of a design length of 7.0 m. From 1949 to 1958, the bridge was monitored in
tenns of the levels of the upstream and downstream wheelguards on the superstructure, perhaps in
recognition of ongoing bed erosion problems.
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The cause of failure was ascribed to local scour exacerbated by a combination of ﬂow concentration
at a skewed angle to the pier, bend scour and also conﬂuence scour (Figure 3). Consistent with the
effects of bend scour on the failure, increasing scour depths were noted (after the failure event) for
Piers D, C and B respectively. For braided rivers then, it may be that the maximum ﬂow within a
channel braid may constitute a worse scour scenario than a larger ﬂood spread across the width of
the ﬂood channel. Conﬂuence scour may have contributed to the failure with two channel braids
intersecting immediately upstream of the failed pier for the failure event. The true-left embankment
extending into the channel did not appear to have inﬂuenced the failure by causing any commotion
of the failure ﬂows (of minor magnitude), but it did contribute to concentration of the ﬂows at a
skewed angle to the failed pier.

ASSESSMENTS OF SCOUR DEPTHS

Attempts to measure scour depths subsequent to failure were ﬁustrated by high ﬂow velocities.
Measurements within four days of failure indicate a peak scour depth of about 2.7 m below the level
of the bases of the pile caps. It is recognised however, that scour holes tend to ﬁll in as a ﬂood
recedes.

The failure ﬂow can be approximated as a single channel ﬂow approximately parallel to the
upstream face of the bridge, with the ﬂow passing around a bend beneath the bridge (at Pier B) and
subsequently proceeding in a downstream direction (Figure 3). For a failure ﬂood of about 200 m3/s
at the bridge site, the method of Blench (1969) predicts a ﬂow depth for a single channel of 20 m
width approaching the bridge of yms = 4.1 m. The method of Maza Alvarez and Echavarria Alfaro
(1973) predicts an equivalent ﬂow depth of ym, = 3.5 m. For ym, = 4.0 m and an estimated bend
radius of curvature ofthe order of 60 m, a maximum scoured ﬂow depth in the bend of ybs = 6.8-8.3
m is predicted by methods detailed in Melville and Coleman (2000) and Coleman et al. (2000).

Altematively, if the failure ﬂow is considered to constitute two channel braids (of equal ﬂows and
each of 20 m width) meeting at the failed pier, the methods of Blench (1969) and Maza Alvarez and
Echavarria Alfaro (1973) predict a braid ﬂow depth of yms = 2.6 m and yms = 2.0 m respectively.
For yms = 2.5 m and a conﬂuence angle of about 50°, a maximum scoured ﬂow depth in the
conﬂuence of ycs = 9.5 m is predicted by methods detailed in Melville and Coleman (2000) and
Coleman et al. (2000).

With no degradation or contraction scour evident for the bridge site, the total scour at Pier B is given
by the combination of local scour with the general (bend or conﬂuence) scour occurring at the pier.
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approximate river geometries, and the extrapolation of the analyses to the large sediment sizes
occurring at the bridge site. Nevertheless, the analyses highlight the large scour depths that can
occur at individual piers of the bridge. Such scour may be more critical to bridge stability than
scour for larger ﬂoods for which the ﬂood ﬂow extends across the entire bridge channel section.
Assessment of historical aerial photograph records would reveal whether the 1948 failure of Pier Q
was of the same origin as the 1998 failure of Pier B with braid ﬂow focussing at a pier causing
Lmdermining of the pier.
r

It is commonly realised that dramatic channel shift can occur in the course of a single ﬂood for
braided rivers. The historical variability of the channel braids at the present bridge site is evidenced
in Figures 1 and 2. Based on this variability, it must be recognised that each pier of the Bealey
Bridge is subject to the same risk of pier scouring that occurred at Pier B in 1998.

REMEDIAL ACTIONS

After the failure of the bridge, a channel was cut beneath the bridge a few piers away from the failed
pier in order to divert some ﬂow away from the failed pier. Within two days of the failure, a singlelane Bailey bridge was installed over the dropped pier and the adjoining spans to facilitate trafﬁc
ﬂows across the bridge.

The planned remedial action consisted ofjacking Pier B back into position, underpinning the pier,
and repairing the damaged spans. Additional piers may also be underpinned depending on
assessments of both scour vulnerability for the respective piers and also the overall value of the
transit link provided by the bridge. A consideration against signiﬁcant repairs being carried out at
the site is that in 62 years the bridge has only had two problems with respect to scour. In each case,
the bridge was readily repairable, especially in terms of quickly restoring traffic ﬂows through the
use of a Bailey Bridge.
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