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ABSTRACT

EROSION BEHAVIOR AND SCOUR RISK OF
EXTREMELY COARSE STREAMBEDS

by
Abolfazl Bayat

Bridge scour, which is the erosion of soil and rock around bridge abutments and piers, is
the principal cause of bridge failure in the United States and around the world. Previous
investigations of scour have focused mostly on fine sediments such as sand, silt, and
small gravel, because such alluvium underlies a majority of bridges. The erosion
resistance of coarser sediments has received limited attention to date, even though they
dominate many small to medium-size rivers in the northern tiers of the United States,
Europe, and Asia. This study focuses on the scour behavior of extremely coarse particles
(ECP), namely cobbles and boulders.

A main objective of this research is to develop a relationship between critical
(entrainment) velocity and grain size for sediment particles in the size range of 5 to 50 cm
(2 to 20 in). This is accomplished by performing a limit analysis of sediments that exist
within the stream beds of actual bridges. A basic premise is that the residual sediments
reflect the maximum historic flow and velocity that has occurred over the life of the
bridge.

Thirty-five bridges in Northern New Jersey are initially screened for the study,
and 12 bridges are selected for final analysis. Field visits are made to characterize the
grain size distribution of the ECP sediments present at each site. Due to the extreme
coarseness of the sediments, nontraditional methods are employed such as optical

granulometry and statistical pebble counts. To assure geologic and hydrologic diversity



for the data set, the sites span three of New Jersey’s physiographic provinces: Highlands,
Valley and Ridge, and Piedmont.

Hydraulic analyses are used to estimate the maximum velocity that the bridge has
experienced during its lifetime. These are based on the maximum discharges measured at
USGS gaging stations or computed with USGS StreamStats software. Final limit
velocities range from 245 to 549 cm/sec (8 to 18 ft. /sec.).

The limit analysis is performed by regression of the particle size and velocity
data. This yields a nonlinear, exponential relationship between critical velocity and
median particle size. The variance fraction associated with the data set is 0.642,
indicating a reasonable fit. The limit analysis results are also compared with traditional
sediment transport relationships, including Newton’s Law and Hjulstrem’s envelope.

Several applications of the limit analysis relationship are proposed and explored.
The first is a method to assess the general scour risk for bridges underlain by ECP
sediments. First, the median grain size of the bed sediments is measured. The
corresponding limit velocity is then computed and compared with the desired scour
design storm, e.g., Qioo. If the design scour velocity exceeds the limit velocity, then the
bridge is considered to have a higher scour risk.

The limit analysis curve is also used to extend the useful range of the standard
scour design equations, including the HEC-18 critical velocity and USACE EM 1601
riprap relations. Extrapolation of the limit results generally produces lower and more
conservative critical velocities within the ECP size range than did the standard relations.
Another application provides adjustment coefficients, which are useful for rapid

photographic measurement of sediments (size and gradation) using WipFrag.
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CHAPTER 1

INTRODUCTION

1.1 The Problem of Bridge Scour
The devastating effects of major floods are well known, including widespread inundation
and destruction of homes, businesses, and agricultural land. A less obvious threat during
floods is damage to bridges over waterways due to scour. Basically, bridge scour is the
erosion of soil and rock from around bridge abutments and piers caused by swiftly
flowing water. An example of bridge scour is shown in Figure 1.1. In severe cases, scour

can lead to outright collapse of a bridge.
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Figure 1.1 Pier scour, Murietta Creek, Pacific Coastal, (FHWA 2006).



Not surprisingly, bridge scour is the principal cause of bridge failure in the United
States and around the world (Fischer, 1993). Over one thousand bridges have collapsed in
the United States over the last 50 years due to hydraulic failure resulting in large financial
losses. Some of the more prominent failures due specifically to scour have included.

e 1985- During this year 73 bridges were destroyed by floods in Pennsylvania,
Virginia and West Virginia (FHWA, 1988).

e 1987- During the spring floods of 1987, 18 bridges in New York and New
England were destroyed by scour (Morris and Pagan-Ortiz, 1999).

e 1995- Five interstate bridges in Arroyo Pasajero, CA, built in 1967, collapsed due
to stream channel degradation and scour (Parola, 1997).

One of the bridge failures in 1987 was the failure of Schoharie Creek Bridge
which was built in the early 1950s with five spans and four supporting piers supported by
shallow spread footings. On April 5, 1987, a 50-year flood occurred that undermined the
spread foundations of one of the piers. This led to the collapse of three spans killing 10
people in vehicles. Investigators identified excessive scour under pier three as of
principle cause of the collapse. This tragic event prompted national focus on the problem
of bridge scour.

After the Schoharie creek Bridge failure in 1987, the FHWA established a
national scour evaluation program as an integral part of the National Bridge Inspection
Program.  The first editions of Hydraulic Engineering Circular (HEC) No. 18,
“Evaluating Scour at bridges”, and HEC No. 20, “Stream Stability at Highway
Structures”, were also published (FHWA, 2012). Updating of these circulars has
continued to the present, with HEC-18 currently in its 5 edition (April, 2012), and HEC-

20 in its 4" edition (April, 2012).



The FHWA now requires that every bridge over water is inspected every two
years, although longer intervals can be used when justified (FHWA, 1988). Any bridges
found to be scour critical must be inspected annually until repaired or replaced. With
regards to new bridges, the American Association of State Highway and Transportation
Officials (AASHTO) standard specification for highway bridges (AASHTO, 1992a)
requires that hydraulic studies be performed as a necessary part of the preliminary design
of a bridge, including estimated scour depths at piers and abutments. Supporting
foundation shall be designed such that the structural load is safely supported entirely

below the probable scour depth.

1.2 Justification for the Proposed Research

As previously stated, the principal scour tool used by U.S. bridge designers for riverine
flow is HEC-18 published by the FHWA (Arneson, 2012). Increasingly, practitioners
recognize that some of the standard equations in HEC-18 over-predict scour depth for
certain hydraulic and geologic conditions. One reason for overly conservative or
erroneous calculated scour depths is poor estimation of scour variables. Misuse of
methods can also be a culprit, such as applying a HEC-18 equation to a bed sediment or
hydraulic condition that does not actually fall within the usable range of the relationship.

Another explanation for over-prediction of scour depth is that most of the HEC-18
relationships are based on laboratory flume studies conducted with sand-sized sediments
adjusted with factors of safety. It is fair to ask whether scale modeling can effectively
represent a phenomenon as complex as scour, especially in view of the wide diversity of

hydrologic, hydraulic, and geotechnical conditions that exists across the nation.



The impact of over-predicting scour depth for new bridges can be significant.
Designers have only two general options: (1) extend and/or stiffen the substructure; or (2)
provide countermeasures. Either option increases construction costs substantially. There
are additional complications when retrofitting existing bridges for scour. One is the
acquisition of right-of-way easements, since installed countermeasures typically extend
beyond the bridge limits. A second is the environmental impact of the countermeasure
on the flora and fauna present within the stream channel. Lengthy permit approval times
can occur for bridges located along environmentally sensitive watercourses.

Another reason for overly conservative scour prediction is most current scour
analysis procedures focus on fine textured sediments ranging in size from sand and finer.
Often, if coarser and more erosion-resistant sediments are present in the streambed, they
are ignored. Mostly, this is due to difficulty in accurately sampling streambeds composed
predominantly of cobble and boulder-sized particles. Both factors cause even more bias
towards finer grain sizes, which, in turn, inflates predicted scour depths. Figure 1.2 gives
a close size comparison of sand and gravel with cobbles and boulders, which will be
referred to as Extremely Coarse particles or ECP for the remaining of the study.

The erosion behavior and scour resistance of oversize ECP sediments have
received only limited attention by past investigators. This is partly because the majority
of bridges in the U.S. and abroad are underlain by fine textured alluvium composed
principally of sand, silt, and gravel. In fact, fine textured alluvium dominates the central
and southern regions of the U.S. (Dade & Friend, 1998) and it is also the principal
sediment encountered in any large river system with wide valleys and low gradients

regardless of region. As a result, numerous predictive relationships to describe the



Figure 1.2 Comparison of sand and gravel sediments with extremely coarse particle
(ECP), including cobbles and boulders.



erosion of fine alluvial sediments have been proposed (e.g., Cheng, 1997; Ferguson &
Church, 2004).

On the other hand, coarse particles tend to dominate the stream beds of small to
medium-size streams within the northern tiers of the U.S., Europe, and Asia, especially in
land areas that are either mountainous or have been subjected to continental glaciation.
In the U.S., there are 15 states that contain river systems where coarse particles often
dominate as summarized in Table 1.1. Practicing engineers in these states are often
challenged to accurately characterize coarse sediments and realistically analyze bridge
scour in many rivers. This is complicated by the fact that extremely coarse particles do

not necessarily follow the classic relationships of sediment transport.

1.3 Research Objective
The present research is aimed at helping to fill this technological gap by providing a new
approach for estimating scour in streambed with extremely coarse particles (ECP),
especially for sediments in the cobble to boulder size range. The three main objectives of
this study are:

1. Develop multiple, complementary approaches for measuring and analyzing the
effective grain size of streambeds with ECP sediments;

2. Conduct a limit analysis of actual ECP sediments under bridges and correlate the
results with classic sediment transport and scour analysis methods; and

3. Propose a relationship for the predicting entrainment velocity exclusively for use
with ECP sediments.

Note that these objectives are considered original. The end goal of this research is
to provide technical tools that improve the reliability of scour estimation, thereby

increasing bridge safety. It will allow better or more effective use of financial resources.



Table 1.1 U.S. States with Rivers Containing Significant Amounts of Coarse Particles

New York Area New England States | Mountain States | Pacific Northwest
New Jersey Connecticut Arizona Oregon
New York Maine Colorado Washington
Pennsylvania Massachusetts Idaho
New Hampshire Nevada
Vermont New Mexico




CHAPTER 2

LITERATURE REVIEW

2.1 Types of Bridge Scour
Rivers are the most dynamic geomorphic system that engineers have to cope with in the
design and maintenance of bridges. These geomorphic features also can change
dramatically with time, especially during major floods. While a river can move its
location, a bridge cannot (Richardson & Davis, 2001).

There are several ways in which channels can change and thereby jeopardize the
stability and safety of a bridge. The channel bed can degrade so that bed elevations
become lower, undermining the foundation of the piers and abutments. Also, deposition
of sediment on the channel bed can reduce conveyance capacity through the bridge
opening. Flood waters are then forced around the bridge, attacking roadway approaches,
channel banks, and flood plains.

In general, bridges are designed so that the flow passes through the waterway
parallel to the axes of the abutments and the piers. If the path of flow shifts laterally in
either direction due to lateral movement so that the flow approaches the substructures at a
significant skew angle, scour will be increased due to this misalignment.

Bridge scour is traditionally considered to have three primary components:

1. Long-term degradation of the river bed;
2. Contraction Scour due to the bridge opening; and

3. Local scour at the piers or abutments.



Many designers will add up the three scour components to obtain the total scour at
a bridge foundation. This assumes that each component acts independently of the other.
Recent studies have shown that in many situations this is not the case (Melville, 1992).
However, summing all the components of scour does add conservatism to the design.

Each of these scour components will now be briefly described.

2.1.1 Aggradation and Degradation
Aggradation and degradation are long-term changes in the stream bed elevation. These
are the result of natural geomorphic trends of the river and/or modifications to the
watershed (see Figures 2.1 and 2.2). “Aggradation” refers to the progressive buildup of
sediments in the channel, and it can be identified by the presence of bars or other elevated
portions of the streambed, possibly comprised of materials inconsistent with those in the
rest of the channel. “Degradation” is the long-term lowering of the channel over a
relatively wide area (Yang, 2003). Evidence of degradation includes stains or other
marking along piers or abutment walls that indicate a previous bed elevation. It is also
possible for a streambed to be in dynamic equilibrium in the vicinity of the bridge. In this
situation neither aggregation nor degradation will be present.

Aggradation and degradation do not include the cutting and filling of the
streambed in the vicinity of the bridge that might occur during a single runoff event;
these are contraction and local scour. Rather, aggradation and degradation are long-term

trends over the life of the bridge.



Figure 2.1 Streambed long term aggradation, bridge # 1809-153.

Figure 2.2 Streambed long term degradation, bridge # 2103-152.
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2.1.2 Contraction Scour

Contraction scour is a lowering of the streambed across the stream or waterway at a
bridge. This lowering may be uniform or non-uniform across the bed, in that the depth of
scour may be deeper in some parts of the cross section (Mueller, 2002; Melville, 1992).

Contraction scour at a bridge results from the acceleration of flow due to a
reduction in flow area. The most common situation is when the area of bridge opening is
less than that of the upstream channel and floodplain (see Figures 2.3 and 2.4). Reduced
area for flow will increase velocity and erodes the stream bed.

The underlying cause of most contraction scour is when the bridge length has
been designed too short to reduce the initial cost of the superstructure. Some other causes
include:

e Excessive number of piers in the waterway;
e Debris buildup, which often reduces the waterway opening (see Figure 2.5);

e Formation of sediment deposits within the waterway aggradation that constrict or
reduce the available waterway opening; and

e Ice formation or ice jams that temporarily reduce the waterway opening.

Approach Exit
Cross Section Cross Section
® ® @ ®

‘) Bridge Ineffective C
\C Approach F'°WA_rf??~»-""""

Effective

Flow Flow Area

E—
Contraction Expansion
Region Region

Figure 2.3 Conceptual sketch of contraction scour, (FHWA, 2006).
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Figure 2.5 Debris build-up in the waterway, bridge # 2107-156.

2.1.3 Local Scour
Local scour occurs around an obstruction that has been placed within a stream, which

causes an acceleration of the flow and results in erosion (Mueller, 1996). The mechanism

12



of local scour is the formation of vortices induced by obstructions. The most common
obstructions that cause local scour are foundation elements, namely abutments, piers, and
pile bents (see Figures 2.6 and 2.7).

A number of factors have been found to influence the depth of local scour around
bridge foundation elements. The more significant include:

e Flow Velocity - As streamflow velocity increases, vortex action can be magnified
considerably.

s Skew - Bridge abutments and piers that are skewed to the direction of streamflow
can dramatically increase both local scour and contraction scour.

s Flow Depth— Deeper flow increases the vortex effect on the streambed.
e Pier Width - Scour depth for piers is proportional to width.

e Pier Shape - A square-nosed pier will produce a scour depth about 20 percent
deeper than a sharp-nosed pier and 10 percent deeper than a cylinder or round-
nosed pier.

e Pier Length - Long Piers can produce multiple vortices and greater scour depth if
the pier is at an angle to the flow direction.

Elevation Plan

Horseshoe Vortex

Scour

Figure 2.6 Schematic illustration of local scour at a cylindrical pier (Richardson, 2001).
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Figure 2.7 Local scour at a pier, bridge # 1405-156.

Scour depths resulting from local scour are normally deeper than those from
contraction scour. Bridges in tidal situations are particularly vulnerable to local scour,
since a strong tidal current whose direction reverses periodically causes a complex local
scour phenomenon around a bridge substructure. Surveys of local scour along the
abutments and around the piers are most often done during periods of low flow when
detailed measurements can be made, either by wading and probing, by probing from a

boat, by the use of divers, or by sonic methods (Rantz, 1982).

2.1.4 Clear-Water versus Live-Bed Scour
Two different bed conditions can occur during contraction and local scour events: clear-

water and live-bed. Clear-water scour is when there is no movement of the bed material
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upstream into the bridge crossing, or when the bed material being transported stays in
suspension. Thus, sediments are not deposited in any scour holes that may form. Live-
bed scour occurs when there is transport of bed material from the upstream section and
into the crossing (Chang & Davis, 1999). Live-bed local scour is cyclic in nature; that is,
the scour hole that develops during the rising stage of a flood refills during the falling
stage (FHWA, 2012).

Typical clear-water scour situations include: (1) streams with coarse-bed
sediments such a ECP materials; (2) streams with flat gradients during low flow; (3)
armored streambeds where the only places that tractive forces can penetrate the armor
layer are at piers and/or abutments; and (4) vegetated channels or floodplain overbank

areas.

2.2 Sediment Transport Relationships Applicable to ECP
Over the last century, the principles of sediment transport in river systems have been well
studied. Most investigators focused on particles with small sizes that correspond to a
medium sand size and smaller. The results of numerous mathematical relationships are
available to describe movement of such sediments in water (e.g., Yang, 2003; Bunte,
2001)

The physics of transporting particles sizes larger than sand size is different.
Geologic materials such as large gravel, cobbles, and boulders do not generally follow
the classic laws of sediment transport. Relatively few investigators have examined the
water transport of ECP sediments, and those that have mostly posed purely empirical

relationships (Katherine & Stephen, 2004).
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In this section, a brief review of available transport relationships that are
potentially applicable to ECP will be presented. Note that discussion begins with Stokes’
Law even though it does not be effectively describe coarse particle transport. It does

serve, however, as a frame of reference for the other relations.

2.2.1 Stokes’ Law

Rivers and streams are the most significant geologic agents of sediment transport on surface
of Earth. When sediments are transported and deposited, they are also sorted according to
particle size. For example, gravel-sized particles accumulate at one point along the channel,
while sand-sized particles accumulate at another location. The underlying principle that
governs how sediments are sorted within water is Stokes’ Law of Settling (Van Run, 1989).
Stokes’ Law relates a particle’s settling velocity to its diameter and density, as well to the
viscosity of the fluid. In general, the settling velocity of a sediment particle is directly
proportional the square of the particle diameter. Stokes’ Law is based on the assumption of

laminar flow conditions, i.e., Reynolds number < 2000. Stokes’ Law may be stated as:

= d:[pﬁ _‘G]'g

o (2.1)

—
i

where: ur : settling velocity (cm/sec),
g : acceleration of gravity (m/sec?),
d : particle diameter (cm),
pp : density of particle (g/cm®),
ps : density of fluid medium (g/cm?), and
w: absolute viscosity of fluid medium (g/cm-S).

A plot of Stokes’ Law for quartz particles settling in water is presented in Figure
2.8. Note that Stokes’ Law is not valid above a particle size of about 0.1 mm, since the

settling velocities (and thus the critical velocities needed to transport the particle) become
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Figure 2.8 Stokes’ law: settling velocity vs. particle diameter.

enormous. The explanation is larger particles are transported in turbulent flow
conditions, which lowers the rate of settling (and critical) velocity. In fact, the settling
velocities of coarse particles are governed by Newton’s Law, which will be described in
the next section.

The question arises how a settling velocity like that predicted by Stokes’ Law
relates to the velocity actually needed to transport a sediment particle within a flowing
stream. This is called the critical velocity, and it is clearly related to the settling velocity.
For cohesion-less particles such as sand and silt, the critical velocity is considered to be

equal to settling velocity. But to erode sediment, a small amount of inertia is needed to
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the initiate movement of a particle lying on the bed and lifts it up into the current. This is
known as entrainment velocity, and for a given particle size, the erosion velocity is

somewhat higher than the transportation velocity on account the inertia to be overcome.

2.2.2 Newton’s Law Applied to Sediment Transport

As channel velocity increases, flow enters a turbulent state and Stokes’ Law is no longer
valid because inertial rather than viscous forces predominate. Newton’s law is used to
predict settling velocity in this flow regime. It is applicable for flows where the Reynolds
number is greater than about 4000 (Antonia, 1990), which corresponds to particle
diameters greater than 2 mm.

The relationship to predict settling velocity based on Newton’s law is given in
Equation (2.2). As indicated, the settling velocity is proportional to the particle diameter
and also to a ratio of particle density to the fluid density. A plot of settling velocity versus
particle diameter for Newton’s Law for quartz particles settling in water is presented in
Figure 2.9. The plot for Stokes’ Law has been retained for comparison purposes. Note
the significant reduction in slope due to lower velocities caused by turbulent conditions.

o . -..I'L.-:
d[p3 —J{].__-.]g i
=

wy =1.74 2.2)

where: ut : settling velocity (cm/sec),
g : acceleration of gravity (cm/sec?),
d : particle diameter (cm),
pp - density of particle (glcm?),
pr : density of fluid medium (g/cm®) , and
w: absolute viscosity of fluid medium (g/cm-s).
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Figure 2.9 Newton’s law: settling velocity vs. particle diameter.

2.2.3 Grace Method
An examination of Figure 2.10 suggests that there is a sudden break in slope between the
settling velocity functions for Stokes’ Law and Newton’s Law as flow enters a turbulent
condition. Actually, settling velocity displays a more gradual transition as it leaves the
laminar region and enters the turbulent region. Grace (1986) proposed a method to
predict settling velocity in this transitional region as illustrated in Figure 2.11. The Grace
method is considered applicable for water flow regimes where the Reynolds number
ranges from 2000 to 4000 and the particle diameter ranges from 0.1 to 1 mm which is the
range of very fine sand to coarse sand.

The Grace method uses two dimensionless parameters, one for particle size

(Equation (2.3)) and one for settling velocity (Equation (2.4)):
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The steps for finding settling velocity using the Grace Method are summarized as
follows:

Step 1- For various particle diameters, calculate the dimensionless particle sizes

d” using Equation (2.3) above. For quartz particles in water, the equation

simplifies to > d* = 256 X d

Step 2- Using the computed dimensionless particle sizes, d”, find out the

dimensionless settling velocity, Vi , from a graph provided by Grace, which is

shown in Figure 2.10.

Step 3- Using these values of dimensionless settling velocity, Vis , determine the

actual particle settling velocity, Vi, from Equation (2.4). Substitution parameters

with the actual values, the equation will be: Vs = 2.53 X Vi,

Step 4- Create a plot of the actual particle size and settling velocity for the

transitional flow region.

A summary plot of the Grace method applied to quartz particles settling in water
are presented in Figure 2.11. Note the smooth transition of settling velocity from Stokes’
Law to Newton’s Law. Experimental evidence is generally consistent with the results of

the Grace method (Cheng, 1997).
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Figure 2.11 Grace method: settling velocity vs. particle diameter.
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2.2.4 Hjulstrem Envelope

Hjulstrem (1939) performed a series a flume experiments that have direct relevance to
the current ECP research. Using a one meter deep flume, he studied the entrainment
velocity for a wide range of sediment sizes extending up to 100 mm in diameter (cobble-
size). For the larger particles, the water velocity in combination with the rough bed
assured the existence of turbulent conditions (Hjulstrem, 1939). Thus, sediment grains
move according to their mass as a direct consequence of Newton’s Law. This differs
from the finer textured clays, silts, and fine sands, where a laminar boundary layer and/or
soil cohesion serve to protect the grain from movement.

A plot of grain size versus entrainment velocity for Hjulstrem’s results is shown
in Figure 2.12. The curve is actually a band representing the range of data from
experimental various trials. Consistent with Newton’s Law, the right ascending curve has
a lower slope than would be predicted by Stokes’ Law. Note also the existence of a left
ascending curve, which is attributed to the aforementioned effects of laminar flow and
cohesion. Subsequent studies by other investigators (e.g., Sundborg, 1956) confirmed
and expanded Hjulstrem’s results. Note that the Hjulstrgm curve is considered especially
relevant to the current research, and it will serve as an important benchmark for field

scour in ECP streambeds.

2.2.5 HEC-18
Another approach for estimating the velocity needed to erode bed sediments is to use the
critical velocity equation provided in HEC-18. Critical velocity is derived by equating

settling velocity with the velocity needed to keep particle suspended in the water current
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Figure 2.12 Hjulstram envelope: velocity vs. particle diameter.

(FHWA, 2012). The relationship, which is given below as Equation (2.5), is based on
research indicating that when the approach velocity is too low to move the Dy size of the

bed material, scour depth is reduced (Richardson & Davis, 1995).

Vo= K, xY76 xd'/s (2.5)

where: V. : critical velocity (cm/sec),
Y : flow depth (cm),
d : grain size (cm), and
K.: unit correction factor = 11.17 (ft-Ib-s) = 6.19 (m-kg-s).
Based on the HEC-18 relation, critical velocity is proportional to both particle
diameter and the flow depth. While velocity itself is not a force, it is often used as an

index value that is related to erosive potential of the flow. Thus, for a specific particle

size, the greater the depth, the higher the velocity needed to keep sediment particles in the
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current. Otherwise, they will just settle to the bottom of the streambed. This is one of the

reasons why clear water scour dominates in situations where there is higher flow depth.

2.2.6 U.S. Army- EM 1601
Stone riprap is the most widely used protective method to prevent scour and erosion
within stream channels and around bridge structures. The most popular design method for
riprap design is EM1601, which is published by the U.S. Army Corps of Engineers
(USACE, 1995). Riprap is sized according to the maximum expected water velocity, and
the standard also considers stone shape, size, weight, durability, gradation, and layer
thickness, as well as various channel properties.

The basic design equation for selecting a representative stone size in straight or

curved channels is:

v, ;P
( Yw ) X l (2.6)
Vs — Yw w/Klgd

D30 = SfCSCVCT d X

where: S¢: safety factor,
Cs : stability coefficient for incipient failure,
C, : vertical velocity distribution coefficient,
C:: thickness coefficient,
d : local depth of flow (cm),
K; : Bank Angel Correction Factor,
Y, : unit weight of water, weight per volume (n/m?),
Y : unit weight of stone, weight per volume (n/m°),
g : acceleration due to gravity (m/sec?),
V (Vss): local depth-averaged velocity, (cm/sec), and
Da3o : riprap size of which 30 percent is finer by weight, length (cm).

In traditional riprap design, some designers prefer to specify Dsg instead. The

approximate conversion between Dsg and Dgg iS:

Dso = D3y (Dgs / D)™ (2.7)
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A safety factor is normally included to compensate for small inaccuracies in these
parameters. However, if conservative estimates of these parameters are used in the
analysis, a safety factor is not needed, i.e., S¢ = 1.0. In working with the Equation (2.6), it
IS necessary to make several “standard” assumptions with regard to the input parameters

to simplify the relationship. These assumptions are summarized in Table 2.1.

Table 2.1 U.S. Army- EM 1601 Equation Assumptions

Variable | S¢ Cs Cy Ci d (ft) Ki | Ywen | Yspcf)

Value 1 0.3 1 1 10 1 62.4 165

Substituting the above values into Equation (2.6) yields the following two
empirical equations, which are easily applied to estimate either the required riprap size
given the average velocity or the “critical” average velocity corresponding to a specific

particle size. Velocity and Dg related to each other through Equations (2.8) and (2.9).

D30 = (2.3035 x 1078) x V2° (2.8)
V =1135 x D3 (2.9)
where: V (Vss) = local depth-averaged velocity (cm/sec), and

D30 = riprap size of which 30 percent is finer by weight (cm).
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2.3 Selected Scour Equations from HEC-18

2.3.1 HEC-18 Introduction and Chronology

HEC-18 presents the state of knowledge and practice for the design, evaluation and
inspection of bridges for scour. The document provides guidelines for: (1) designing new
and replacement bridges to resist scour; (2) evaluating existing bridges for vulnerability
to scour; (3) inspecting bridges for scour; and (4) improving the state-of-practice for
estimating scour at bridges. There are two companion documents, HEC-20, entitled
"Stream Stability at Highway Structures,” and HEC-23, entitled "Bridge Scour and
Stream Instability Countermeasures.” Used in combination, these three publications
summarize scour evaluation methods from studies performed by NCHRP, FHWA, State
DOTs, and universities, as well as peer reviewed publications.

The 5™ edition of HEC-18 (April, 2012) contains an expanded discussion on the
policy and regulatory basis for the FHWA scour program, including risk-based
approaches for evaluations. It also includes an updated abutment scour section,
alternative procedures for estimating pier scour, and revised guidance for vertical
contraction scour conditions. Those relationships that are relevant to ECP sediments will

now described.

2.3.2 Contraction Scour Equation

When estimating contraction scour for ECP sediments, clear-water conditions can
normally be assumed given their extreme coarseness. The presence of clear-water
conditions can be double-checked using the critical velocity relation which was

previously presented as Equation (2.5). If critical velocity is greater than channel
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velocity, then the clear-water conditions prevail and Laursen relationship may be used to

estimate contraction scour, Ys:

where:

3/
K. 2 7
Jy = l%l (2.10)
D, 2Pw?
Vs = Y2 = Yo (2.11)

Ys : average contraction scour depth,(cm),
y,: average equilibrium depth in the contracted section after contraction
scour, (cm),
Yo : average existing depth in the contracted section, (cm),
Q : discharge through the bridge or on the set-back overbank area at the
bridge associated with the width W, (cm®/sec),
Dn, : diameter of the smallest non-transportable particle in the bed material
(1.25 x Dsp) in the contracted section, (cm),
Dso : median diameter of bed material, (cm),
W : bottom width of the contracted section less pier widths, (cm), and
K, : 0.0077 for English units (0.025 for Sl units).

2.3.3 Pier Scour Equation

Local scour around piers for coarse particle beds may be estimated using the FHWA pier

scour equation, which is based upon USGS field data (FHWA, 2012). The pier scour

equation is for clear-water conditions only, and it may be stated as:

where:

ys = 1.1K1K2a0'62y10'38tanh< (2.12)

2
1.9701-5)

Ys : scour depth, (cm),

K : correction factor for pier nose shape (refer to Figure 7.3 and Table 7.1
in HEC-18,

K, : correction factor for angle of attack of flow (refer to Equation (7.4)

and Table 7.2 in HEC-18,
0.65

L
K, = (COSH + aSin@) (2.13)

O : angle of attack of the flow, degree,

A : pier width, (cm),

y1 : flow depth directly upstream of the pier, (cm),
H = densimetric particle Froude Number,
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Vi

g(Sg - 1)DSO

H =

(2.14)

V1 : mean velocity of flow directly upstream of pier, cm/sec,
g : acceleration due to gravity (m/sec?),

Dso: median bed material size, (cm),

Sy : specific gravity of bed material, and

o : sediment gradation coefficient, (Dg4/Dsp).

This equation is only applicable for sediments with Dsy > 20 mm and a gradation

coefficient of ¢ > 1.5, which ranges from 1.48 to 4.14, (USGS, 2011). Note that HEC-18

does not suggest an upper bound of particle size for which the relation is valid.

2.3.3 Abutment Scour Equation

HEC-18 does not currently contain an equation specifically for local abutment scour in

coarse particle beds. The NCHRP 24-20 method, which estimates total scour at

abutments, may be used (Arneson, 2012). For ECP sediments, only the clear-water

version of the relationship is recommended, especially for New Jersey bridges due to

their typically low contraction ratios. The relations for computing scour depth, ys, for

clear-water are provided below:

where;

Vs = Ymax — Yo (2-15)
Ymax = ABYc (2-16)
6/7
Yo = |—2L_ (2.17)
K.Dso /3

ys . abutment scour depth, (cm),
Ymax - Maximum flow depth resulting from abutment scour, (cm),
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Yo : Flow depth prior to scour, (cm),
ag . amplification factor for clear-water conditions (refer to HEC-18 Figs.
8.11 & 8.12),

yc : flow depth including clear-water contraction scour, (cm),

gs : unit discharge upstream, Q/w, (cm?/sec),

Qar : unit discharge in the constricted opening, Q/w, (cm?/sec),

K, : 11.17 for English units (6.19 for SI), and

Dso : particle size with 50 percent finer, (cm).

2.4 Scour Evaluation Method (SEM)

NJIT is currently engaged in a research study funded by the New Jersey Department of
Transportation (NJDOT) and the Federal Highway Administration (FHWA) focusing on
bridge scour. It is the third in a series of scour grants. During the first and second grants,
NJIT developed a new method for analyzing the scour risk of existing bridges known as
the Scour Evaluation Model (SEM). The current research study, which is known as the
Implementation Phase, is aimed at disseminating SEM into statewide practice.

In general, the New Jersey SEM is a tiered, parametric, risk-based decision tool
(Schuring, 2010). In applying the model, a variety of geotechnical, hydrologic, and
hydraulic data are inputted for a particular bridge (see Figure 2.13). Bridge importance,
as reflected in the average daily traffic (ADT) and detour length, is also evaluated and
factored into the final priority rating. In a final step, the priority ratings are linked to
specific recommended actions, which may range from prompt repair of high risk bridges
to removal of the bridge from the critical list if the bridge is deemed to be of low risk.

These data are analyzed to determine two risk levels, one geotechnical and the
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other hydrologic/hydraulic. The risk levels can be either “low,” “medium.” or ‘“high.”
The user then enters the risk results into a two-dimensional Risk Decision Matrix to

generate a priority rating (see Figure 2.14). Bridge importance, as reflected in the
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Figure 2.13 Overview flow chart of SEM modules.
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average daily traffic (ADT) and detour length, is also evaluated. This leads to a final
priority rating that is linked to specific recommended actions, which may include priority
installation of countermeasures, real time scour monitoring, or removal from the scour
critical list.

Note that some of the data analyzed for this study was extracted from field data

collected during course of the three NJIT / FHWA grants.

Geotechnical Risk
High Medium Low

S Scour Scour Scour
k= Priority 1 Priority 2 Priority 3
(1
2
E
= | E
3|3 Scour Scour Scour
I3 Priority 2 Priority 3 Priority 4
5 =
S
o
T
T 2 Scour Scour Scour

= Priority 4 Priority 4 Priority 4

Figure 2.14 SEM two-dimensional Risk Decision Matrix.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Research Objectives and Plan
3.1.1 Overview
This research encompassed both model analyses and field studies. The work commenced
by analyzing extremely coarse particles (ECP) using a blend of classical sediment
transport equations and other empirical methods. Extrapolations of the relationship
between critical velocity and particle diameter were made as needed since oversize
particles do not necessarily conform to standard relationships.

Next, a large number of actual bridge sites were screened and a limited number
selected for detailed analysis. A flow rate/velocity history of each channel was recreated,
and the actual particle size distribution for each stream bed was estimated as accurately as
possible. A limit analysis was then performed to reconcile the maximum historical
velocity with the existing particle gradation of the stream bed.

In the final phase, a comparative analysis was conducted of the selected bridges
using data regression methods and existing scour models with the objective of developing
a best-fit predictive model for ECP. In addition, potential applications for the predictive
model were identified and will be presented.

In summary, this research involved in four major tasks:

1. Summarize fundamental sediment transport relationships for ECP.

2. Select candidate bridge sites in Northern New Jersey and characterize sediment
sizes and flow velocity histories.

3. Perform limit analysis of field erosion data.
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4. Develop of a best fit predictive model and identify potential applications.
The methods for each of these research tasks are described in the following

sections.

3.1.2 Summary of Fundamental Sediment Transport Relationships for ECP

This section summarizes the fundamental sediment transport relationships applicable to
extremely coarse particles. The goal is to compare and contrast each method in
preparation for analyzing our actual bridge data.

A composite plot of grain size versus velocity for all the transport relationship
previously described in Section 2.2, Literature Search, is presented in Figure 3.1. The
supporting data are contained in Appendix B.

Stokes’ law shown as ‘curve 1°, is specifically for quartz particles in water. The
limitation to the current study that is the law is valid only for sediments finer than 0.1
mm, so it is not suited for analyzing ECP. But Stokes’ law is the classic approach for
analyzing settling velocity, and it serves as context for the other methods.

The next relationship, Newton’s law, is shown as ‘curve 2’ in Figure 3.1.
Newton’s law is applicable to particles with diameters greater than approximately 2 mm
(very fine gravel), and so is useful for analyzing the transport velocity of ECP.

There is clearly a data gap between Stokes’ law and Newton’s law, which neither
of the methods addresses. It occurs in the particle size range of fine sand (0.1 mm) to fine
gravel (2 mm). This is the region in which Grace’s method provides a smooth transition
between settling velocity and particle size, which is shown as the ‘curve 3’ in Figure 3.1.

Hjulstrem’s method is the next fundamental relationship and is considered

especially relevant for analyzing ECP. In Figure 3.1, it is appears as an envelope curve
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(curve 4). Note that the Hjulstrom envelope plots above both the Stokes’ and Newton’s
curves because it is an entrainment velocity instead of a settling velocity. More velocity
is needed to “pluck” a particle from the streambed than just to transport it.

The results for the HEC-18 method are plotted on Figure 3.1 as ‘curve 5°. Since
this is an empirical design relationship, certain standard assumptions were necessary with
regard to flow depth and correction factor as previously described in Section 2.2. It is
apparent that HEC-18 curve is not that consistent with either Newton’s method or
Hjulstrem’s envelope. A main difficulty in applying the HEC-18 method to ECP is the
difficulty of sampling such particles, which is being addressed in this research study.

The final sediment transport method presented on Figure 3.1 is U.S. Army EM
1601. Again, because this is an empirical design relationship, certain standard
assumptions were necessary with regard to flow depth, safety factor, etc. (see Section
2.2). Itis interesting that the EM 1601 line (curve 6) nearly parallels the HEC-18 method.

In summary, the “region of interest” for this study is the area circled in blue in
Figure 3.2. This corresponds to an approximate particle size range of 2 to 50
centimeters. Discussion will now move onto Task 2 and the selection and

characterization of bridge sites.
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3.2 Candidate Bridges

3.2.1 Bridge Selection Criteria

The Highlands and the Ridge and Valley physiographic provinces of New Jersey each
contain dozens of bridges underlain by sediments that classify as ECP. Additional cases
are also present in the glaciated section of the Piedmont province. During this research
task, numerous bridge sites were screened for favorable characteristics, and then some
selected for further study. The end goal was to identify at least ten bridges with ECP
sediments for analysis.

Over the last several years, NJIT has been engaged in a research study funded by
NJDOT and FHWA aimed at applying a new risk-based scour evaluation model known
as SEM (see Section 2.4). During this period, both reconnaissance and field data have
been collected on more than 100 scour critical bridges. It is from this database that the
study bridges have been selected.

The following criteria were used during the selection process:

e The stream bed must contain > 60% of particles classified as either cobbles or
boulders (see Appendix A for definitions of particle size systems).

e The stream bed must be visible during low-water conditions, so that it can be
sampled and photographed to reasonably estimate the grain size distribution.

e The stream must a have a USGS gage installed, preferably at the bridge site or
in close proximity, so that accurate stream flow measurements are available.

e The USGS gage must have a sufficient flow history, preferably one that
captured recent super storms Irene and Sandy.

A preliminary screening of the field reconnaissance reports was conducted to
develop a list of potential bridge sites for future study. This initial screening yielded 35
bridges that appeared to satisfy some or all of the selection criteria. The result of the

initial screening are listed in Table 3.1.
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Table 3.1 Candidate Bridge Sites for Evaluation

Bridge # Bridge Location Estimated Grain Size USGS Gage
Township ~ |County  (Boulder % |Cobble % |Fines % [Number |Estimated Distance

1 [1605-175 [NJ Route 23 North over Pequannock River W. Millford  [Passaic |50 35 15 1382170 |Located at the Bridge
2 |2107-156  |Route 46 over paulins kill Knowlon ~ [Warren |40 50 10 1443500 |8 Miles Upstream
3 |1417-157  |Route 206 Over Tributary to Drakes Brook Mt. Olive Morris |25 60 15 01396152 (0.3 Miles Downstream
4 ]1405-156  |Route 23 over Pequannock River/ Hamburg Turnpike [W. Millford  |Passaic |70 20 10 01382500 [1.7 Miles Downstream
5 |1605-156  |NJ Route 23 South over Pequannock River W. Millford ~ [Passaic |65 20 15 1382500 |Located at the Bridge
6 |1605-162  |NJ Route 23 over Pequannock River W. Millford  [Passaic |50 30 20 01382500 {3.51 Miles Upstream
7 |1605-167  |NJ Route 23 over Pequannock River W. Millford  [Passaic |60 20 20 01382500 |Regulated River
8 |1605-153  |NJ Route 23S over Pequannock River W. Millford  [Passaic |50 30 20 1382500 0.5 Miles Downstream
9 |2111-155  |Route 31 over Pequest River White Warren |50 30 20 1445500 [1.1 Miles Upstream
10 |1402-150  |NJ Route 10 over Malapardis Brook Hanover Morris |10 50 40 1381500 |2 Miles Downstream
11 ]1903-153  |NJ Route 23 over Branch of Franklin Lake Hardyston ~ [Sussex |40 45 15 01367690 (0.5 Miles Upstream
12 |2106-164 |Route 57 over Hances Brook Mansfield ~ |Warren |15 45 40 01399510 |8.4 Miles SE
13 ]1912-160  |Route 206 over Big Flat Brook Sandyston  |Sussex (20 50 30 1439800 |Located at the Bridge
14 ]1605-158  [NJ Route 23 North over macopin River W. Millford  [Passaic |50 20 30 01382500 {0.66 Miles Upstream
15 |1407-153  |Route 46E over Branch of Mine Brook Washington  [Morris |35 50 15 1396152 |6 Miles off Stream
16 [1809-153  [Route 202 over Branch of Mine Brook Bernardsville [Somerset |5 45 50 1399100 (0.6 Miles off Stream
17 [1417-156  [Route 206 over South Branch of Raritan River Mt. Olive Morris |60 25 15 1396500 (0.4 Miles Downstream
18 |1407-152  |Route US 46 WB over Mine Brook Washington  [Morris |0 50 50 01396152 (5.81 Miles West
19 |1922-150  [Route 15 over Beaver Run lafayette Sussex (10 60 30 01443280 [1.66 Miles Downstream
20 |1402-150  |Rt. 10 over Malapardis Brook Hanover Morris |5 55 30 01381500 [3.2 Miles Upstream
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Table 3.1- (Continued) Candidate Bridge Sites for Evaluation

Bridge#  |Bridge Location Estimated Grain Size USGS Gage

Township ~ |County  [Boulder % [Cobble % |Fines % [Number |Estimated Distance
21 12108-162  |Rt. 46 over Musconetcong River Hackettstown (Warren |20 50 30 01456000 (3 Miles Downstream
22 |0711-150  |Route 10 over Canoe Brook Livigston ~ |Essex |0 65 35 01379519 (2.44 Miles NW
23 10709-150  |Rt. 10 over Willow Meadow Brook Livigston ~ |Essex |0 60 40 01379519 (1.5 Miles NW
24 1612-154  |Route 208 Ramp A over Goffle Brook Hawthome  [Passaic |10 60 30 01390810 |4 Miles South
25 11013-152  |Route 31 over Willooughby River Clinton Hunterdon {10 35 55 01396582 (2 Miles South East
26 |1810-155  |Rt. 206 over Cruisers Brook Montgomery |Somerset |5 30 65 01401650 (1.11 Miles North
27 10225-166  |1-80 / Market St. Main St. & Saddle River Saddle Brook [Bergen |5 10 85 01391500 {0.33 Miles Upstream
28 |1912-158  Route 206 over BR Big Flat Brook Sandyston  |{Sussex |10 40 50 01439800 |0.1 Miles Soth
29 1801-153  |Route 22 EB over N BR Raritan River Bridgewater  [Somerset |0 40 60 0139983001 Miles Downstream
30 (1304-151  |Route 33 over Millstone River Millstone  {Monmouth (0 20 80 01400630 |8.6 Miles Upstream
31 |1304-156  |Route 33 over BR Manalapan Brook Manalapan ~ |Monmouith |0 35 65 01405400 (12.2 Miles Downstream
32 |1303-155  |US Route 9 over Mitford Brook Manalapan ~ {Monmouth |5 40 55 01407290 |4.82 Miles West
33 |0319-152  |US Route 130 over Crosswicks Creek Bordentown  |Burlington |0 15 85 01464500 |4.8 Miles Downstream
34 10206-181  |Route 4 over Flat Rock Brook Englewood  (Bergen |45 25 30
35 |1801-161  |US Route 22 over Peters brook Bridgewater  |Somerset |5 45 50




3.2.2 Preliminary Bridge Site Visits and Data Collection

Having a list of 35 initially selected bridges, the first phase of site visits commenced over
a 14 months period from May 2015 through July 2016. During these initial bridge visits,
the research team assessed general channel geometry, footing exposure, average water
depth, and existing scour zones. Among all bridge and steam characteristics, particular
attention was given to the bed sediments under the bridge. Field assessment was aided
with the use of a six page field inspection form developed by the NJIT Scour Team that
covers all aspects of scour evaluation.

A main focus of the initial visits was to establish the grain size distribution of the
bed sediments. This included a careful visual estimation of the percentage of boulders,
cobbles, gravel, and fines conducted. Notations were also made of any special variations
in grain size. The estimated percentage of each sediment category for each of the initial

35 bridges is presented in Table 3.1.

3.2.3 Final Selection of Study Bridges
All data from the initial 35 bridge visits was carefully reviewed and evaluated to select
the final study bridges. A principal criterion was the dominance of ECP sediments. It was
also important that they be natural and not be infiltrated with displaced riprap. Another
factor was geographical diversity since it was desired that all three geographic provinces
present in northern New Jersey be represented. There also an attempt to include streams
and watersheds of varying size.

Considering all of the above criteria, 12 bridges were finally selected for complete

evaluation. These bridges are listed in Table 3.2.
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Table 3.2 Final 12 Study Bridges

Bridge #  |Location Province County Estimated Grain Size Coordinates
Boulder % |Cobble % |Gravel % |Fines %

1 [0709-150 [NJ Route 10 over Willow Meadow Brook |Piedmont Essex 0 30 60 10 +40° 47" 46.66", -74° 20" 35.86"
2 |1809-153 |NJ Route 202 over Branch of Mine Brook |Piedmont Somerset 5 25 40 30 +40° 42' 23.52", -74° 35' 48.16"
3 |0711-150 |NJ Route 10 over Canoe Brook Piedmont Essex 0 40 40 20 40° 47' 49.56", -74° 18' 29.52"
4 11612-154 |NJ Route 208 Ramp A over Goffle Brook [Piedmont Passaic 10 60 20 10 +40° 58' 4.05", -74° 9' 12.52"

5 |2108-162 |NJ Route 46 over Musconetcong River Highlands Warren 20 50 20 10 +40° 50' 40.27", -74° 48' 38.69"
6 |1605-158 |NJ Route 23 NB over Macopin River Highlands Passaic 50 10 10 30 +41°1' 33.69", -74° 24' 29.87"
7 [1417-156 |[NJ Route 206 over SB Raritan River Highlands Morris 25 50 20 5 +40° 51' 3.81", -74° 42' 3.65"

8 [1605-153 [NJ Route 23 SB over Pequannock River Highlands Passaic 50 25 10 15 +41° 0" 48.90", -74° 23' 22.23"
9 [1405-156 |[NJ Route 23 over Pequannock River Highlands Morris 70 20 5 5 +41° 0" 41.43", -74° 22" 13.85"
10 |1912-160 |NJ Route 206 over Big Flat Brook Valley & Ridge |Sussex 20 50 20 10 +41°12' 22.29", -74° 48' 12.72"
11 |2107-156 |NJ Route 46 over Paulins Kill Valley & Ridge |Warren 40 50 10 0 +40° 55' 14.67", -75°5' 17.11"
12 |2111-155 |NJ Route 31 over Pequest River & RR Valley & Ridge |Warren 50 30 10 10 +40° 49' 54.02", -75° 0' 3.04"




3.3 Grain Size Distribution Approach
3.3.1 Introduction
The grain composition of the streambeds and banks is an important facet of stream
character, influencing channel form hydraulics, sediment supply, and other parameters. In
particular, grain size has a significant effect on the erosion behavior of stream sediments.
Thus, the size distribution of the grains is also very important to how bed sediments will
develop scour.

This research required an accurate assessment of the grain size distribution of the
stream beds for the 12 study bridges. Four grain size analysis methods were used for each
bridge to increase confidence level. As discussed previously, traditional mechanical
analysis with soil sieves cannot be applied to ECP sediments due to their extreme
coarseness. So, blends of traditional and innovative methods were used, including:

1. Wolman Pebble Count

2. Rosin- Rammler

3. Optical Granulometry

4. Visual Estimation

Each of these methods will now be described.

3.3.2 Wolman Pebble Count

One reasonable approach to measure the grain size of a coarse stream bed is to randomly
select a significant number of particles from a streambed and analyze their sizes. This
procedure is known as the “Wolman Pebble Count,” which was introduced by M.G.

Wolman in 1954.
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A variation of the Wolman Pebble Count method was adopted for this research.
The procedure was essentially as follows:
1. A tapeline is laid across a stream cross-section.

2. Samples are taken at predetermined at regular intervals along the cross-section
so that 100 unique samples are taken.

3. In a two-person team, one person takes the sample and measures it, while the
other records the data.

4. 1t is essential that the individual doing the sampling reaches down and grabs
each sample without bias.

5. The particle is measured along its “intermediate” axis. If the sample is smaller
than 4 millimeters, it is called out as “fines.”

The Wolman Pebble Count is labor intensive. Typically, at least three different
sections are analyzed owing to variations in particle size. The procedure requires picking
up and measuring clasts from the streambed, with some weighting more than 20 pounds.
Larger clasts that cannot be moved are examined in situ and their size estimated by
extrapolation of shape. Conducting a full count takes up to a whole day depending on
bridge size. It should be noted that the method has a bias towards larger particle sizes
because larger particles occupy a more volume, and are therefore more likely to be
encountered than smaller particles. The photos in Figures 3.3 and 3.4 illustrate a

Wolman Pebble Count in progress.

3.3.3 Rosin- Rammler

The Rosin- Rammler relationship (Rinne, 2008) originated in the field of material science
to analyze the grinding and pulverization of solid materials such as powdered coal. But it
has since been applied to many other types of materials, including sediments (Brezani,

2010).
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Figure 3.3 Wolman Pebble Count particle selection and measurement.

The basic Rosin- Rammler distribution is given by the following equation:

X

Y(x) = e G (3.1)
where Y(X) is the cumulative percent retained of the particle sizes, X is the mesh size or
particle size, X is the characteristic size of the distribution or the mean particle size
(36.8% retained), and n is a measure of the spread of the particle sizes. Thus, the

cumulative percent passing is given by:

X

G (3.2)

Y(x)=1—¢
When using the Rosin Rammler equation, the n parameter can be estimated with fitting

software or by linear regression of sample data.
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Figure 3.4 Wolman Pebble Count section installation, bridge # 1405-156.



3.3.4 Optical Granulometry
Optical granulometry is a technique for analyzing grain size from photographic or video-
graphic images (Maerz et al. 1996). Every image must contain a known scale of
reference. Recent advances in digital photography and associated software have greatly
improved the capability of optical granulometry. The most common applications include
material manufacturing, mining, and construction aggregates.

A proprietary software known as WipFrag was employed for this study. WipFrag
IS an automated, image based, granulometry system that uses digital images and
automatic algorithms to identify individual blocks and create a grain image “net.” It uses
state of the art edge detection and also allows manual intervention (editing of the image
net) to improve fidelity. WipFrag then measures the 2-D image and reconstructs a 3-D
distribution using principles of stereology and geometric probability (Maerz et al. 1996).

Inherent weaknesses of WipFrag include the accumulation of errors due to block
mis-identification, which can result from poor images, poor lighting, and perspective
errors. Over the last few years, the NJIT Research Scour Team has been working to
improve the reliability of WipFrag by: (1) taking high quality close shut pictures;
(2) using a more fitted scale; (3) performing manual edge detection to avoid software
edge errors; and (4) analyzing multiple pictures for each bridge and averaging the final
results. To our knowledge, this is the first application of the method to analysis of stream

sediments. Additional details of the method are described in Appendix C.
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3.3.5 Visual Estimation

An experienced inspector can make a reasonable visual estimation of the percentages of
boulders, cobbles, gravel, and fines present in a streambed. The count is supplemented
with probing by steel rods and also shallow sampling. The results are then independently
verified by a second inspector. While this is a semi-quantitative procedure, it has proven
helpful in assessing stream bed texture and density, when applied consistently.

Once the percentage of each sediment category has been estimated, a grain size
distribution curve is created using the following size boundaries: 300 millimeter (mm) for
boulders, 160 mm for cobbles, 33 mm for gravels, and 0.5 mm for sand and silt (see
USCS definitions of particle size in Appendix A. The visual estimation method has
shown remarkably good agreement with the Wolman Pebble Count at streams where both

have been applied.

3.4 Hydrologic Discharge Calculation

The maximum flow discharge and flow velocity that a bridge has experienced during its
lifetime is key parameter for the limit analysis. This requires a hydrologic analysis of the
river and drainage basin. The analysis method used for this research was developed by
the NJIT Hydraulic Team of Dr. Robert Dresnack and research assistants James
Falcetano and Thomas Bandeira. The comprehensive yet straight forward procedure is
outlined in Figure 3.5.

The analysis begins with a reconnaissance study of available data about the bridge
and its physiography. The USGS software, “StreamStats,” is next consulted to locate all

the gages installed on the stream or nearby streams. Flow records of the gages are then
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checked to identify those with the longest record and highest flows. The proximity of the
gage to the bridge is also considered. Three general analysis cases have been defined. The
best is “case 1,” where the gage located upstream or downstream of the bridge, is fairly
close, and has more than 30 years of recorded flow. “Case 2” is a situation where the
gage is not installed on the same stream as the bridge, but is instead on nearby stream
with similar characteristics. If a bridge is less than 30 years old or has less than 30 years
of gage record on stream or on a nearby stream, the StreamStats software is used to make
the estimate. This situation considered to be “case 3.” The final scenario is “case 4”
where stream is regulated in some fashion or has another human improvement such as a
dam, reservoir, or waste water inflow into the stream. In such situations, FEMA studies
are used since they are based on regional modeling.

Over the last 12 months, the NJIT Hydraulic team has been gathering data for all
the scour critical bridges in New Jersey. The hydrologic information for the 12 bridges in

this study is presented in Table 4.7 (see next chapter).

3.5 Velocity Calculation
3.5.1 Interpolation / Extrapolation from HEC-RAS Sections
The limit analysis requires that the average flow velocity through the bridge be
determined as accurately as possible. In general concept, this may be determined by
applying the equation of continuity. The challenge though, is knowing the flow depth and
flow area, which varies because of the constriction caused by the approach embankment

and bridge opening.
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The most common computation tool for correlating flow depth, flow area, and
velocity is HEC-RAS. This software generates 2-D, hydraulic cross sections along a river
channel. Fortunately HEC-RAS analyses were available for the study bridges in the Stage
Il scour evaluation reports. The reports also contain extensive information about bridge
location, geometry, channel sediments, and scour conditions. Hydraulic cross sections for
the 50-year, 100-year, and 500-year design storms were available.

To determine the highest flow velocity ever recorded for bridge, it was first
necessary to generate a plot flow rate versus velocity using the HEC-RAS results. Next,
the maximum discharge (see Section 3.4) was entered into the plot. Finally, the
corresponding velocity was determined by interpolation or extrapolation.

This approach to estimate velocity is considered quite reliable and was used for
10 out of 12 of the study bridges. The remaining two bridges have some flow and channel
irregularities, so alternative methods were needed to estimate maximum velocity. These
alternative methods were also used as double check for the interpolation/extrapolation

approach, and they are described in the next section.

3.5.2 Alternative Velocity Calculations
Another approach for estimating velocity is to use the water surface elevation and
channel geometry presented in the Stage Il reports. This provides a base value for the
bridge opening flow area. Then, dividing the maximum discharge value for each bridge
by the 100-year flow area provides an alternative estimate of the maximum velocity
during the history of the bridge.

A third approach to estimate velocity was to apply the Manning equation, which

is the most common relationship for analyzing open channel flow. First presented in 1889
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by Robert Manning, the semi-empirical equation is useful for channels and culverts

where

where

the water is open to the atmosphere and not flowing under pressure.

The Manning equation is most often expressed in the form:

V=K/n«R/3x5" (3.3)

Q : flow rate, (ft.%/s),

V : velocity, (ft./s),

A : flow area, (ft.%),

n : Manning’s roughness coefficient,
R : hydraulic radius, (A/P), (ft.), and
S : slope of water surface, (ft./ft.).

k is a unit conversion factor: k=1.49 for English units (feet and seconds). k=1.0
for SI units (meters and seconds).

For uniform flow, the slope of the water surface (or energy grade line) may be

equated to the slope of the bottom of the channel. Manning’s, n, varies with the

roughness of the pipe, culvert, or channel. The rougher the streambed, the higher is the n

value.

where

of rou

Based on USGS study, channel roughness may be presented as:

n=(ny+n +n,+nz+n)*m (3.4)

np : base value of n for a straight, uniform, smooth channel in natural materials,
n; : correction factor for the effect of surface irregularities,

n, : value for variations in shape and size of the channel cross section,

ns : value for obstructions,

n, : value for vegetation and flow conditions, and

m : correction factor for meandering of the channel.

In order to obtain reliable results from the Manning equation, accurate estimates

ghness, n, and slope, s, are essential. Channel roughness factors were based on field

observations during the numerous visits to each bridge. Channel slope estimates using

both Stage 11 data and direct measurement from contours on USGS quadrangle maps.
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CHAPTER 4

RESEARCH ANALYSIS AND RESULTS

4.1 Grain Size Distribution Analyses

4.1.1 Wolman Pebble Count Analysis and Results

The Wolman Pebble Count is the most reliable method for measuring the grain size
distribution of ECP sediments. A full Wolman Pebble Count was performed for all 12
study bridges to characterize the grain size and distribution as accurately as possible.
Three cross sections were analyzed for most bridges: upstream, under the bridge, and
downstream. A typical data set generated from a count presented in Table 4.1. For this
particular bridge, the lengths of the three sections were 68 feet, 53 feet, and 23 feet and
the median grain size was 13.99 cm, 14.62 cm, and 11.60 cm, respectively. Overall, the
median grain size for this bridge was 13.83 cm, which falls in the range of boulder size.

The final Wolman Pebble Count results for the study bridges summarized in Table 4.2.

4.1.2 WipFrag Analysis and Results

Although the Wolman Pebble Count is the most accurate method for grain size analysis
of ECP sediments, it takes enormous amount of time to conduct the field measurement.
This was the motivation for NJIT Scour Team to pursue automated image-based
granulometry system. The system chosen was WipFrag, proprietary software that is faster

and yet produces reliable grain size results.
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Table 4.1 Wolman Pebble Count Sediment Size Measurements for Bridge # 2108-162

Up-Stream Under Bridge - Right Span Under Bridge - Left Span

Section length = 68 ft Section length = 53 ft Section length = 23 ft
Distance (ft) |Diameter (cm) |Distance (f) [Diameter (cm) |Distance (&) |Diameter (cm) |Distance (ft) |Diameter (cm) [Distance (f}) |Diameter (cm)
0 13 36 30 0 6.5 3 8 0 53
1 135 37 6 1 32 37 18 1 53
2 21 38 11 2 23 3 7 2 6.5
3 2 3 3 3 20 3 75 3 45
4 yal 40 19 4 8 40 45 4 4
5 85 41 145 5 3 41 8 5 55
6 15 42 165 6 6 4 6.5 6 18
7 15 43 18 7 25 43 10 7 18
8 16 4 0.7 8 9 4 6.2 8 4
9 255 45 18 9 6 45 3 9 7
10 2 46 9 10 12 46 14 10 135
1 8 47 11 11 19 47 13 1 3.7
12 3 48 4.3 12 A7 48 9 12 3
13 35 49 7.2 13 5.6 49 25 13 6
14 165 50 105 14 20 50 5 14 53
15 6 51 55 15 16 51 45 15 5
16 10 52 6.8 16 15 52 105 16 8
17 23 53 0.2 17 12 53 125 17 6.3
18 2 54 0.2 18 6.6 18 10
19 2 55 9.5 19 18 19 85
2 16 56 115 2 22 2 14
2 20 57 1.3 2 14 2 8
2 13 58 19 2 24 2 9
23 1 5 8 23 46 23 A7
2 2.5 60 10.6 24 46
25 13 61 1.3 25 35
26 12 62 3 26 3%
2 13 63 3 2 6
28 137 64 63 28 6.5
29 155 65 63 29 39
30 15 66 2.2 30 2
3 6.3 67 26 3 2
Y] 28 68 55 kY 2
3 23 3 17
34 15 34 7
3% 95 35 9
Section median grain size 13.99 ¢m 14.62cm 11,60 cm
Overall median grain size 13.83 cm
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Table 4.2 Wolman Pebble Count Median Grain Size for 12 Study Bridges

Bridge #  |Location Province County Wolman Sections Median Grain Size Median Grain Size |Category
Section 1{# Particles | Section 2 |# Particles | Section 3 [# Particles {cm

1 10709-150 |NJ Route 10 over Willow Meadow Brook |Piedmont Essex (609 (38 521 |38 5.65 Cobble
2 |1809-153 |NJ Route 202 over Branch of Mine Brook |Piedmont Somerset (641 |23 52 24 5.79 Cobble
3 10711-150 |NJ Route 10 over Canoe Brook Piedmont Essex (609 |60 541 |46 5.80 Cobble
4 |1612-154 |NJ Route 208 Ramp A over Goffle Brook [Piedmont Passaic {1419 (30 16.02 (30 8.3 3l 12.79 Cobble
5 (2108-162 [NJ Route 46 over Musconetcong River  |Highlands Warren |14 69 1462 |54 116 |4 13.83 Cohble
6 |1605-158 [NJ Route 23 NB over Macopin River  |Highlands Passaic (16,96 |44 1931 |30 17.92 Boulder
7 |1417-156 |NJ Route 206 over SB Raritan River Highlands Morris  |33.06 (17 849 |31 265 |22 20.13 Boulder
8 |1605-153 [NJ Route 23 SB over Pequannock River  |Highlands Passaic {2512 |59 1882 |45 22.39 Boulder
9 |1405-156 [NJ Route 23 over Pequannock River Highlands Morris  30.58 |65 30.58 Boulder
10 {1912-160 [NJ Route 206 over Big Flat Brook Valley & Ridge [Sussex (1156 |46 1224 |45 11.90 Cobble
11 2107-156 |NJ Route 46 over Paulins Kill Valley & Ridge [Warren |21.02 {125 1358 |76 1821 Boulder
12 12111-155 |NJ Route 31 over Pequest River & RR - [Valley & Ridge (Warren 2268 {52 2188 |48 25.17 Boulder




The first step in a WipFrag analysis is to take a number of close, high quality
pictures of stream bed sediments with a known scale of reference (Figure 4.1a). The next
step is to upload the photos into the software and set the measuring scale and edge
detection parameters (Blur, Threshold, and Valley threshold). The software then creates a
raw net. Next, manual adjustments are made to the edge detections which produce a final
net (see Figure 4.1b). Finally, the software generates a table and plot of the grain size
distribution of the sediment (see Figure 4.2). Final processing of a photo takes about ten
minutes. WipFrag also computes the maximum and minimum size of the particles in a
given sediment photo, median grain size, X,, as well as n value, which indicates how well
or poorly graded is the sediment.

The WipFrag method also has some limitations. First, the software considers
particles around the edge to be part of the picture frame. The analyzer needs to draw
edges for those particles manually to avoid an error. Second, WipFrag tends to break
down big particles into smaller particles during the net creation process. These are also
corrected manually with a side by side comparison with the original picture. Third, small
particles like gravel sometimes hide under the shadow of larger boulders and cobbles,
which skews the final grain size analysis result to be coarser than it actually is. This
source of error cannot be eliminated manually, but instead is handled by edge detection
parameters. Fourth, it is very difficult to take clear pictures of streambeds covered by
more than one foot flowing water due to reflection and refraction of light. Thus, for scour

applications, WipFrag is best applied to dry streambeds.
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Figure 4.1 Streambed sediments photo and its WipFrag edge detection and net creation, Bridge # 1405-156.
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WipFrag 2.7.28 Abo - NJIT - 01D5
1.JPG November 04, 2016, 03:50:31 PM Eastern Daylight Time
100 1 1 1 1 | X | = -
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3 = 0
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1. 10. 100. 1000. 0.60 0.00%

Size (mm)
Diameter of an Equivalent Sphere

Figure 4.2 Result of WipFrag analysis for picture presented in Figure 4.1.



4.1.3 Correlating the Wolman and WipFrag Methods

In the previous sections, both the Wolman and WipFrag methods were shown to be
effective in analyzing the grain size of ECP sediments. It is also desirable to know if
there is consistency between the two methods. A comparative plot of grain size
distributions for both is shown in Figure 4.3 for one of the study bridges. A surprisingly
close match between the Wolman Pebble Count results and the results of the manually
adjusted WipFrag is indicated. One may conclude that there is good agreement and either
can be used effectively.

The problem is both the Wolman Pebble Count and the manually adjusted
WipFrag are labor intensive, which will discourage their use in field scour evaluations.
Thus, The NJIT Geotechnical Team came up with the idea to calibrate the ‘raw’ WipFrag
photo analysis based upon the Wolman Pebble Count and manually adjusted WipFrag.
The goal was to determine an ‘adjustment Coefficient’ based on the results for the 12
studied bridges. Having such a coefficient would allow one to find the grain size
distribution in a fast and easy manner by multiplying the results of a raw, unadjusted
WipFrag with adjustment coefficient, Kj.

The coefficient was derived using the ‘n’ parameter from Rosin-Rammler
equation. Recall that the n value represents the spread or grading of the particle sizes. In
general, ‘n’ value in the range of 0.5 to 1.5 is considered to be well graded, while range
of 1.5 to 3 represents poorly graded sediment. Since the Wolman Pebble Count
considered is the most accurate method, the average n value for this method was
computed using the Rosin-Rammler equation for each of the study bridges. These results

are shown in Table 4.2.
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In the next step, the following three parameters were defined: K; = n,/ny, ratio of
sediment grading; K, = Xco/ X, ratio of average grain size; and Kz = Dsg., / Dsg.1 ratio of
the 50 percent finer by size. The reliable computation of these parameters can only be
done for bridges with sediments that were mostly exposed. Four study bridges met this
criterion, and those results are summarized in Table 4.3.

An examination of Table 4.3 indicates that for most cases, K;, K, and Ks are
always larger than one. First, this means sediments are less well graded than what the raw
WipFrag analysis shows. It also indicates that average sediment size is larger, since both
the grain size ration (K3) and the Ds ratios (K3) are greater than one. The main reason is
that the software tends to break down big particles like boulders during net creation.
Similarly, Ds is larger than what WipFrag gives.

In conclusion, if photos are available of sediments from all around the bridge,
these should be first processed by the WipFrag software. This will generate the
characteristic Rosin-Rammler parameters, ‘n” and ‘X;’. Finally, these should be adjusted
using coefficients ‘K3’ and ‘K’ to give the best possible grain size distribution as if the

Wolman Pebble Count method was used.

Table 4.3 Median Grain Size "Xc', and Grading Coefficient 'n’, for the 12 Study Bridges

| 2 3 4 5 6 ! § 9 0 ] 11| R
Bridge # 10709-150]1809- 153|0711-150 1612-154|2108-162{1605- 158] 1417- 156{1605- 153 1405- 156{1912- 160/ 2107- 156[2111- 155
Xe(mm) 5649 [57.92 |57.98 (12786 |138.29 |179.06 [201.30 [22391 |30580 |118.99 |182.05 |25L73
I 149 113|168 |1 12 (152 078 098 (138 L& [L3B |10
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Table 4.4 WipFrag Adjusted Coefficient Factor

Bridge #  |# Pictures|# Sections |Sediment grading factor Median Grain Size (mm)

n2 nl K1 Xc2 Xcl K2
1 |1417-156 |4 1 1.12 1.08 1.03 148 59 2.62
2 |1605-158 |11 3 1.28 0.86 151 191 151 1.37
3 [2107-156 |18 4 1.41 1.15 1.24 199 157 1.61
4 |1405-156 |8 2 1.45 1.04 1.40 270 180 1.96
Average 1.30 1.89

4.1.4 Visual Estimation Method

Before any bridge visit, NJIT Geotechnical Research Team performed a geotechnical
reconnaissance of each bridge to become familiar with texture of sediments under and
around the bridge. Then, during the visit, the sediments were carefully inspected. To
develop a visual estimate the percentages of boulders, cobbles, gravel, and fines. An
example grain size calculation for study bridge number 2111-155 is presented in Table
4.5.

While the visual estimation method is fast and easy to apply, the only concern is
how accurate are the results compared with a more rigorous method such as the Wolman
Pebble Count. A comparison of the two methods for the study bridges is shown in Table
4.6. On average, the visual method tends to predict median grain size by approximately
25 percent error compared with the more accurate Wolman Pebble Count method. It
appears that the visual method is suitable for a quick preliminary estimate, pending a
more detailed evaluation. Visual estimation results for the study bridges are presented in

Table 4.6, and detailed calculations are presented in Appendix C.3.
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Table 4.5 Visual Estimation Method, G.S.D. Analysis, Bridge # 2111-155

Category | Estimat giaztgg(:)nrr);)l\/l edian Calculation g\it:r%(;;y
Boulders 50% 300 300*0.5 150
Cobbles 30% 160 160*0.3 48
Gravel 10% 33 33*%0.1 3.3
Sand/Silt 10% 0.5 0.5*0.1 0.05
Overall Sediment Median Grain Size 201.35

4.1.5 Summary of Geotechnical Results for 12 Study Bridges

As the grain size distribution of the streambed was a core part of this research, a
maximum effort was directed toward its determination. The preceding sections have
detailed the various grain size distribution methods, data analyses, and results for this
study. Table 4.7 presents a final summary of the median grain size ‘Dsy’ that will be used

in the limit analysis.

Table 4.6 Comparison of Wolman and Visual Methods

Bridge # Median Grain Size Error
Wolman Visual

1 |0709-150 (56.49 84.81 -50%
2 |1809-153 (57.91 81.00 -40%
3 |0711-150 |57.99 96.63 -67%
4 |1612-154 |127.86 156.94 -23%
5 |2108-162 |138.29 165.56 -20%
6 |1605-158 |179.16 163.31 9%
7 |1417-156 |202.99 179.84 11%
8 |1605-153 |223.91 197.34 12%
9 |1405-156 [305.8 242.47 21%
10 [1912-160 |118.99 165.56 -39%
11 [2107-156 |182.04 218.63 -20%
12 [2111-155 |251.73 207.31 18%
Average Error 26.33%
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Table 4.7 Final Grain Size Distribution Results for 12 Study Bridges

Bridge # |Location Province County  |Median Grain Size (cm)
1 {0709-150 |NJ Route 10 over Willow Meadow Brook |Piedmont Essex 5.65
2 |1809-153 |NJ Route 202 over Branch of Mine Brook |Piedmont Somerset 5.79
3 10711-150 (NJ Route 10 over Canoe Brook Piedmont Essex 5.80
4 11612-154 |NJ Route 208 Ramp A over Goffle Brook |Piedmont Passaic 12.79
5 12108-162 [NJ Route 46 over Musconetcong River  {Highlands Warren 13.83
6 |1605-158 |NJ Route 23 NB over Macopin River Highlands Passaic 17.92
7 11417-156 |NJ Route 206 over SB Raritan River Highlands Morris 20.13
8 11605-153 [NJ Route 23 SB over Pequannock River  {Highlands Passaic 22.39
9 [1405-156 |NJ Route 23 over Pequannock River Highlands Morris 30.58
10 |1912-160 |NJ Route 206 over Big Flat Brook Valley & Ridge |Sussex 11.90
11 |12107-156 |NJ Route 46 over Paulins Kill Valley & Ridge |Warren 18.21
12 |2111-155 |NJ Route 31 over Pequest River & RR  [Valley & Ridge |Warren 25.17

4.2 Velocity Analysis

4.2.1 Hydrology Calculation
The first step in determining the velocity for the limit analysis was to find the highest
flow discharge ever recorded at the bridge. Following the procedures described in section

3.4, the NJIT Scour Team estimated these flows which are summarized in Table 4.8.

4.2.2 Estimation of Flow Velocities

As discussed in Chapter 3, the preferred method for computing maximum velocity was
interpolation or extrapolation from the Stage Il data. This approach uses hydraulic cross-
sections generated by HEC-RAS of the channel upstream, underneath, and downstream

of the bridge.
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Table 4.8 Hydrologic Data, All 12 Study Bridges

. | A _ % Q100
. , Bridge Location | . Record Q100 at Bridge °Q
Bridge # Location Gage # . Bridge Seenat
Relative to Gage| , . Date | Transference (CFS)
(me) Gage
1| o700-150 Rt 10 0ver Wilow 01379520 | 244 miNW | N/A | 9/16/1999 398 153.3%
Meadow Brook
2202 Over Branchof | 01378690 | 345miSW | 138 | 82811971 1569 82.1%
2 [1800-053 | 0
Iné Broo 01399525 | 6.43miW | 1.38 | 9/16/1999 1473 70.1%
3 [ 0711-150 |Rt. 10 over Canoe Brook (01379519 |2.44 miNW 7123/1954 797 110.1%
o o115 [P 208 Ram A 01390810 |  4miS | 4.85 | 9/16/1999 1520 141.3%
Goffle Brook 01389765 | 2miNW | 485 | 5/16/1990 1764 83.9%
01456000 3m 757 | 8/19/1955 5290 96.0%
Downstream ' al
5 | 2108162 RF. 46 over Musconetcong .
River 17.47 mi
01457000 757 | 1/25/1979 5286 94.4%
Upstream
Rt. 23 NB over Macopi 0.66 mi
6 | 1605158 |- OVETMCOPI 1 41382500 ™| 533 | srspoit 1248 80.8%
River Upstream
7 | 141715 [R 200 0ver SBRartan 1 sercs | 03001 | apgpon 1360 2048
River Downstream
8 |1605-153 Efv:f SB over Pequamiock| o soc00 | 01382500 | 637 | 4/5/1984 5384 90.5%
o | 1405-156 [t B 0verPequamock | g aeoeng | TM | 673 | 41084 5572 90.5%
R./Hamburg Turnpike Downstream
0144000 |11 mi Upstream | 23.8 | 8/28/2011 4339 131.1%
10 | 1912-160 |Rt. 206 over Big Flat Brook
01439800 | Atbridge | 238 | 8/19/1955 4490 145.3%
01443500 Do%vitglam 177 | o011 7837 101.7%
11 | 2107-156 |Rt. 46 Over Paulins Kil e
01443500 =M 477 181971955 7837 136.4%
Downstream
12 | 2111-155 |Rt 31 over Pequest Rver | 01445500 | 1™ | 114 | omr01t 2461 100.5%
Downstream
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A summary of HEC-RAS flow discharges and velocities for the 50, 100, and 500
year storms is given in Table 4.9. These data were plotted to establish the trends of
discharges, ‘Q’, versus velocity, ‘V’. The resulting trend lines for each of the study
bridges are presented in Figure 4.4. Next, the maximum recorded flow discharge (see
Table 4.7) was plotted on the corresponding trend line for each bridge. In a final step, the
maximum velocity, V imit, Was estimated by interpolation or extrapolation.

Because of certain flow and channel irregularities, alternative methods were
applied for two of the study bridges. Note that these methods were also used for a
reasonableness check of the interpolation/extrapolation approach described above. The
first alternative method involved scaling the flow areas from the Stage Il reports to
NJIT’s maximum discharges. The second method involved Manning’s equation as
detailed in Section 3.5.3. This required estimation of two key parameters, namely the
channel roughness coefficient, ‘n’, and the slope of the channel,’s’. The roughness
coefficient depends on the size and gradation of the streambed sediments, as well as other
channel characteristics including degree of irregularity, variation in cross section, effect
of obstructions, amount of vegetation, depth of the flow, and degree of meandering. A
thorough study of channel characteristics was undertaken for each of the 12 study
bridges, and these are summarized in Table 4.10. The table also contains the final values
of ‘n’ used for the study.

The other sensitive Manning parameter is slope of the channel. In most cases, the
HEC-RAS sections provided values of slope. But given the importance of this parameter
it was decided to also compute slope from a USGS quadrangle map. The advantage is this

provides the slope over a longer reach of the stream than the HEC-RAS data. Thus, it is
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Table 4.9 Interpolation and Extrapolation of Discharge and Velocity Values

Bridge # Q50 V50 Q100 |V100 |Q500 (V500 |Qlimit |V lmit |V limit
cfs ft/s cfs ft/s cfs ft/s cfs ft/s cm/s

1 ]0709-150 |600 9.91 720 9.96 1200 12.77 610 9.92 302
2 |1809-153 430 8 545 8.2 920 8.5 1033 9 274
3 |0711-150 |1150 11.47 1405 12.26  |2200 1415 |877 8.04 245
4 11612-154 |1525 8.24 1920 9.29 2945 12.01 |2148 9.9 302
5 |2108-162 |2450 458 2926 6.03 4264 8.61 5078 10.17 |310
6 |1605-158 |1446 11.38  |2059 12.75 |3500 1521 |1008 9.9 302
7 (1417-156 (984 3092 |1215 31.92 |2065 33.83 |2785 43.1 1314
8 |1605-153 |2602 13.77  |3440 14.86  |5200 17.15 |4873 16.8 512
9 |1405-156 |3515 10.03 4265 10.84 6285 13.77  |5043 12 366
10 |1912-160 (1969 6.12 2398 7.2 3395 7.84 6524 10 305
11 |2107-156 |6783 11.76  |8117 11.77 {11939 |[11.8 10690 |11.77 |359
12 |2111-155 {2010 51 2372 55 3025 6 2473 5.7 174

likely more representative of actual slope. The procedure requires two consecutive
contour lines of elevation that span the bridge to establish ‘rise’. Next, the distance
between these contours is measured along the curvature of the channel to establish the
‘run’.

Finally, dividing the rise in elevation over the run of the channel results in the
channel slope. A sample quadrangle map calculation for bridge number 1605-153 is

presented in Figure 4.5. The slope calculation results for all 12 study bridges are

presented in Table 4.11.

4.2.3 Summary of Velocity Analysis

Determination of maximum velocity was another core part of this research. Utilizing the
historic maximum discharges provided by the NJIT Hydraulic Team, the limit velocities
for all 12 of the study bridges were computed. The final results of the velocity calculation

are presented in Table 4.12.
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Figure 4.4 Trend line, flow discharge vs. velocity.
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Table 4.10 Manning's Roughness Coefficient

Bridge # | " Base Range [Base Value Degree of Irreqularity Variation in Ch. Cross-section|Effect of Obstruction |Amount of Vegetation | Deg. of Meandering|Add up| Initial " |Final "n"
Nb nl n2 n3 n m
Range Valie [Reason Range Value Range Value [Range Valee  [Range Value

1 |0709-150 {0.028-0.035 {0.03 0.001-0.005{0.001 (L. migration 0 0 0.000-0.004 {0.001 {0.002-0.01 0.002  |Minor 110004 (0.034 ]0.034
2 |1809-153 10.028-0.035 |0.03 0.001-0.005{0.001 |L. migration 0 0 0.000-0.004 |0 0.002-0.01 10.005  [Minor 1 10.006 [0.036 ]0.036
3 |0711-150 10.028 - 0.035 |0.03 0.001-0.005{0.001 |L. migration 0 0 0.000-0.004 |0 0.002-0.01 10.003  |Minor 110004 [0.034 ]0.034
4 11612-154 10.03-0.05 {0.035 0.001-0.005{0.001 (L. migration 0 0 0.000-0.004 {0.001 {0.002-0.01 {0.002  |Minor 110004 {0.039 {0.039
5 ]2108-162 0.03-0.05 {0.035  0.001-0.005/0.003 |Slope 0.001 - 0.005 {0.002 0.000-0.004 {0.004 10.002-0.01 {0.005  [Minor 10014 [0.049 10.049
6 |1605-158 0.03-0.05 |0.04 0.001-0.005{0.002 |Flow depthlow |0 0 0.000-0.004 {0.002 {0.002-0.01 0.002  |Minor 1 10006 [0.046 ]0.046
7 |1417-156 0.03-0.05 {0.045  ]0.001-0.005]0.001 [L. migration 0 0 0.000-0.004 {0.002 10.002-0.01 {0.002  |Appreciable |1.15 10.005 [0.05 ]0.058
8 |1605-153 0.03-0.05 |0.045  |0.001-0.005(0.005 |L. migration; Slope [0 0 0.000-0.004 {0.002 {0.002-0.01 0.002  |Minor 110009 [0.054 ]0.054
9 [1405-156 0.04-0.07 {0.055  {0.006-0.01 {0.006 (L. migration; Slope|0.001 - 0.005 {0.005 0.000-0.004 {0.004 {0.002-0.01 0.002  |Minor 110017 (0.072 {0.072
10 |1912-160 [0.03-0.05 {0.035  ]0.001-0.0050.001 [L. migration 0.001 - 0.005 {0.001 0.000-0.004 {0.002 10.002-0.01 {0.003  [Minor 110007 [0.042 10.042
11 |2107-156 {0.03-0.05 [0.04 0.001-0.005(0.001 [Slope 0 0 0.000-0.004 {0.004 {0.002-0.01 {0.002  |Minor 110007 [0.047 0.047
12 |2111-155 [0.04-0.07 |0.05 0.001-0.005{0.005 |Slope 0 0 0.000-0.004 {0.002 10.002-0.01 {0.003  [Minor 11001 [0.06 ]0.060
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Table 4.11 Stream Slope through Geotechnical Quadrangle Maps

Bridge # Contour Distance Slope
Upstream | Downstream [Value Scale Length (ft) | ft/ft
a b c=ab d e=5280/d | f-Scale | g=e*f |s=c/g
1 0709-150 |190 180 10 149S=1M |35.44 42 1488 0.0067
2 1809-153 |280 260 20 256 S=1M |20.63 46 949 0.0211
3 0711-150 |320 300 20 124S=1M |42.58 68 2895 0.0069
4 1612-154 |120 110 10 208S=1M |25.38 56 1422 0.0070
5 2108-162 520 500 20 204S=1M |25.88 144 3727 0.0054
6 1605-158 |620 600 20 210S=1M |25.14 46 1157 0.0173
7 1417-156 |800 780 20 304S=1M |17.37 40 695 0.0288
8 1605-153 |520 500 20 252S=1M |20.95 117 2451 0.0082
9 1405-156 |460 440 20 252S=1M |20.95 64 1341 0.0149
10 |1912-160 |540 520 20 176 S=1M |30.00 80 2400 0.0083
11 |2107-156 |300 280 20 60S=1M |88.00 344 30272 0.0007
12 |2111-155 |380 360 20 147S=1M |35.92 136 4885 0.0041
Table 4.12 Summary of Velocity Analysis for 12 Study Bridges
Bridge # Location Province  |Q limit (cfs) |V limit (crm/s)
0709-150 |NJ Route 10 over Willow Meadow Brook |Piedmont 610 273
1809-153 |NJ Route 202 over Branch of Mine Brook [Piedmont 1033 262
0711-150 |NJ Route 10 over Canoe Brook Piedmont 877 245
1612-154 |NJ Route 208 Ramp A over Goffle Brook |Piedmont 2148 302
2108-162 |NJ Route 46 over Musconetcong River Highlands 5078 310
1605-158 NJ Route 23 NB over Macopin River Highlands 1008 302
1417-156 NJ Route 206 over SB Raritan River nghlands 2785 399
1605-153 |NJ Route 23 SB over Pequannock River Highlands 4873 512
1405-156 |NJ Route 23 over Pequannock River Highlands 5043 366
10 |1912-160 NJ Route 206 over Big Flat Brook Valley & Ridge 6524 305
11 |2107-156 |NJ Route 46 over Paulins Kill Valley & Ridge |10690 359
12 |2111-155 |NJ Route 31 over Pequest River & RR Valley & Ridge |2473 549
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CHAPTER 5

LIMIT ANALYSIS AND APPLICATIONS

5.1 Limit Analysis and Summary of Results

The most unique aspect of this research is it converts a real stream channel into an
experimental flume. This eliminates the need to use scaling factors or other corrections as
is done with laboratory flume studies. The other singular aspect of this research is that it
is believed to be the first erosion study that has focused solely on extremely coarse
particles. Mostly, this is because of the difficulty in measuring the grain size of such large
sediments reliably. Fortunately, access to a significant database of flow and particle size
data from the ongoing NJDOT / FHWA scour research project has made this study
possible.

This section begins with a summary of experiments results, which are then used to
perform a limit analysis. The basic premise is the sediments found in and around the
bridge at present reflect the maximum historic flow and velocity in the stream channel.
The end goal is to define a limit relationship between maximum velocity and median
grain size for ECP sediments.

The geotechnical characteristics and grain size distribution of the sediments were
previously investigated and analyzed using three different methods. The median grain
size finally selected for each of the 12 study bridges is presented in Table 5.1. It varies
over a wide range from 5 centimeters, which correspond to medium gravel, up to 31
centimeters, representing large cobbles and medium-size boulders. A grain size
distribution curve for each bridge streambed sediments is presented in Figure 5.1, and

the supporting tabular data are contained in Appendix C.
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Table 5.1 Summary of Data for Limit Analysis

Bridge # Median Grain Size |Q limit V limit

cm cfs cm/s
1 |0709-150 |5.65 610 273
2 |1809-153 |[5.79 1033 262
3 |0711-150 |5.80 877 245
4 |1612-154 |12.79 2148 302
5 |2108-162 (13.83 5078 310
6 |1605-158 |17.92 1008 302
7 |1417-156 (20.13 2785 399
8 |1605-153 |22.39 4873 512
9 |1405-156 (30.58 5043 366
10 (1912-160 |11.90 6524 305
11 (2107-156 |18.21 10690 359
12 (2111-155 |25.17 2473 549

The stream gage records for each bridge site were analyzed to determine the flow
rate history as accurately as possible. Interestingly, Hurricane Irene caused the maximum
flow discharge for a number of the study bridges. The maximum recorded discharge for
each of the studied bridges presented in Table 4.7. Using these discharges, maximum
stream velocities were determined using three different methods as described in Chapter
4. In general, the interpolation/extrapolation of HEC-RAS data appeared to give the most
accurate value of velocity. The final maximum flow velocities calculated for the study
bridges are also presented in Table 5.1.

Equipped with the median particle size and maximum velocity for each bridge, a
limit analysis was performed by plotting them on a log-log scale. For reference purposes,

the limit analysis data have been superimposed over the classic sediment transport
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Figure 5.1 Grain size distribution for 12 study bridges.

relationships previously discussed in Chapter 3. The results are shown in Figure 5.2. At
first glance, the results of the limit analysis appear to be generally consistent with the
other transport methods.

Figure 5.3 provides an enlarged detail of the region of interest for ECP

sediments. This allows a better comparison of the limit data with the reference data. The
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first thing to notice is there are very few classic transport relationships within the range of
the limit analysis. It is also observed that all except one of the study bridges fall above
Newton’s Law. The likely explanation is Newton’s Law describes the theoretical
behavior of a single particle within a fluid, while the data from this research represents
particles that are packed together in a bed. The fact that the bridge data are higher
suggests that more velocity is required to disconnect a particle from its neighbors. In
addition, examination of Figure 5.2 shows that the limit data mostly plot lower than the
U.S. Army practical design equation. This suggests that the two relationships are less
conservative for the ECP sediments than the limit analysis. That is, for a given grain size,
this research indicates entrainment occurs at lower stream velocity than U.S. Army. The
impact of this will be further discussed in the application discussion (Section 5.3).

In summary, the limit analysis provides a realistic relationship between limit
(entrainment) velocity and particle size for ECP sediments. It is expected that over the
history of the bridge, all the finer particles have been winnowed out and transported
downstream. The grain size of the particles remaining behind provides a good measure

of the actual resistance of sediments to future flow velocities.
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5.2 Develop a Best-Fit Predictive Model
In order to use the limit analysis results as a predictive model, a best fit curve was
developed. Rather, two best fit curves were regressed. The first curve shown in Figure

5.4 is based on a nonlinear power regression of all 12 study bridges. The relationship is:
Vieimit = 137.8 x d%34 (5.1)

Where: VLimit : maximum entrainment velocity, (cm/s); and
d : median grain size of streambed, (cm)

Note that the correlation coefficient, R? is the fraction of the total variance of
Viimit. It is equal to 0.643, which indicates that the trend line represents 64 percent of the
limit data, which is promising.

A second best fit curve was drawn through the limit data utilizing an exponential

regression, which is shown in Figure 5.5. This yields the expression:
Viimit = 226.7 X ¢0:025%d (5.2)

The first thing to notice is the correlation coefficient is identical. Secondly, the
curve displays a gradual upward trend that converges with the HEC-18 and U.S. Army
relationships for the largest grain sizes. However, the total number of limit data points is
not believed sufficient to justify higher order relation. Thus, the proposed working form
of the limit analysis will be Equation (5.1).

In summary, the limit analysis defines the erosion behavior of particle grains from
2 to 50 centimeters in diameter, a size range that has not been previously well studied. In
addition, the results are for natural sediments in a river channel as opposed to an artificial
flume. Such data are potentially very useful for sediment transport analyses in river basin
studies. There are also several practical engineering applications of the limit analysis,

which will now be discussed.
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5.3 Research Applications
5.3.1 General Scour Risk Assessment
The proposed first application of this research is to use the limit analysis results as a rapid
and direct assessment of scour risk for bridges underlain by ECP sediments. The
procedure for performing the assessment is:

Step 1. Estimate the grain size distribution of the bed using one of the methods discussed
in Section 4.1, e.g., WipFrag, Wolman Pebble Count. This establishes the
median grain size, Dsy.

Step 2. Next calculate the limit velocity using Equation (5.1) or Figure 5.4.

Step 3. The third step is to choose a scour design storm and compute the corresponding
flow velocity. For existing bridges, Qigo is commonly used. Alternatively, the
maximum historic discharge according to USGS data might be used.

Step 4. Finally, the scour design velocity is compared with the limit velocity for the
chosen median grain size (see Figure 5.4). If the scour design velocity is less
than limit velocity, then the bridge is likely to have a low scour risk. But if the

scour design velocity exceeds the limit velocity, then the bridge may not be safe
and countermeasures or monitoring should be contemplated.

Note that it is important to supplement this general assessment procedure with
field inspection and other scour assessment methods. But the limit analysis does provide
a useful tool for evaluating scour risk of sediments where traditional scour relationships
are not applicable. An example illustrating use of the general scour risk assessment is

presented in Appendix F.
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5.3.2 Extension of Design Methods into ECP Range

Another application of this research is it extends the particle size range of current scour
design methods. For example, the HEC-18 relationship for critical velocity (Equation
(2.5)) is considered valid for granular sediments up to and including gravel size (3 cm).
The limit analysis extends beyond this range and into the ECP sizes as shown in Figure
5.6. Note that the limit curve plots slightly lower than the extrapolated HEC-18 relation.
This means that the limit results are more “conservative”. That is, for a given grain
particle size, the limit velocity to entrain a particle is lower than predicted by the HEC-18
equation. Thus, the limit analysis defines erosion behavior in a size range where no
reliable data was previously available.

In a similar way, this research also supplements U.S Army EM 1601, which is the
most widely used riprap design procedure (see Equation (2.6) in Section 2.2.6). Referring
again to Figure 5.6, the limit curve approximately parallels the EM 1601 relation, which
adds validity to both methods. But again, the limit analysis curve is lower, which means it
IS more conservative. Note that this could be due to in part to riprap angularity, which
increases the entrainment velocity. This research is not meant to invalidate the widely
applied riprap design procedure. But it does suggest that a higher factor of safety may be
appropriate for this popular design equation.

Based on the limit analysis, a new safety factor can be derived by comparing
velocity ratios for a given grain size. For sediments in the size range of cobbles to
boulders, a safety factor of 1.5 to 2.0 is recommended. This result is consistent with the
observation that riprap installations designed according to EM 1601 sometimes fail. Use

of a new higher safety factor from the limit analysis will help reduce such failures.
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5.3.3 Rapid Field Determination of ECP Grain Sizes

During the course of this research study, the NJIT Geotechnical Team developed a new
and more rapid field method for determining the grain size distribution of ECP sediments.
It was recognized that the Wolman Pebble Count and manually adjusted WipFrag
methods are very labor intensive, so they are not likely to be used for standard scour
evaluations.

The approach was to determine ‘adjustment coefficients’ based on the vast
database of grain size results from the study bridges. This would allow an unadjusted
WipFrag photo to be converted simply and quickly by multiplying the raw grain size
results by the adjustment factors.

The approach for deriving the adjustment coefficients was to utilize the ‘n’
parameter from Rosin-Rammler equation (see Section 4.1.3). Recall that the n value
represents the spread or grading of the particle sizes. In general, if the n value is in the
range of 0.5 to 1.5 the sediment is well graded. For n values greater than 1.5, the sample
is poorly graded. Since the Wolman Pebble Count is considered to be the most accurate
grain size method for ECP sediments, the n from this method was computed for all the
study bridges. These results are shown in Table 5.2.

For the next step, two new grain size parameters were defined: K; = ny/n;, ratio of
sediment grading, and K, = X,/ X, ratio of median grain size. Reliable computation of
these parameters requires a large number of WipFrag photos and can only be done if the
bridge streambed is mostly dry. Four study bridges met this criterion, and the results are

summarized in Table 5.3. Detailed calculations are presented in Appendix C.2.
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Table 5.2 Median Grain Size "Xc', and Grading Coefficient 'n', for the 12 Study Bridges

1 2 3 4 5 6 7 8 9 10 11 12
Bridge # (0709-150]1809-153|0711-150|1612-154(2108-162|1605- 158|1417-156|1605-153|{1405-156|1912-160{2107-156({2111-155
Xc(mm) 5649 (5792 5798 |127.86 |13829 |[179.16 [201.30 (22391 {30580 |118.99 |182.05 |25L73
n 149 113 (168 |1 122|152 |07 {098 (138 (135|138 |L06
Table 5.3 WipFrag Adjusted Coefficient Factor
Bridge #  |# Pictures|# Sections [Sediment grading factor Median Grain Size (mm)
n2 nl K1 Xc2 Xcl K2
1 |(1417-156 |4 1 1.12 1.08 1.03 148 59 2.62
2 [1605-158 |11 3 1.28 0.86 151 191 151 1.37
3 [2107-156 |18 4 141 1.15 1.24 199 157 1.61
4 11405-156 (8 2 1.45 1.04 1.40 270 180 1.96
Average 1.30 1.89

An examination of Table 5.3 indicates that for most cases, K; and K, are always

larger than one. This means sediments are typically less well graded than what the raw

WipFrag analysis shows us. The table further shows that average sediment size is also

larger. The main reason for these trends is that the software tends to break down large

particles like boulders into smaller particles during net creation.

To apply this new method, the sediments are first photographed and then

processed with the WipFrag software. This determines the ‘raw’ Rosin-Rammler

parameters, n and X.. Next, these values are multiplied by coefficients K; and K, to

generate a more realistic grain size distribution for ECP channel sediments.
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5.3.4 Particle Size Trends for New Jersey’s Geologic Provinces

New Jersey has a diverse geology considering its relatively small size. This diversity is
reflected in the state’s four physiographic provinces, which are shown in Figure 5.7. The
current research has focused on the three most northern provinces (Piedmont, Highlands,
Valley and Ridge), since this is where ECP sediments are encountered. The actual
locations of the 12 study bridges are also shown in Figure 5.7.

A couple of useful data trends may also be observed in Table 5.4 and Figure 5.7.
First, the median grain size appears to be a function of the geology of each Province. The
average median grain size of the sediments in the Highlands was the largest (20.97 cm).
This is consistent with the province’s bedrock geology which consists of resistant
crystalline igneous and metamorphic rocks. In contrast, the sediments of Piedmont were
the smallest (7.50 cm), reflecting the weaker sedimentary rocks that underlie the
province. The bridge sites in the Valley and Ridge had sediments of intermediate size
(18.43 cm), which corresponds to the mid-range strengths of the dolomites, slates, and
conglomerates throughout the region.

There also appears to be a trend of decreasing coarseness to the south within each
individual province. This is attributed to the effect of the Wisconsin glacier, which
advanced from north to south over northern New Jersey. Overall, the observed geologic
trends might suggest that higher scour design storms are appropriate in the northern part

of the state.
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Table 5.4 Grain Size Distribution Trend based on New Jersey Geological Provinces

Bridge # |Province Median Grain Size Estimated Grain Size

cm Boulder % |Cobble % [Gravel % [Fines %
1 |0709-150 |Piedmont 5.65 0 30 60 10
2 |1809-153 |Piedmont 5.79 5 25 40 30
3 |0711-150 |Piedmont 5.80 0 40 40 20
4 |1612-154 |Piedmont 12.79 10 60 20 10
5 |2108-162 |Highlands 13.83 20 50 20 10
6 |1605-158 |Highlands 17.92 50 10 10 30
7 11417-156 |Highlands 20.13 25 50 20 5
8 11605-153 |Highlands 22.39 50 25 10 15
9 |1405-156 |Highlands 30.58 70 20 5 5
10 |1912-160 |Valley & Ridge |11.90 20 50 20 10
11 |2107-156 |Valley & Ridge |18.21 40 50 10 0
12 |2111-155 |Valley & Ridge |25.17 50 30 10 10
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Failure of Schoharie Creek Bridge due to excessive scour in 1987 prompted a national
focus on the problem of bridge scour. Bridge scour is the erosion of soil and rock from
around bridge abutments and piers, and it remains a principal cause of bridge failure in
the United States and around the world. This is because bridge scour involves complex
hydraulic and geologic phenomena, and attempts to reliably predict scour depth have met
with limited success.

Previous investigations of scour have focused mostly on fine sediments such as
sand, silt, and small gravel, because a majority of bridges are underlain by such alluvium.
The erosion behavior and scour resistance of coarser sediments has received limited
attention, even though they dominate many small to medium-size rivers in the northern
tiers of the United States, Europe, and Asia. As a result, the present research is aimed at
helping to fill this technological gap by providing a new approach for estimating scour
risk in streambed with extremely coarse particles (ECP), especially for sediments in the
cobble to boulder size range.

A main objective of this research was to develop a relationship between critical
(entrainment) velocity and grain size for sediment particles in the size range of 5 to 50 cm
(2 to 20 in). This was accomplished by precisely investigating the geologic
characteristics and hydrologic history of actual bridges, and then performing a limit

analysis of sediments that occur within the stream beds of the bridges. Converting a real
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stream channel into an experimental flume is a unique aspect of this research, because it
eliminates the need to use scaling factors or other corrections as is done with laboratory
flume studies. A basic premise is the residual sediments reflect the maximum historic
flow and velocity that has occurred over the life of the bridge. The end goal of this
research is to provide technical tools that improve the reliability of scour estimation,
thereby increasing bridge safety and reducing long term infrastructure costs.

An overview of the study and the general conclusions will now presented:

1. This research encompasses both model analyses and field studies. The work
commenced by summarizing and comparing the classical sediment transport relationships
potentially applicable to ECP. These included Stokes’ Law, Newton’s law, Hjulstrem
envelop curve, and the HEC-18 critical velocity equation. A composite plot of grain size
versus critical velocity for all the transport relationships was developed to establish a

“region of interest” for the particle size range of 5 to 50 centimeters.

2. Thirty-five bridges in Northern New Jersey were initially screened for the study. The
principal selection criteria for the bridges included: (1) the streambed must be composed
of more than 60% cobbles and boulders; (2) the stream bed must be visible during low-
water conditions; and (3) the stream must have a USGS gage installed with sufficient

flow history. Twelve bridges were finally selected for detailed analysis.

3. Field visits were made to characterize the grain size distribution of the ECP sediments
present at each site. Different grain size distribution methods were employed such as
optical granulometry, statistical pebble counts, and visual estimation. These
nontraditional methods were necessary on account of the large grain size of the study

streambeds. To assure geologic and hydrologic diversity for the data set, the sites span
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three of New Jersey’s physiographic provinces: Highlands, Valley and Ridge, and

Piedmont.

4. Hydraulic analyses were used to estimate the maximum velocity that the bridge
experienced during its lifetime, which was a key parameter for the limit analysis. These
were based on the maximum recorded discharges at the closest USGS gage stations to the
bridge. The USGS software “StreamStats” was also consulted to compute drainage areas
and to help locate additional nearby gages. Three different methods were employed for
estimating maximum velocity depending on flow history and channel characteristics. The
preferred method was interpolation or extrapolation of HEC-RAS computations for the

bridges. Final limit velocities ranged from 245 to 549 cm/sec (8 to 18 ft./sec).

5. A limit analysis was performed to reconcile the maximum historical velocity with the
existing particle gradation of the stream bed. A regression of the data yielded a nonlinear,
exponential relationship between critical velocity and median particle size. The variance
fraction associated with the data set was 0.642, indicating a reasonable fit. In summary,
the limit analysis provides a realistic relationship between limit (entrainment) velocity

and particle size for ECP sediments.

6. A number of applications for the limit analysis relationship were proposed and
explored. One is to use the limit analysis results as a rapid and direct assessment of scour
risk for bridges underlain by ECP sediments. This may be accomplished by first
measuring the median grain size of the sediments. Next, a scour design storm is chosen,
e.g., Quo0, and the corresponding flow velocity is computed. Finally, the limit velocity is

determined from the best fit limit relationship, which is then compared with scour design
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storm. If the design scour velocity exceeds the limit velocity, then the bridge is

considered to have high scour risk.

7. The HEC-18 critical velocity relations is valid for scour evaluation of granular
streambeds with a grain size up to approximately 3 centimeters. The limit analysis curve
therefore extends the useful range of this design equation up to a median grain size of
approximately 50 centimeters. Note that the limit analysis extrapolation trends lower and

produces more conservative critical velocities in the ECP size range than does HEC-18.

8. This research also supplements U.S. Army EM 1601, which is the most widely used
riprap design procedure. But, again, the limit analysis results trend lower, which means
they are more conservative. A comparative analysis between the two methods for
sediments in the size range of cobbles to boulders suggests that a safety factor of 1.5 to
2.0 should be applied when designing for riprap in the size range of cobbles to boulders

with the U.S. Army equation.

9. Another new application is a rapid field method for analyzing the grain size of ECP
sediments through the use of optical granulometry. With the help of vast database of
grain size results, ‘adjustment coefficients” were determined that can be used to correct
‘raw’ photographs processed with WipFrag software. The method generates a realistic
grain size distribution for channel sediments, which can then be used for various

purposes.
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6.2 Future Work Recommendations

The following are recommendations for future research into the erosion behavior and
scour risk of extremely coarse particles (ECP):
1. The database of ECP bridges should be expanded to increase the confidence level of
the limit analysis, including:

a. Sites having a particle size within the range of the current research; and

b. Sites having a particle size outside the current research:

i. 2cm<D<5cm
ii. D>30cm

2. It is recommended to investigate the influence of natural armoring on the behavior of
ECP streambeds in the vicinity of bridges, including:

a. Trends of particle gradation with depth (graded bed vs. reverse graded bed);

b. Effect of provenance, e.g., soft sedimentary vs. hard igneous/metamorphic;

and

c. Effect of original landform, e.g., valley train vs. colluvium
3. The current research focused mainly on the effects degradation and contraction scour
on the streambed beneath a bridge. The influence of piers should also be investigated,
including and how the limit analysis compares with the new HEC-18 coarse particle
equation.
4. The effect of angularity of ECP sediments, which leads to greater erosion resistance
and a higher value of entrainment velocity, was not addressed in this study. It is

recommended to investigate the influence of particle shape on the limit analysis.
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5. Residual sediments reflect the maximum historic flow and velocity that has occurred
over the life of the bridge. In order to document changes of the bed sediments over time,
it is recommended to create a photographic record for ECP bridges at specified intervals,
say every 5 years. This would permit study of sediment movements, which could be
correlated with USGS gage data.

6. In this study, optical granulometry and WipFrag were only used to analyze bed
sediments that were exposed “in the dry” during low water conditions. It is recommended
to explore the possibility of using underwater photography of ECP streambeds 9.1 meters
(30 feet) below water and greater to extend the applicability of these methods, along with
comparing the scour behavior of extremely coarse particles (ECP) under a sustained

water from with the intermittent surge flows from Qoo design storms.
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APPENDIX A

PARTICLE SIZE CLASSIFICATION AND SYSTEMS

The grain-size information from the Field Reconnaissance Studies where used to find an
approximate median size (Dsp) for the streams in question. In these estimations, the
Unified Soil Classification System (USCS) was followed, which is shown in Table A.1.
That is, boulders were classified as particles larger than 300 millimeter (mm), and
cobbles were categorized as particles larger than 75 mm but smaller than 300 mm. Gravel
was considered to be smaller than 75 mm, but larger than 4.75 mm, while sand, silt, and

clay were lumped together as those particles smaller than 4.75 mm.

Table A.1 USCS Definitions of Particle Size

Soil Fraction Size Range (mm)
Boulders Greater than 300
Cobbles 75 - 300

Coarse Gravel 75-19

Fine Gravel 19-4.75

Coarse Sand 475-20
Medium Sand 2.0-0.425

Fine Sand 0.425-0.075
Silt Less than 0.075
Clay Less than 0.075
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There are two other grain-size systems in the geologic sciences that are also used
for characterizing sediments. The first is the Wentworth System, which is summarized in
Table A.2. The other is the AGU System, which is given in Table A.3. These are
provided for reference. As indicated, the soil fraction definitions vary slightly compared

with the Unified System.

Table A.2 Wentworth (1922) Grain Size Classification

Soil Fraction Size Range (mm)
Boulder 256 - 4096
Cobble 64 - 256
Gravel
Pebble 4.0 -64
Granule 2.0-4.0
Very Coarse Sand 1.0-2.0
Coarse Sand 05-1.0
Sand Medium Sand 0.25-0.5
Fine Sand 0.125-0.25
Very Fine Sand 0.0625 - 0.125
Coarse Silt 0.031 - 0.0625
Medium Silt 0.0156 - 0.031
Silt
Fine Silt 0.0078 - 0.0156
Very Fine Silt 0.0039 - 0.0078
Mud Clay 0.00006 - 0.0039
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Table A.3 AGU's Soil Technology Classification of Particles

Name Soil Fraction Size Range (mm)
Very coarse 64-32
Coarse 32-16
Gravel Medium 16-8
Fine 8-4.0
Very fine 4-2.0
Very coarse 2-1.0
Coarse 1-0.5
Sand Medium 0.5-0.25
Fine 0.25-0.125
Very fine 0.125-0.062
Coarse 0.062-0.031
Medium 0.031-0.016
Silt
Fine 0.016-0.008
Very fine 0.008-0.004
Coarse 0.004-0.002
Medium 0.002-0.001
Clay
Fine 0.001-0.0005

Very fine

0.0005-0.0002




APPENDIX B

CALCULATION OF ALL FUNDAMENTAL AND APPLICATION
RELATIONSHIPS OF SEDIMENT TRANSPORT

Table B Calculation of All Fundamental Relationships of Sediment Transport

Stocks Newton Grace Law HEC-18 US Army- EM 1601 Hiulstrom
d(cm) |[Vi(cm/s) Vt(cm/s) |d(cm) d* Vis* Vts d(m) Vc(m/s) |Vc(em/s) [V (cm/s) Vs (cm/s)|Vn (cm/s)
0.001 |0.009 2.214 0.001 0.253 0.0035 0.008855 10.00001 [0.16 16.06 9.02 19 700
0.002 |0.036 3.130 0.002 0.506 0.013 0.03289 0.00002 [0.20 20.23 11.90 19 300
0.003 |0.081 3.834 0.003 0.759 0.031 0.07843 10.00003 [0.23 23.16 14.00 19 170
0.004 ]0.144 4.427 0.004 1.012 0.06 0.1518 0.00004 [0.25 25.49 15.71 19 120
0.005 [0.225 4.950 0.005 1.265 0.09 0.2277 0.00005 |0.27 27.46 17.17 19 86
0.006 |0.323 5.422 0.006 1.518 0.12 0.3036 0.00006 |[0.29 29.18 18.47 19 70
0.007 ]0.440 5.857 0.007 1.771 0.17 0.4301 0.00007 |(0.31 30.72 19.65 19 60
0.008 |0.575 6.261 0.008 2.024 0.2 0.506 0.00008 (0.32 32.12 20.73 19 53
0.009 [0.728 6.641 0.009 2.277 0.25 0.6325 0.00009 |0.33 33.41 21.73 19 50
0.01 0.898 7.000 0.01 2.53 0.3 0.759 0.0001 0.35 34.60 22.66 19 47
0.02 3.593 9.899 0.02 5.06 0.9 2.277 0.0002 0.44 43.59 29.90 19 47
0.03 8.085 12.124 0.03 7.59 1.7 4.301 0.0003 0.50 49.90 35.17 19 47
0.04 14.373 14.000 0.04 10.12 2.7 6.831 0.0004 0.55 54.92 39.45 19 47
0.05 22.458 15.652 0.05 12.65 3.4 8.602 0.0005 0.59 59.16 43.14 21 48.5
0.06 32.339 17.146 0.06 15.18 4.2 10.626 0.0006 0.63 62.87 46.40 23 53
0.07 44.017 18.520 0.07 17.71 4.8 12.144 0.0007 0.66 66.19 49.35 25.5 58
0.08 57.491 19.799 0.08 20.24 5.6 14.168 0.0008 0.69 69.20 52.06 28 61
0.09 72.762 21.000 0.09 22.77 6.1 15.433 0.0009 0.72 71.97 54.57 30 63
0.1 89.830 22.136 0.1 25.3 6.9 17.457 0.001 0.75 74.54 56.92 31.5 67
0.2 359.320 31.305 0.2 50.6 11.5 29.095 0.002 0.94 93.92 75.11 44 90
0.3 808.470 38.341 0.3 75.9 14 35.42 0.003 1.08 107.51 88.33 55 110
0.4 1437.280 44.272 0.4 101.2 16.5 41.745 0.004 1.18 118.33 99.10 63 124
0.5 2245.750 49.497 0.5 126.5 18 45.54 0.005 1.27 127.47 108.36 69 145
0.6 3233.880 54.222 0.6 151.8 19.5 49.335 0.006 1.35 135.45 116.55 76 153
0.7 4401.670 58.566 0.7 177.1 22 55.66 0.007 1.43 142.60 123.97 81 170
0.8 5749.120 62.610 0.8 202.4 23 58.19 0.008 1.49 149.09 130.77 86 180
0.9 7276.230 66.408 0.9 227.7 25 63.25 0.009 1.55 155.06 137.08 92 190
1 8983.0 70.000 1 253 26 65.78 0.01 1.61 160.60 142.98 100 195
2 35932.0 98.995 2 506 36 91.08 0.02 2.02 202.34 188.66 135 260
3 80847.0 121.244 |3 759 44 111.32 0.03 2.32 231.62 221.88 165 300
4 143728.0 140.000 |4 1012 53 134.09 0.04 2.55 254.93 248.94 195 330
5 224575.0 156.525 |5 1265 60 151.8 0.05 2.75 274.62 272.18 215 375
6 323388.0 171.464 |6 1518 67 169.51 0.06 2.92 291.83 292.77 240 400
7 440167.0 185.203 |7 1771 71 179.63 0.07 3.07 307.21 311.39 260 425
8 574912.0 197.990 |8 2024 75 189.75 0.08 3.21 321.20 328.48 275 460
9 727623.0 210.000 |9 2277 80 202.4 0.09 3.34 334.06 344.32 290 430
10 898300.0 221.359 |10 2530 84 212.52 0.1 3.46 346.00 359.14 300 500
20 3593200.0 313.050 |20 5060 120 303.6 0.2 4.36 435.93 473.89 420 670
30 8084700.0 383.406 |30 7590 140 354.2 0.3 4.99 499.02 557.34 510 800
40 14372800.0 442,719 |40 10120 170 430.1 0.4 5.49 549.24 625.31 600 900
50 22457500.0 494.975 0.5 5.92 591.65 683.69 675 1000
60 32338800.0 542.218 0.6 6.29 628.72 735.41 735 1100
70 44016700.0 585.662 0.7 6.62 661.87 782.18 800 1150
80 57491200.0 626.099 0.8 6.92 692.00 825.10 835 1220
90 72762300.0 664.078 0.9 7.20 719.71 864.90 900 1300
100 89830000.0 700.000 1 7.45 745.43 902.13 955 1405
200 359320000.0 989.949 2 9.39 939.18 1190.37 1350 1850
300 808470000.0 1212.436 3 10.75 1075.10 |1399.96 1650 2250
400 1437280000.0 |1400.000 4 11.83 1183.30 |1570.70 1850 2500
500 2245750000.0 [1565.248 5 12.75 1274.67 |1717.34 2100 2750
600 3233880000.0 [1714.643 6 13.55 1354.54 |1847.26 2350 2900
700 4401670000.0 |1852.026 7 14.26 1425.96 |1964.75 2550 3200
800 5749120000.0 [1979.899 8 14.91 1490.86 |2072.55 2700 3350
900 7276230000.0 [2100.000 9 15.51 1550.56 |2172.53 2800 3400
1000  [8983000000.0 ]2213.594 10 16.06 1605.98 |2266.04 2900 3600
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APPENDIX C

GRAIN SIZE DISTRIBUTION METHODS

C.1 Wolman Pebble Count
Table C.1 contain Wolman pebble count grain size distribution data, calculation, and
results for the 12 study bridges.

Table C.1 Wolman Pebble Count Grain Size Distribution Calculation

Bridge # 0709-150 |1809-153 0711-150 |1612-154 [2108-162 |1605-158 |1417-156 |1605-153 |1405-156 {1912-160 |2107-156 2111-155
Median Grain Size [5.65 5.79 5.8 12,79 |13.83 [17.92 |20.13 [22.39 |30.58 [11.9 18.21  |25.17
Sieve Sizes (mm) Percentage passing

1200 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |100.00% {100.00% |100.00% {100.00% |100.00% [100.00%
1185 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |100.00% [99.04% |95.38% {100.00% |100.00% [100.00%
1170 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |100.00% [99.04% ]95.38% {100.00% |100.00% [100.00%
1155 100.00% |100.00% |100.00% |100.00% |100.00% |100.00% |100.00% |99.04% ]95.38% |100.00% |100.00% |100.00%
1140 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |100.00% [99.04% ]95.38% {100.00% |100.00% [100.00%
1125 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |100.00% [99.04% ]95.38% {100.00% |100.00% [100.00%
1110 100.00% |100.00% |100.00% |100.00% |100.00% |100.00% |100.00% |99.04% |95.38% |100.00% |100.00% |100.00%
1095 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |100.00% [99.04% ]95.38% {100.00% |100.00% [100.00%
1080 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |100.00% [99.04% ]95.38% {100.00% |100.00% [100.00%
1065 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |100.00% [99.04% ]95.38% {100.00% |100.00% [100.00%
1050 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |100.00% [99.04% ]95.38% {100.00% |100.00% [100.00%
1035 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |100.00% [99.04% ]95.38% {100.00% |100.00% [100.00%
1020 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |100.00% [99.04% ]95.38% {100.00% |100.00% [100.00%
1005 100.00% |100.00% |100.00% |100.00% |100.00% |100.00% |100.00% |99.04% ]95.38% |100.00% |100.00% |100.00%
990 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |95.65% [99.04% |95.38% {100.00% |100.00% [100.00%
975 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |95.65% [99.04% ]95.38% {100.00% |100.00% [100.00%
960 100.00% |100.00% |100.00% |100.00% |100.00% |100.00% |95.65% |99.04% |95.38% |100.00% |100.00% |100.00%
945 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |95.65% [99.04% |95.38% {100.00% |100.00% [100.00%
930 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |95.65% [99.04% ]95.38% {100.00% |100.00% [100.00%
915 100.00% |100.00% |100.00% |100.00% |100.00% |100.00% |95.65% |99.04% |95.38% |100.00% |100.00% |100.00%
900 100.00% {100.00% |100.00% {100.00% |100.00% [100.00% |95.65% [99.04% ]95.38% |100.00% |100.00% [96.00%
885 100.00% {100.00% |100.00% {100.00% |100.00% {100.00% |95.65% [99.04% ]95.38% |100.00% |100.00% [96.00%
870 100.00% {100.00% |100.00% {100.00% |100.00% {100.00% |95.65% [99.04% ]95.38% [100.00% |100.00% [96.00%
855 100.00% {100.00% |100.00% {100.00% |100.00% [98.65% |95.65% [99.04% ]95.38% |100.00% |100.00% [96.00%
840 100.00% {100.00% |100.00% {100.00% |100.00% [98.65% |95.65% [99.04% ]95.38% [100.00% |98.01% [96.00%
825 100.00% {100.00% |100.00% {100.00% |100.00% [98.65% |95.65% [99.04% ]95.38% [100.00% |98.01% [96.00%
810 100.00% |100.00% |100.00% |100.00% |100.00% |98.65% |88.41% ]99.04% ]95.38% |100.00% |98.01% |96.00%
795 100.00% {100.00% |100.00% {100.00% |100.00% [98.65% |88.41% [99.04% ]95.38% [100.00% |98.01% [96.00%
780 100.00% {100.00% |100.00% {100.00% |100.00% [98.65% |88.41% [99.04% ]95.38% [100.00% |98.01% [96.00%
765 100.00% |100.00% |100.00% |100.00% |100.00% |98.65% |88.41% |99.04% |95.38% |100.00% |98.01% |96.00%
750 100.00% {100.00% |100.00% {100.00% |100.00% [98.65% |88.41% [96.15% ]95.38% [100.00% |98.01% [96.00%
735 100.00% {100.00% |100.00% {100.00% |100.00% [98.65% |88.41% [96.15% ]95.38% [100.00% |98.01% [96.00%
720 100.00% |100.00% |100.00% |100.00% |100.00% |98.65% |88.41% |96.15% |95.38% |100.00% |98.01% |94.00%
705 100.00% {100.00% |100.00% {100.00% |100.00% [98.65% |88.41% [96.15% |95.38% [100.00% |98.01% [94.00%
690 100.00% {100.00% |100.00% {100.00% |100.00% [98.65% |88.41% [94.23% ]95.38% [100.00% |98.01% [94.00%
675 100.00% {100.00% |100.00% {100.00% |100.00% [98.65% |88.41% [94.23% ]95.38% [100.00% |98.01% [94.00%
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Table C.1 (Continued) Wolman Pebble Count Grain Size Distribution Calculation

Bridge # 0709-150 [1809-153 [0711-150 [1612-154 [2108-162 [1605-158 [1417-156 [1605-153 [1405-156 [1912-160 [2107-156 [2111-155
Sieve Sizes (mm) Percentage passing

660 100.00% [100.00% [100.00% [100.00% [100.00% [98.65% [88.41% [94.23% [95.38% [100.00% [98.01% [94.00%
645 100.00% [100.00% [100.00% [100.00% [100.00% [98.65% |[88.41% [94.23% [95.38% [100.00% [97.01% [94.00%
630 100.00% [100.00% [100.00% [100.00% [98.64% [98.65% |[88.41% [94.23% [95.38% [100.00% [97.01% [94.00%
615 100.00% [100.00% [100.00% [100.00% [98.64% [98.65% |[88.41% [94.23% [95.38% [100.00% [97.00% [94.00%
600 100.00% [100.00% [100.00% [100.00% [98.64% [98.65% |[88.41% [94.23% [95.38% [100.00% [97.01% [94.00%
565 100.00% [100.00% [100.00% [100.00% [98.64% [98.65% [88.41% [92.319% [95.38% [100.00% [97.00% [92.00%
570 100.00% [100.00% [100.00% [100.00% [98.64% [98.65% [88.41% [90.38% [90.77% [100.00% [97.00% [92.00%
555 100.00% [100.00% [100.00% [100.00% [98.64% [98.65% [88.41% [90.38% [90.779% [100.00% [97.01% [92.00%
540 100.00% [100.00% [100.00% [97.80% [98.64% [98.65% [86.96% [90.38% [86.15% [100.00% [97.01% [90.00%
525 100.00% [100.00% [100.00% [95.60% [97.28% [98.65% [86.96% [90.38% |[86.15% [100.00% [97.01% [90.00%
510 100.00% [100.00% [100.00% [95.60% [97.28% [95.95% |[85.519% [88.46% [84.620% [100.00% [96.520% [90.00%
4% 100.00% [100.00% [100.00% [95.60% [97.28% [95.95% |[85.519% [88.46% |[84.620% [100.00% [96.529% [88.00%
480 100.00% [100.00% [100.00% [95.60% [97.28% [95.95% |[85.51% [88.46% [81.54% [100.00% [96.52% [85.00%
465 100.00% [100.00% [100.00% [95.60% [97.28% [95.95% |[85.519% |[87.50% |[81.54% [100.00% [96.520% [85.00%
450 100.00% [100.00% [100.00% [95.60% [95.24% [95.95% |[85.519% |[85.58% |[75.38% [100.00% [95.02% [85.00%
435 100.00% [100.00% [100.00% [95.60% [95.24% [95.95% |[85.51% [85.58% |[75.38% [100.00% [95.02% [85.00%
420 100.00% [100.00% [100.00% [95.60% [95.24% [95.95% |[85.51% [83.65% |[72.319% [100.00% [95.02% [82.00%
405 100.00% [100.00% [100.00% [93.41% [95.24% [95.95% |[85.519% |[83.65% |[72.31% [100.00% [94.53% [82.00%
3% 100.00% [100.00% [100.00% [93.41% [94.56% [95.95% |[84.06% [81.73% |[72.31% [100.00% [94.08% [81.00%
375 100.00% [100.00% [100.00% [93.41% [94.56% [04.59% [84.06% |[81.73% |[72.319% [100.00% [92.04% [80.00%
360 100.00% [100.00% [100.00% [92.31% [94.56% [04.59% [84.06% [80.77% [69.23% [100.00% [91.04% [78.00%
5 100.00% [100.00% [100.00% [92.31% [92.5206 [04.59% [84.06% [79.81% [69.23% [100.00% [88.06% [75.00%
30 100.00% [100.00% [100.00% [91.219% [91.16% [91.89% [82.61% |[78.85% [69.23% [100.00% [85.57% [73.00%
315 100.00% [100.00% [100.00% [90.11% [89.80% [91.89% |[82.61% |[78.85% [69.23% [100.00% [84.58% [73.00%
30 100.00% [100.00% [100.00% [86.81% [89.120 [91.89% [82.61% |[76.920% |[64.62% [96.70% [83.08% [68.00%
25 100.00% [100.00% [100.00% [86.81% [89.120% [91.89% [82.61% |[75.96% |[64.62% [95.60% [81.59% [67.00%
210 100.00% [100.00% [100.00% (83.52% [89.129% [90.54% [81.16% |[73.08% |[58.46% [94.51% |[78.61% [65.00%
25 100.00% [100.00% [100.00% [82.420% [88.44% [87.84% [s1.16% [72.12% [s0.77% [oa519% [77.119% [62.00%
240 100.00% [100.00% [100.00% [81.32% [85.71%6 [77.08% [79.71% [67.31% [47.69% [o4519% [72.64% [59.00%
25 100.00% [100.00% [100.00% (81.32% [83.67% [72.97% |[78.26% 64420 [44.626 [92.31% [71.64% [56.00%
210 98.65% [100.00% [100.00% [79.12% [80.27% [71.62% [78.26% [59.62% [40.00% [87.91% [67.66% [49.00%
19 98.65% [100.00% [100.00% [76.92% [78.23% [66.22% [78.26% [57.69% [40.00% [84.62% [65.17% [47.00%
180 95.95% [97.78% [100.00% [74.73% [72.11% [60.81% [73.91% [52.88% [36.92% [79.12% [60.70% [40.00%
165 95.95% [93.33% [99.04% [7253% [7007% [54.05% [7391% [49.04% [3231% [75.82% [56.72% [38.00%
150 0459% [91.11% [98.08% [72.53% [65.99% [43.24% |[66.67% [41.35% [24.62%6 [63.74% [53.23% [33.00%
135 94.50% [84.44% [96.15% [72.53% [61.229% [40.54% [62.32% [39.42% [18.46% [56.04% [50.75% [29.00%
120 90.54% [82.22% [93.27% [67.08% [56.46% [29.73% [57.97% [32.69% [16.9206 [43.96% [41.299 [26.00%
105 80.19% [80.00% [68.46% [60.44% [52.38% [22.97% [50.72% [20819% [15.38% [40.66% [37.81% [24.00%
) 83.78% [77.78% [80.77% [5495% [45.58% [18.92% [46.38% [25.96% [13.85% [35.16% [28.86% [20.00%
75 78.38% [7111% [7212% [4945% [36.73% [12.16% [42.08% [24.04% [769% [27.47% [2537% [19.00%
60 6351% [62.22% [5096% [40.66% [22.45% [8.11% [31.88% [20.19% [3.08% [24.18% [14.93% [16.00%
15 4189% [5111% [39.42% [04.18% [14.97% [1.35% [23.19% [17.31% [3.08% [23.08% [5.97% [15.00%
0 202m% [2889% [21.15% [14.29% [884% [0.00% [870% [13.46% [154% [15.38% [Lo0% [14.00%
15 8.11% [17.78% [865% [7.69% [4.08% [000% [435% [1154% [0.00% [7.69% [0.00% [9.00%
0 000% [000% [000% [0.00% [0.00% [0.00% [0.00% [0.00% [0.00% [0.00% [0.00% [0.00%
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C.2 WIPFRAG
During this research we ran actual WipFrag grain size distribution analysis as well as a
more precise manual WipFrag analysis for four of the 12 study bridges. The data and

analysis results for each of the four bridges presented in Tables C.2 through C.5.

Table C.2 Comparison of Actual vs Manual WipFrag Analysis, Bridge # 1605-158

Sediment Grading, 'n’ Median Grain Size, 'Xc'
Adjusted |Actual Ratio, 'K1' |Adjusted [Actual Ratio, 'K2'

Photo # n2 nl K1 =n2/nl Xc2 Xcl K2 = Xc2/Xcl

1 |1.28 0.85 1.51 181.61 207.95 0.87

2 1.36 0.94 1.44 143.74 186.15 0.77

3 1.29 0.85 1.51 165.22 113.84 1.45

4 [1.38 0.91 1.51 166.20 214.21 0.78

5 1.21 0.96 1.26 267.12 113.54 2.35

6 |1.35 0.80 1.68 253.36 175.23 1.45

7 11.19 0.77 1.54 234.69 114.13 2.06

8 |127 0.69 1.84 242.33 206.02 1.18

10 |1.14 0.88 1.30 153.54 102.57 1.50

11 (131 0.94 1.38 126.76 80.55 1.57

12 |1.33 0.91 1.47 15551 180.00 0.86
Average|1.28 0.86 1.50 190.01 154.02 1.35

Table C.3 Comparison of Actual vs Manual WipFrag Analysis, Bridge # 1417-156

Sediment Grading, 'n' Median Grain Size, 'Xc'
Adjusted |Actual Ratio, 'K1" [Adjusted [Actual Ratio, 'K?2'

Photo # n2 nl K1 =n2/nl Xc2 Xcl |K2 = Xc2/Xcl

1 135 1.13 1.20 107.35 |82.65 1.30

2 |1.24 1.21 1.02 82.54 67.02 1.23

3 [1.01 1.05 0.96 139.32  |47.45 2.94

4 10.93 0.89 1.04 325.69 |55.18 5.90
Average [1.13 1.07 1.05 163.73  |63.08 2.84
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Table C.4 Comparison of Actual vs Manual WipFrag Analysis, Bridge # 1405-156

Sediment Grading, 'n' Median Grain Size, 'Xc'
Adjusted |Actual  |Ratio, 'K1' |Adjusted |Actual Ratio, 'K2'

Photo # n2 nl K1=n2/nl| Xc2 Xcl |K2=Xc2/Xcl

1 1.55 1.33 1.17 263.21 290.39 [0.91

2 1.60 1.16 1.37 259.74  |249.38 [1.04

3 141 1.05 1.34 256.79 220.87 |1.16

4 1.76 0.99 1.79 239.17 |170.05 |1.41

5 1.59 1.00 1.59 261.17 |194.87 [1.34

6 1.19 1.05 1.13 355.23 66.94 5.31

7 1.47 1.03 1.42 212.77 |177.01 |1.20

8 1.30 0.86 151 282.14 163.61 |[1.72
Average |1.48 1.06 1.41 266.28 |191.64 |1.76

Table C.5 Comparison of Actual vs Manual WipFrag Analysis, Bridge # 2107-156

Sediment Grading, 'n’ Median Grain Size, 'Xc'
Adjusted [Actual |Ratio, 'K1' [Adjusted |Actual Ratio, 'K2'
Photo # n2 nl K1 =n2/nl Xc2 Xcl |K2=Xc2/Xcl
1 1.36 1.24 1.10 262.75 262.98 |1.00
2 1.44 1.24 1.16 170.34 195.84 [0.87
3 1.38 1.19 1.16 191.33 160.25 [1.19
4 1.37 0.91 1.50 268.76 153.93 [1.75
5 1.68 1.58 1.06 102.50 97.43 1.05
6 1.46 0.96 1.53 136.91 181.00 [0.76
7 1.26 1.11 1.14 126.09 46.20 2.73
8 1.24 0.97 1.28 160.14 39.39 4.07
9 1.22 1.20 1.01 124.29 30.16 4,12
10 [1.09 0.95 1.15 208.94 56.29 3.71
11 [1.38 0.89 1.55 260.39 98.22 2.65
12 (142 1.12 1.27 296.65 232,72  |1.27
13 [1.55 1.15 1.36 288.71 303.92 |0.95
14 [1.62 1.25 1.30 277.91 275.64 |1.01
15 [1.42 1.22 1.17 66.03 65.82 1.00
16 [1.30 1.13 1.15 130.39 11457 |1.14
17 [1.49 1.19 1.25 101.42 101.25 [1.00
18 [1.36 1.14 1.20 258.20 15469 [1.67
Average [1.39 1.13 1.24 190.65 142,79  [1.77
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C.3 Visual Estimation
Streambed sediment categories estimation along with median grain size calculation and

results for all 12 study bridges presented in Table C.6.

Table C. 6 Grain Size Calculation and Analysis of Visual Estimation Method for All 12
Study Bridges

Bridge # 0709-150 Bridge # 1809-153
Category |Category Median Size (mm)|% Estimat |Category Average % Estimat |Category Average
Boulders 299 0% 0 5% 11.45
Cobbles 166 30% 48 25% 40
Gravel 33 60% 19.8 40% 13.2
Sand/Silt 0.5 10% 0.05 30% 0.15
Overall Median Grain Size 67.85 64.8
Bridge # 0711-150 Bridge # 1612-154
Category |Category Median Size (mm) (% Estimat |Category Average % Estimat |Category Average
Boulders 299 0% 0 10% 22.9
Cobbles 166 40% 64 60% 96
Gravel 33 40% 13.2 20% 6.6
Sand/Silt 0.5 20% 0.1 10% 0.05
Overall Median Grain Size 77.3 125.55
Bridge # 2108-162 Bridge # 1605-158
Category |Category Median Size (mm)|% Estimat |Category Average % Estimat |Category Average
Boulders 299 20% 45.8 50% 114.5
Cobbles 166 50% 80 10% 16
Gravel 33 20% 6.6 10% 3.3
Sand/Silt 0.5 10% 0.05 30% 0.15
Overall Median Grain Size 132.45 133.95
Bridge # 1417-156 Bridge # 1605-153
Category |Category Median Size (mm) (% Estimat |Category Average % Estimat |Category Average
Boulders 299 25% 57.25 50% 114.5
Cobbles 166 50% 80 25% 40
Gravel 33 20% 6.6 10% 3.3
Sand/Silt 0.5 5% 0.025 15% 0.075
Overall Median Grain Size 143.875 157.875
Bridge # 1405-156 Bridge # 1912-160
Category |Category Median Size (mm) (% Estimat |Category Average % Estimat |Category Average
Boulders 299 70% 160.3 20% 45.8
Cobbles 166 20% 32 50% 80
Gravel 33 5% 1.65 20% 6.6
Sand/Silt 0.5 5% 0.025 10% 0.05
Overall Median Grain Size 193.975 132.45
Bridge # 2107-156 Bridge # 2111-155
Category |Category Median Size (mm) |% Estimat [Category Average % Estimat [Category Average
Boulders 299 40% 91.6 50% 114.5
Cobbles 166 50% 80 30% 48
Gravel 33 10% 3.3 10% 3.3
Sand/Silt 0.5 0% 0 10% 0.05
Overall Median Grain Size 174.9 165.85
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APPENDIX D

FLOW VELOCITY CALCULATION

D.1 Interpolation / Extrapolation from Stage Il Studies
Stage Il flow discharge for 50,100, and 500 years as well as maximum limit discharge
and the corresponding calculated velocity based on interpolation or extrapolation method
presented in Table D.1. Limit velocity versus median grain size plot drawn in Figure D.1
which shows where each bridge representative point fall in the chart corresponding to

other Fundamental Sediment Transport Relationships.

Table D.1 Interpolation and Extrapolation of Discharge and Velocity Values

Bridge # Q50  [V50 Q100 (V100 |Q500 |{V500 |Q limit V-velocity
cfs fi/s cfs fi/s cfs fi/s cfs fi/s cm/s

1 10709-150 |600 9.91  |720 996 1200 |12.77 |610 9.92 302
2 |1809-153 ]430 8 545 8.2 920 8.5 1033 |9 274
3 |0711-150 {1150 (1147 1405 [1226 |2200 |14.15 877 8.04  [245
4 |1612-154 1525 [8.24 1920 [9.29 2945 [1201 2148 |99 302
5 |2108-162 {2450  |4.58  [2926  |6.03  |4264 |8.61  |5078 [10.17 |310
6 |1605-158 [1446  |11.38 [2059  [12.75 |3500 [15.21 1008 |9.9 302
7 |1417-156 (984 3092 [1215 (3192 2065 (3383 2785 431 |1314
8 |1605-153 [2602  |13.77 |3440 |14.86 5200 [17.15 [4873 |168  [512
9 |1405-156 [3515 |10.03 4265 |10.84 6285 [13.77 [5043 |12 366
10 |1912-160 [1969 [6.12  [2398 |7.2 3395 [784  [6524 |10 305
11 |2107-156 [6783  |11.76 [8117 (1177 11939 |[118 10690 |11.77 359

—
NS

2111-155 {2010 [5.1 2372 5.5 3025 |6 2473 |57 174
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Figure D.1 Stage Il interpolation/extrapolation method, velocity vs. median grain size.




D.2 Flow Area Calculation from Stage Il Study
Flow discharge area for the 12 study bridges calculated from Stage Il bridge cross section
drawing for 100 years of storm. Then the flows limit velocity calculated by dividing limit
flow discharge over calculated flow discharge area. Limit velocity results as well as
median grain size for each of the 12 study bridges presented in Table D.2 and plotted in
Figure D.2 for the purpose of comparing the limit analysis results with other

Fundamental Sediment Transport Relationships.

Table D.2 Calculated Discharge Area and Velocity Based on Stage 11 Bridge Elevations

Bridge # [Median Grain Size|Q limit | A slI calculated V-velocity

D (cm) cfs sf ft/s cnvs

1 10709-150 |5.65 610 80.00 7.63 232
2 11809-153 |5.79 1033 38.25 27.00 ]823
3 10711-150 |5.80 877 162.80 5.39 164
4 |1612-154 |12.79 2148 232.50 9.24 282
5 |2108-162 |13.83 5078 877.50 5.79 176
6 11605-158 |17.92 1008 288.12 3.50 107
7 |1417-156 |20.13 2785 33.10 84.15 2565
8 [1605-153 |22.39 4873 380.10 12.82 [391
9 [1405-156 |30.58 5043  [980.40 5.14 157
10 ]1912-160 |11.90 6524  [280.80 23.23 708
11 |2107-156 |18.21 10690 |1164.18 9.18 280
12 |2111-155 |25.17 2473 137.20 18.03  [549
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D.3 Manning’s Equation Method
The most fundamental and comprehensive limit velocity calculation that conducted
during this research study was based on manning’s equation. At first all the essential
parameters of the equation which are roughness coefficient and slope of the channel were
calculated very carefully and precisely. Next the average heights of the flow calculated,
and during the final step flow limit velocity calculated. Table D.3 contains all the
calculation results. Limit velocity versus median grain size based on the manning’s

equation method plotted in Figure D.3.

Table D.3 Manning's Equation Parameters and Values

Qlimit | w- Openning n-Roughness|s-Slope (h- flow hight [A-area | V- velocity

Bridge # cfs ft ft sf fi/s | cmis

1 [0709-150 [610 |22 0.034 0.0067 [3.85 85 7.20 {219
2 |1809-153 {1033 (8.5 0.036 0.0211 [9.82 83 12.38 |377
3 |0711-150 |877 |24 0.034 0.0069 [4.55 109  [8.04 245
4 11612-154 2148 |31 0.039 0.0070 |7.42 230 [9.34 [285
5 |2108-162 |5078 |60 0.049 0.0054 [9.94 597  |852 |260
6 |1605-158 |1008 |42 0.046 0.0173 [2.64 111 [9.08 |277
7 |1417-156 2785 |20 0.0575 0.0288 [10.64 213 [13.09 (399
8 |1605-153 4873 |30 0.054 0.0082 [16.50 495 19.85 [300
9 |1405-156 |5043 [152 0.072 0.0149 [4.81 732 6.89 210
10 |1912-160 |6524 |52 0.042 0.0083 |10.28 534 12.20 |372
11 |2107-156 {10690 |[144 0.047 0.0007 [8.56 1231 |[8.70 |265
12 (2111-155 (2473 |56 0.06 0.0041 18.15 457 542 ]165
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APPENDIX E
12 STUDY BRIDGES GENERAL INFORMATION, ELEVATION PHOTO, AND
GRAIN SIZE DISTRIBUTION PLOT
E.1 Bridge # 0709-150
NJDOT bridge number 0709-150, located on NJ route 10 over Willow Meadow Brook,
Essex county, Piedmont physiographic province. This bridge was constructed in 1959,
and it is a single-span, simply supported structure consisting of a reinforced concrete slab
and reinforced concrete spread footing. The bridge length and width are 22 and 108 feet,
respectively. An elevation of the bridge is shown in Figure E.1. An example of
streambed sediments and analysis of streambed grain size distribution based on Wolman

Pebble Count method shown in Figures E.2 and E.3.

Figure E.1 Bridge # 0709-150 elevation, up-stream looking down-stream.
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Figure E.2 Bridge # 0709-150 stream-bed sediments close-up and Wolman Pebble
Count section installation.
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Figure E.3 Bridge # 0709-150 stream-bed grain size distribution analysis.
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E.2 Bridge # 1809-153
NJDOT bridge number 1809-153, located on NJ route 202 over Branch of Mine Brook,
Somerset county, Piedmont physiographic province. This bridge was constructed in 1900,
and it is a single-span, simply supported structure consisting of filled concrete and stone
arch and stone and mortar footing. The bridge length and width are 20 and 34 feet,
respectively. An elevation of the bridge is shown in Figure E.4. An example of
streambed sediments and analysis of streambed grain size distribution based on Wolman

Pebble Count method shown in Figures E.5 and E.6.

Figure E.4 Bridge # 1809-153 elevation, down-stream looking up-stream.
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Figure E.6 Bridge # 1809-153 stream-bed grain size distribution analysis.
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E.3 Bridge # 0711-150
NJDOT bridge number 0711-150, located on NJ route 10 over Canoe Brook, Essex
county, Piedmont physiographic province. This bridge was constructed in 1961, and it is
a single-span, simply supported structure consisting of a reinforced concrete slab and
reinforced concrete spread footing. The bridge length and width are 32 and 66 feet,
respectively. An elevation of the bridge is shown in Figure E.7. An example of
streambed sediments and analysis of streambed grain size distribution based on Wolman

Pebble Count method shown in Figures E.8 and E.9.

Figure E.7 Bridge # 0711-150 elevation, down-stream looking up-stream.
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Figure E.8 Bridge # 0711-150 stream-bed sediments close-up.
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Figure E.9 Bridge # 0711-150 stream-bed grain size distribution analysis.
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E.4 Bridge # 1612-154
NJDOT bridge number 1612-154, located on NJ route 208 Ramp A over Goffle Brook,
Passaic county, Piedmont physiographic province. This bridge was constructed in 1958,
and it is a single-span, simply supported structure consisting of a hinged rigid frame with
fill and concrete hinged spread footing. The bridge length and width are 31 and 60.7 feet,
respectively. An elevation of the bridge is shown in Figure E.10. An example of
streambed sediments and analysis of streambed grain size distribution based on Wolman

Pebble Count method shown in Figures E.11 and E.12.

Figure E.10 Bridge # 1612-154 elevation, up-stream looking down-stream.
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Figure E.11 Bridge # 1612-154 stream-bed sediments close-up.
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Figure E.12 Bridge # 1612-154 stream-bed grain size distribution analysis.
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E.5 Bridge # 2108-162
NJDOT bridge number 2108-162, located on NJ route 46 over Musconetcong River,
Warren county, Highlands physiographic province. This bridge was constructed in 1924,
and it is a two-span, simply supported concrete encased riveted steel through girder with
rolled steel floorbeams and reinforced concrete spread footing. The bridge length and
width are 127 and 32 feet, respectively. An elevation of the bridge is shown in Figure
E.13. An example of streambed sediments and analysis of streambed grain size

distribution based on Wolman Pebble Count method shown in Figures E.14 and E.15.

Figure E.13 Bridge # 2108-162 elevation, up-stream looking down-stream.
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Figure E.14 Bridge # 2108-162 stream-bed sediment close-up and Wolman Pebble
Count section installation.
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Figure E.15 Bridge # 2108-162 stream-bed grain size distribution analysis.
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E.6 Bridge # 1605-158
NJDOT bridge number 1605-158, located on NJ route 23 north branch over Macopin
River, Passaic county, Highlands physiographic province. This bridge was constructed in
1924 and reconstructed in 1990. It is a single-span, simply supported roll steel stringers
with cover plate and reinforced concrete spread footing. The bridge length and width are
55.25 and 45.75 feet, respectively. An elevation of the bridge is shown in Figure E.16.

An example of streambed sediments and analysis of streambed grain size distribution

based on Wolman Pebble Count method shown in Figures E.17 and E.18.

Figure E.16 Bridge # 1605-158 elevation, under the bridge, Wolman Pebble Count
section installation and data collection.
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Figure E.17 Bridge # 1605-158 stream-bed sediments close-up.
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Figure E.18 Bridge # 1605-158 stream-bed grain size distribution analysis.
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E.7 Bridge # 1417-156
NJDOT bridge number 1417-156, located on NJ route 206 over south branch of Raritan
river, Morris county, Highlands province. This bridge was constructed in 1928, and it is a
single-span, simply supported structure consisting of a reinforced concrete rigid frame
with earth fill and unreinforced concrete spread footing. The bridge length and width are
28 and 54 feet, respectively. An elevation of the bridge is shown in Figure E.19. An
example of streambed sediments and analysis of streambed grain size distribution based

on Wolman Pebble Count method shown in Figures E.20 and E.21.

Figure E.19 Bridge # 1417-156 elevation, up-stream looking down-stream.
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Figure E.20 Bridge # 1417-156 stream-bed sediments close-up and Wolman Pebble

Count section installation.
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Figure E.21 Bridge # 1417-156 stream-bed grain size distribution analysis.

121




E.8 Bridge # 1605-153
NJDOT bridge number 1605-153, located on NJ route 23 south branch over Pequannock
River, Passaic county, Highlands physiographic province. This bridge was constructed in
1952, and it is a single-span, reinforced concrete arch culvert with fill and continuous
concrete spread footing. The bridge length and width are 43 and 222 feet, respectively.
An elevation of the bridge is shown in Figure E.22. An example of streambed sediments
and analysis of streambed grain size distribution based on Wolman Pebble Count method

shown in Figures E.23 and E.24.

Figure E.22 Bridge # 1605-153 elevation, up-stream looking down-stream.
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Figure E.23 Bridge # 1605-153 stream-bed sediments close-up.
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Figure E.24 Bridge # 1605-153 stream-bed grain size distribution analysis.
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E.9 Bridge # 1405-156
NJDOT bridge number 1405-156, located on NJ route 23 over Pequannock River,
Morris/ Passaic county, Highlands physiographic province. This bridge was constructed
in 1934, and it is an eight-span, concrete encased, steel through girder- floorbeam-
stringer system consisting of two simply supported end spans and three, two span
continuous through girder and reinforced concrete spread footing. The bridge length and
width are 513 and 59.4 feet, respectively. An elevation of the bridge is shown in Figure
E.25. An example of streambed sediments and analysis of streambed grain size

distribution based on Wolman Pebble Count method shown in Figures E.26 and E.27.

Figure E.25 Bridge # 1405-156 elevation, up-stream looking down-stream.
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Figure E.26 Bridge # 1405-156 stream-bed sediments close-up.
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Figure E.27 Bridge # 1405-156 stream-bed grain size distribution analysis.
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E.10 Bridge # 1912-160
NJDOT bridge number 1912-160, located on NJ route 206 over Big Flat Brook, Sussex
county, Valley and Ridge physiographic province. This bridge was constructed in 1929,
and it is a two-span, simply supported, concrete encased stringers and plain concrete
spread footings. The bridge length and width are 93 and 44 feet, respectively. An
elevation of the bridge is shown in Figure E.28. An example of streambed sediments and
analysis of streambed grain size distribution based on Wolman Pebble Count method

shown in Figures E.29 and E.30.

Figure E.28 Bridge # 1912-160 elevation, up-stream looking down-stream, and Wolman
Pebble Count section installation.
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Figure E.29 Bridge # 1912-160 stream-bed sediments close-up.
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Figure E.30 Bridge # 1912-160 stream-bed grain size distribution analysis.
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E.11 Bridge # 2107-156
NJDOT bridge number 2107-156, located on NJ route 46 over Paulins Kill, Warren
county, Valley and Ridge physiographic province. This bridge was constructed in 1933,
and it is a three-span, simply supported, non-composite rolled steel stringers and
reinforced concrete spread footing. The bridge length and width are 174.3 and 91.3 feet,
respectively. An elevation of the bridge is shown in Figure E.31. An example of
streambed sediments and analysis of streambed grain size distribution based on Wolman

Pebble Count method shown in Figures E.32 and E.33.

Figure E.31 Bridge # 2107-156 elevation, up-stream looking down-stream.
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Figure E.32 Bridge # 2107-156 stream-bed sediments close-up.
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Figure E.33 Bridge # 2107-156 stream-bed grain size distribution analysis.
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E.12 Bridge # 2111-155
NJDOT bridge number 2111-155, located on NJ route 31 over Pequest River, Warren
county, Valley and Ridge physiographic province. This bridge was constructed in 1922,
and it is a two-span, reinforced concrete spandrel filled arch and reinforced concrete
spread footing. The bridge length and width are 116 and 33.3 feet, respectively. An
elevation of the bridge is shown in Figure E.34. An analysis of streambed grain size

distribution based on Wolman Pebble Count method shown in Figure E.35.

Figure E.34 Bridge # 2111-155 elevation, up-stream looking down-stream.
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APPENDIX F

GENERAL SCOUR RISK ASSESSMENT ILLUSTRATION

One of the main applications of this research study is to use the limit analysis for direct
assessment of scour risk. An example will now be presented illustrating how this may be
accomplished using bridge # 2107-156.

Step 1. Estimate the grain size distribution of the bed: Figure F.1 shows the
bridge elevation and a sample of streambed sediments. The sediments were analyzed

using the Wolman Pebble Count, and the results are presented in Figure F.2. The median

grain size is equal to 18.2 cm.

Figure F.1 Elevation and a sample of streambed sediments, bridge # 2107-156.
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Figure F.2 Grain size distribution curve, bridge # 2107-156.

Step 2. Calculate the limit velocity using Equation (5.1) or Figure F.3.

Viimit = 137.8 x d *% =137.8 x (18.21) *3* =372.2 cm/s (12.2 ft. /s).
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Figure F.3 Velocity vs. median grain size, bridge # 2107-156.
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Step 3. Choose a scour design storm and compute the corresponding flow
velocity. For existing bridges, Q100 is commonly used.
b
Q1o0(u)g = DA. Q100(0)g (F.1)
g
where:

Q100 (u)g: Discharge for 100 year storm at the bridge,

Q100 (0)g: Discharge for 100 year storm at the USGS gage,

DA, : Drainage area at the bridge, and

DA, : Drainage area at the USGS gage.

Q100 (uyg = [(177/126)"0.59] x 7100 = 8677 cfs

The velocity corresponding to this discharge is determined from a previous HEC-RAS
analysis for the bridge:

Vl()() = VDesign = 309 Cm/S ( 10.1 ft/S)

Step 4. Finally, the scour design velocity is compared with the limit velocity for
the chosen median grain size. If the scour design velocity is less than limit velocity, then
the bridge is likely to have a low scour risk. But if the scour design velocity exceeds the
limit velocity, then the bridge may not be safe and countermeasures or monitoring should
be contemplated. In this example:

Vpesign = 309 cm/s < Vijmit = 372 cm/s

The bridge is considered to have a low scour risk!
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