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I. INTRODUCTION
This report presents the results and findings of Task One of Research

Project No. HPR-PL-l(31) Item 260, Sizing Riprap for the Protection of
Approach Embankments and Spur Dikes and Limiting the Depth of Scour at Bridge
Piers and Abutments. The objective of this study task was to perform- a
literature search, to identify the research that has been conducted on riprap
protection, with an emphasis on research pertaining to conditions in Arizona.
In formulating the approach for the study, it was determined that the initial
review phase should address not only published research, but should also seek
out case histori es of ri prap performance. Exami nat i on of Ari zona case
histories is intended to provide the basis for understanding the dominant
river processes associated with riprap protection measures. It was felt that
combining published research on riprap performance with information from case
histories would best allow the determination of riprap design requirements
for conditions characteristic of Arizona.

Case histories were sought from a number of Federal, State, County and
local agencies during Task One. The agencies contacted expressed a
willingness to share design experience and practice . All districts of the
Arizona Department of Transportation (ADOT) were contacted for information on
their knowledge of riprap problems. An extensive review of reports,
construction plans, and bridge inspection records was conducted at ADOT
headquarters with the assi stance of the hydraul i cs and structures sections
staff. We found ADOT f s eva1uat ion of defi ci encies at bri dge structures
related to scour to be a very pertinent source of case histories. Over the
past six years, the Scour Team has evaluated scour conditions at over one
hundred bridge sites, and has prepared a substantial number of reports, and
initiated projects to construct countermeasures.

Contact with Federal agencies included: The Corps of Engineers, Bureau
of Reclamation and Soil conservation Service. Discussions with the staff at
these agencies lead us to the conclusion that the Soil Conservation Service
could supply the most pertinent case histories. Background on the type of
information available from each of these federal agencies contacted is
discussed later in the report; The Central Arizona Water Conservancy
District was contacted and the Salt River Project. The design problems
encountered by these agencies were sufficiently different from the focus of
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this study that they were not pursued. The Pima County Department of
Transportation and Flood Control District and the Flood Control District of
Maricopa County were contacted . Neither of these agencies uses riprap to any
great extent; soil cement and gabions are preferred for most projects . The
Cities of Phoenix and Tucson were contacted and as with their counterpart~ oat
the county 1eve1, soil cement is the preferred method of stabi 1izi ng ri ver
banks.

Eleven case histories were developed from documentation supplied by ADOT
and the sese Eight of the ten case histories are from ADOT projects and
cover countermeasures i nsta11 ed at bri dge waterways. Two SCS proj ects are
presented as case histories.

The literature search concentrated on four catagories of channel
stability: riprap characteristics, hydraulic and sediment transport
conditions , site characteristics, and river response. The review provides an
overview of research pertinent to the study.

The 1iterature review and case histories point to a set of design
requi rements that should be cons idered for ri prap protect ion. The second
volume of this report addresses methodologies currently available to meet
these design requirements. The limitations of these methods and particularly
their applicability to conditions observed in Arizona were evaluated and an
interim design procedure is recommended.



II. REVIEW OF LITERATURE ON RIPRAP DESIGN TECHNOLOGY
2.1 Overview of Literature on Riprap Design Technology

The design of riprap protection measures involves assessment of a number
of factors associated with the river environment, the bridge site, and the
qual ity of the ri prap materi al . As can be seen from the case histories
presented in Chapter 4, most bridge sites are affected by a combination of
these factors. There is a body of research that addresses individual aspects
of ri prap design, where data on ri prap performance has been gathered from
laboratory studies. Another body of research has addressed field performance
of riprap installations. Field study requires a longer period of
investigation, and physical measurements are more difficult to accurately
obtain, and therefore, are less commonly reported in the literature.

The literature reviewed for this study has been grouped into the
following four catagories:

Riprap Properties:
Size, gradation, shape, layer thickness, density, rock durability,
and bedding requirements.

Site Characteristics:
Structure 1ocati on (encroachment 1ength and skew), channel
alignment and shape, and bank side-slopes.

Hydraulic and Sediment Transport Conditions:
Incipient motion, boundary shear stress, local scour, general
aggradation/degradation, bed forms.

River Response:
Change in channel area, topwidth, depth, gradient, bed-material
gradation, and sinuosity in response to flood flows.

This grouping of factors in riprap design is hierarchical in scale, that
is one set of factors addresses processes that are on the order of a few
feet, while others may be on the order of tens of miles. Riprap
characteri st i cs invo1ve the popul at i on of ri prap part i cl es , wh ich are each
less than a few feet in size. Site characteristics are concerned with a
scale on the order of two to three times the crossing length, or typically on
the order of a few hundred feet. Hydraulic and sediment transport conditi ons
are typically evaluated over a reach length, upstream and downstream of the
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site, of a few thousand feet. River response is typically evaluated at the
basin level on the scale of several tens of miles. This distinction in scale
is not always easily perceived, but both large scale and small scale factors
can lead to design deficiencies for a project.

2.2 Riprap Characteristics
The physical characteristics of the rock particles that make up riprap

protection most often sited in specifications include: a characteristic
size, gradation, layer thickness, shape, specific gravity, durability, and
filter requirements. Research on these basic physical characteristics has
concentrated primarily on size, gradation, shape, and layer thickness.

Characteristic Size
The characteristic riprap size is generally taken as the diameter of the

median of the gradation by weight or the 050' General references on riprap
design, such as ' Sediment Transport Technology (Simons and Senturk (1977)),
present a number of design procedures, the majority of which characterize the
riprap by the 050 size. In the training and design manual, Highways in the
River Environment, (Richardson, et al., 1987), it is noted that riprap may
armor, II •• • leaving a layer of large rock sizes which cannot be transported
under the given flow conditions. Thus, the size of rock representative of
the stability of the riprap is determined by the larger sizes of rock. The
representative grain size Om for riprap is larger that the median rock size
050. 11 Using the recommended gradation in Highways in the River Environment,
(page V-26,27) where the 020 = 1/2 050 and 0100 = 2 050, an effective grain
size of 1.25 050 is computed which corresponds to the 065 riprap size. The
manual goes on to note that, "[T]he weight of a bed-material particle is
important to the stability of the particle. Thus, it is more meaningful to
compute the representative particle size based on weight of the particle than
on its diameter . II Mahmood (1973), found that the distribution of bed­
materi a1 properties could be descri bed by a log-normal probabil ity
distribution. The representative size of the bed material based on the
weight of the particles can be described as a function of the gradation
coefficient (Mahmood, 1973):



Om • 050 exp t~ (In G)~
where

Om = the representative grain size,

050 = median rock size, and

G = 1/2 [084/050 + 050/016]'
which is always greater than one for a non-uniform grain size distri­

bution.

More recently, data gathered by Maynard (1986) indicates that the 050

may not characteristic size riprap stability. He found that for the range of

gradat ions tested by the Corps of Engineers Waterways Experiment Station,

that incipient failure of riprap could be more reliably evaluated using the

030 size. In support of this finding, Maynord sites work on bed armoring by

Shen and Lu (1983) and the Einstein bed-load function (1950) which uses 030

and 035 as characteristic sizes, respectively.

Gradation

The gradation of riprap sizes is of considerable tmpcrt ance both in

terms of the stability and in preventing leaching of the base material.

Anderson (1970) noted that with a graded distribution of riprap as the

thickness is increased, the interstices left by large particles are filled by

smaller particles . As the layer thickness or the variations in particle

sizes increases, the number of direct paths to the base material decreases.

When boundary shear stress at the ri prap surface is 1ess than the small er

sizes in the distributions, the stabil ity of the riprap is maintained. A

riprap gradation with a large variation in particle sizes was observed by

Anderson to experience erosion of the smaller sizes, as boundary shear

increased. In riprap gradations with less variation in particle size, the

smaller particles tended to be sheltered by larger particles and remained

stabl e as boundary shear stress increased. Gradations tested by Anderson

ranged from uniform to G = 2.0. Highways in the River Environment recommends

using the following U.S. Army Corps of Engineers (1982) criteria for

establishing gradation limits for riprap:



The lower limit of 050 stone should not be less than the size of stone
required to withstand the design shear forces .

· The upper 1imi t of 050 stone should not exceed f ive times the lower
limit of 050 stone, the size which can be obtained economically from t he
quarry, or the size that sat isfies layer thickness requirements.

• The lower 1imit of 0100 stone should not be less than two t imes the
lower limit of 050 stone .
The upper 1imi t of 0100 stone should not exceed f ive times the lower
limit of 050 stone, the size which can be obtained economically from t he
quarry, or the size that satisfies layer th ickness requirements.

· The lower limit 015 stone should not be l ess than one sixteenth the
upper limit of 0100 stone.

· The upper l imit of DIS stone should not be less than the upper limit of
the filter material .

· The bulk volume of stone lighter than the 015 stone should not exceed
the volume of voids in the structure without this lighter stone.

Murphy and Grave (1963) tested various rock sizes and gradations in
conjunct i all with protection of overflow dikes . Two gradat ions, A and Al
(Figure I), failed under the same condit ions although gradation A had maximum
particles 36 inches in diameter as opposed to 24 i nches for gradation AI.
Both gradations had a median diameter of 16 inches. The two gradations Band
C, fa iled under the same conditions. The greater variation in particle sizes
in the C gradation resulted in a maximum size of 24 inches compared to 16
inches for the B gradation. However, only 15 percent of the B gradation was
less than half the 050, compared to 30 percent for the C gradation. In the
model test, it was found that ri prap fa ilure occurred by removal of smaller
particles, resulting in the dislodgement of larger part icles. Murphy and
Grace concluded that stones larger than some crit ical size (approximately 065
in their tests), do not increase riprap stability .

Searcy (1967) proposed three classes of r iprap for use in riprap
protection at highway bridges and proposed a single gradation . The gradation
is referenced to the median size, 050'
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Size of Stone
3050
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0. 1050

Percent of total weight
smaller than the given size

100
80
50
10

Searcy based this gradation on findings by Murphy and Grace, but realized
that unless a large quantity of riprap was to be installed, that it might

prove undesirable to specify more than a single gradation. The Searcy
gradation was intended to accommodate actual field conditions.

In the Corps of Engineers design manual, "Hydraulic Design of Flood
Control Channels" EM-1601, (1970), a set of criteria was presented for
establishing gradation limits. The criteria result in a range of stone
weights for each fraction of the gradation rather than a single gradation

curve. Ranges are determined for the 0100, 050, and 015 size fractions,
where the lower limit for 050 is set to meet boundary shear stress
conditions, and the upper limit is set based on an economically feasible
quarry size. The limits for the other two size fractions are set as follows:

W100L > 2 WSOL

WlOOU < 5 WSOL
WlSL > 1/16 WI00U

W1SU < WSOU
where W is the stone weight and the numerical subscript refers to the
percent lighter by weight, and "L" and "UN denoting the upper and lower
limit of the range.

Maynard (1986) reports on laboratory tests conducted by the Crops on

riprap and indicates that for gradations having Das/D1S less than 4.6, a
single incipient failure criteria could be developed. As mentioned earlier,

Maynard found the 030 size to be characteristic of riprap stability.
To make the specification of riprap gradation somewhat easier, the Crops

issued Engineer Technical Letter (ETL) No. 1110-2-120 that provides
additional gUidance for riprap channel protection. This ETL provides a
series of tables that allow gradation limits to be determined based on
physical characteristics of the riprap.
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Blodgett and McConaughy (1986) compare stone gradations specified in
different design procedures. Figure 2 presents their comparison and includes
Oregon and California specifications.

Shape

Another important property for riprap stability is riprap particle
shape. Angular, well-proportioned rock particles tend to interlock and form
a more stable mass than rounded rock shapes. Lane (1955) observed the angle
of repose of materi al on stock pi1es and noted that the angl e of repose
increased for angular and crushed rock over round rock. Lane constructed a
chart showi ng the angl e of repose as a funct ion of shape and med ian ri prap
di ameter. Simons (1957) developed a simil ar set of curves based on his
observat ions of the angl e of repose for coarse, noncohes ive materi a1. The
importance of the angl e of repose in the stabil ity of ri prap was shown
theoretically by Carter, Carlson and Lane (1953) which they expressed as the
tractive force ratio, K,

~ ~
K = r cb = 1- sin'G

where
orCS = critical shear stress on the side-slope,
'tcb = critical shear stress on the bed,

o = channel side-slope angle,
e = the angle of repose of the material that forms the side­

slope.
Stevens and Simons (1971), associated the angle of repose to the moment

resisting overturning of a riprap particle, as part of their development of a
safety factor for riprap design.

Most specifications for riprap shape recommend angular stones, and in
addition give ratios for length and breadth of the stone relative to its
length. The basic rule for riprap proportion, (Searcy, 1967), which is
widely used is that "neither breadth nor thickness of a single stone should
be less than one-third its length." In EM-1601, the Crops also requires "not
more than 25 percent of the stones, reasonably well distributed throughout

9
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the gradat ion, sha11 have a 1ength more than 2.5 times the breadth and
thickness."

Thickness
The general rule for riprap thickness is that all stone sizes should be

contained within the layer thickness. This results in a thickness equal to
the diameter of the largest riprap particles in the distribution. Simons and
Senturk (1977), the Corps of Eng ineers (EM-1601, 1970), Searcy (1967), and
others use this rule. Stevens, Simons and Richardson (1984), recommend that
in the case of riprap with a large gradation coefficient (G > 3.0) that the
thickness should be increased to 1.5 0100 to provide enough material for
armor-plating. Maynord (1986) showed increased riprap stability as thickness
increased up to 1.5 0100' The Corps data as presented by Maynord shows that
increased riprap thickness decreases the required size.

Highways in the River Environment recommends the riprap thickness should
not be less than twelve inches for practical placement, less than the
diameter of the upper limit of the 0100 stone, or less than 1.5 times the
diameter of the upper limit 050 stone, whichever is greater. If riprap is
placed underwater, the thickness should be increased by 50 percent; and if
subject to attack by 1arge floating debri s or wave action, it shoul d be
increased six to twelve inches.

Density
The rock densi ty used to form ri prap is a basic factor in ri prap

stability. However, the variation in density among natural rock types
suitable for use as riprap is small. The specific gravity of riprap composed
of quartz and feldspathic minerals is 2.55. A minimum specific gravity of
2.5 is often specified.

Durability
The durabi lity of riprap is important both during the transportation of

riprap particles from quarry to construction site and during in-service
performance . Evaluation of rock durability depends on geotechnical
techniques and geologic concepts which include site evaluation, field
testing, and laboratory tests . Common laboratory tests include: Los Angeles
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Abrasion, Point -load test, Schmidt hammer, freeze-thaw test, sulfate
soundness test, and sl ake durabil ity-two cycle (ASTM, 1980) . Summer and
Johnson (1982) devised a rock durability flow chart, which provides a
procedure for evaluating rock suitabil ity as riprap for channel lining. This
procedure i ncorporat es both site i nvest igati on and laboratory testing .as
required, and i s a simple step-by-step approach (Figure 3). Smith, McCauley
and Mearns (1970) stud ied qual ity control of riprap by the California
Division of Highways and recommended the durability absorption ratio (DAR) as
the best means of combining the resul ts of inexpensive laboratory tests into
an index usable for specifying riprap durability .

Bedding Requirements
The importance of using a filter medi um to separate the channel bank

material ·f rom t he overlying riprap gradat ion has been stressed since the
1940's. Use of a graded rock filter blanket was proposed by Terzaghi (1948)
and thoroughly tested by the Corps of Engineers Waterways Experiment Stat ion
(1941, 1948). The Terzagh i filter gradat ion is routinely specified and
advocated by some (Posey, 1957) to be the only acceptable f il t er for
permanent riprap i nst al l ati ons . However, the cost of producing the Terzaghi
filter gradation and the difficulty of install ing r ock filter blanket has
lead to a preference for other filter materials, particularly the synthetic
fabrics (Dellaire, 1977) .

Since the i nt roduct ion of synthetic fabrics i n the late 1950's, there
has been substantial i nt erest in the many possible geotechnical applications
of this technology, among wh ich is as a filter medium . Development of design
criteria and specifications for geotechnical fabrics has advanced through
research by the Corps of Engineers and Federal Highway Administration.
Initial research by the Waterways Experiment Station (1972) pointed out that
few engineering propert ies of plastic f ilter cloth were known at the time,
but that good performance had been documented under severe l oadi ng
condit ions. Concern was expressed over the 1ack of permeabil i ty of the
fabrics by WES (White, 1982) in their documentation of the performance of
filter fabrics in conjunction with bank protection measures. The Federal
Highway Ad-ministration (Bell and Hicks, 1980) compiled literature and field
performance data which resulted in the development of interim criteria and
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specification of fabric properties needed for a wide range of highway
applications. Riprap protection is not specifically addressed in this study
but related applications such as filtering and separation are pertinent.
Christopher (1983) reports on two riprap installations that are over a decade
old constructed in 1969 in Florida. This leaves the question of long-term
performance of synthetic fabrics still open.

2.3 Hydraulic and Sediment Transport Conditions
The stabil i ty of ri prap at a site can depend both on the hydraul ic

forces to which the individual riprap particles are subject and on movement
of the channel boundary . The behavi or of ri prap ina flow fi e1d has been
studied by a number of researchers. Incipient motion of riprap particles in
a uniform flow field has probably been the most Widely studied aspect of
riprap stability. Nonuniform flow conditions that have been studied include:
flow in channel bends and zones of expanding or contracting flow (conditions
that are characteristic of flow near bridge abutments, gUidebanks, and
piers). Movement of the channel boundary can take place due to local scour
at piers, abutments and near spurs; or from more general changes due to a
change in the sediment transport capacity in the channel reach where the
structure is located. The regime of a moveable bed channel and the
associated bed-forms can also be an important factor.

Incipient Motion
The flow condition which just sets a solid particle in motion is the

primary criteria used in riprap design. Shields (1936) conducted experiments
with uniform sediment sizes to develop his well-known incipient motion
diagram, which is shown in Figure 4. The Shields diagram is a nondimensional
chart with the vertical axis being the ratio of boundary-shear stress to
particle weight, and the horizontal axis being the particle Reynolds number.
Laboratory data on the incipient motion of nonuniform size distributions has
been collected by Gessler (1963) and by Little and Mayer (1972). Gessler
(1971) noted that because of fl uctuat ions in turbul ence i ntens ity and the
nonuniformity of channel bed material, that Shields criteria must be viewed
ina probabil i st i c manner. Shen and Lu (1983) developed a procedure for
predicting the final imposition of armoring bed. They found that 030 should
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be used to substitute for the uniform sediment size in the Shields diagram to
describe incipient motion.

Most flow conditions associated with riprap design involve fully
turbulent flows with the particle Reynolds number in excess of 100, and
therefore, it is commonly assumed for design that the Shields Parameter ·is a
constant value. The following table summarized some of the values of the
Shields parameter that have been recommended or incorporated into riprap
design procedures.

Source
Lane (1955)
Anderson (1970)
EM-1601 (1970)
Gessler (19il)

95% level
50% level

Maynard (1978)
Maynord (1986)

Shields Parameter
0.047
0.039
0.040

0.024
0.047
0.037
0.033 to 0.040

(depends on thickness)

By combining the Shields criteria, with the Manning equation, and using
the Strickler roughness equation, the following relationship can be derived.

°50 • C F3
d

where
050 = mean particle size,
C = coefficient as defined below,
d = depth of flow,

....J.L
F = Froude Number = gd,

Va = average velocity,

g = gravitational constant.

(1)

Maynard (1978) showed that procedures by Anderson (1970), Li et al
(1976), Ramette (1963), Em-1601 (1970), and Isbash (1935) can be closely
approximated by the above equation. In general, all these procedures have
the same exponent as the above equation, but the coefficient varies for each
procedure. Maynard gives coefficient values for straight channels ranging
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from 0.22 for bottom riprap (Factor of Safety of I.O) to 0.33 for riprap
placed on a 2:1 bank (Factor of Safety of 2.0). For curved channel sections,
Maynord recommends the following equation for determining the C coefficient :

C = 0.70 (r/w}-O.5

where r = radius of curvature, and
w = topwidth of the channel.

(2)

The C coeffi ci ent can be converted to a correspondi ng val ue of t he
Shields parameter, Cs' using the following equation :

1
(3)

Note that l arge values of C are equivalent to small values of the
Sh ields parameter.

Slodgett and McConaughy (l986) developed a new procedure based on an
extensive set of field data. The equation has a dimensional form and is
similar to equat ion (I) but does not expl ic itly account for flow depth:

(4)

The equation represents a lower envelope for field sites that had
erosion of riprap particles. The authors also evaluate seven design
procedures commonly used in highway engineering. Maynord (1986) re-evaluated
hydraul ic data on riprap stability and has proposed the following equation:

°30 .
_____ = 0.53 C F2 .5 (5)

d

The C coefficient was found to vary with total riprap thickness. For a
riprap th ickness equal to the maximum size in the gradation, and riprap place
on the bed of a straight channel, C = 0.30. Additional tests are now under
way to determine ri prap stabi 1ity on channels ide-slopes and in channel
bends .
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Boundary Shear Stress
In a flow field, a shear stress is developed at the channel boundary as

the flow velocity is reduced to zero at the boundary . If the velocity
distribution is known for the flow field, then the boundary shear stress can
be determi ned . For t urbulent flow, the velocity fl uctuates substantially and
results in bursts of shear stress higher than average. The boundary shear
stress can be determined for relatively simple flow conditions; but for
complex flow conditions, it i s seldom calculated directly . For un iform fl ow
conditions, the average boundary shear stress is descr ibed by the followi ng
equation:

T = y R S (6)

where y = unit weight of water;
R = hydraulic radius; and,
S = slope of the energy grade line.

Basic research on the distribution of boundary shear stress in straight
trapezo idal channel s was conducted by 01 sen and Florey (1952) and Repl ogl e
and Chow (1966). The results of t he membrane analysis by Olsen and Florey is
widely publ ished in many textbooks and design manuals, and can be used to
calculate the distribution of shear stress in a straight trapezoidal channel .
In more complicated flow conditions such as bridge crossings , there is less
information on the distribution of boundary shear stress . Blodgett (1984)
reports that because bridge piers decrease the effic iency of a river sect ion,
an increase in the mean velocity of flow takes place through the bridge. The
ratio of maximum velocity to mean velocity was reported by Blodgett as
increasing by 14 percent in a typical bridge opening .

The velocity distribution in channel bends has been measured and studied
by a number of researchers. The equation developed by Rozovskii (1957) is
widely used to est imate the magnitude of the traverse velocity component of
bend flow . Richardson et a1. (1987) in Highways in the River Environment,
derive an equation for the longitudinal velocity over the width of a stream
for a gentle bend of parabolic cross section . Measurements by Ippen et al.
(1962) have been Widely used as the basis for determining the boundary shear
stress in bends in many design procedures (i .e., EM-1602, SCS TR-25, and

18



Anderson). Improved measurements on boundary shear stress in channel bends
with alluvial material were made by Nouh and Townsend (1979) using a laser
dopler anamometer.

When the channel boundary is free t o move, sediment transport processes
become important facto rs in the stabil ity of the river reach. Sediment
transport factors are usual ly referred to by the scale of the phenomena and
include local scour, general aggradation/degradation and regional
aggradation/degradation. The regime of the flow with sediment transport is
also important, since bed forms occur in the ' channel and wi ll cause
displacement of t he mean bed elevation. Sediment transport effects govern
toedown requirements for channel protection and may l ead to addit ional
freeboard. Jones (1984) summarizes various local scour equations associated
with bri dge cross i ngs. Methods for cal culat i ng general scour due to bri dge
openings are given by Richardson et al e (1987) in Highways in the River
Envi ronment. Computer model s are al so used to cal culate general scour at
bridge openings, several of which are discussed by Holly et al e (1984). A
general design procedure for evaluating toedown and freeboard requirements in
alluvial channels is given by Simons, Li & Associates, Inc., (1985), which
assesses the cumulat ive effect of bedform height, local scour and general
aggradation/degradation.

Posey (1974) conducted a series of tests to evaluate riprap scour
protection for bridge piers. Circular and wall pier shapes were studied and
i n the case of the wall pier shape, the pier was both aligned to the flow and
skewed 30 degrees. The piers were protected by graded layers of material,
meeting Terzaghi's inverted filter criteria. The flume test was made with a
live, sand-bed and during test flows, dunes were the dominant bed form. In
selecting t he maximum particle size, Posey made the rough estimate that "the
velocity at the side of the pier was about double the average approach
velocity. To protect the area around the pier, the riprap was extended
slightly further than the edges of the scour hole that formed without
protection. It was found in the degrading conditions, that the protection
layer bedded down without losi ng material at the edges, but some edge
settlement was noted during the passage of dunes. Leaching of bed material
through the protection did not occur, indicating the utility of the Terzaghi
gradation. Posey recommended that piers be protected using a riprap blanket
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with an inverted filter gradation placed 1.5 to 2.5 pier diameters in all
directions from the face of the pier . A chart for determining riprap size
was developed where the sfze is a function ·of the shape of the pier ,
percentage of contraction and the Froude number of the approach flow.
Protection of bridge piers was recommended for bridge sites that w~re

experiencing settlement, not as a design procedure for new bridges.
Nece (1974) studied the effectiveness of the Washington State Department

of Highways method of preventing scour at bridge piers us i ng riprap. Seven
bridge sites were studied and hydraulic data collected . However, all the
sites studied were relatively new and had not been subjected t o major flood
flows.

2.4 Site Characteristics
The location of a bridge crossing can have a significant effect on the

methods and extent of stabilization required. Bridges located in an adverse
reach of the river such as a channel bend, or a severely braided channel,
will encounter dynamic channel conditions. The objective of achieving a
stable water'Hay through the bridge open ing may run counter to the fluvial
processes underway in the channel. Bridge crossings that are not correctly
aligned with prevai ling hydraulic conditions in a reach, can encounter severe
scour and erosion problems. Blodgett (1986) collected data on the geometric
properties of open channels which showed that the geometry of open channels
follows a consistent pattern. Detailed measurements by Blodgett on a single
channel reach (Pinole Creek at Pinole, California) shewed that a channel
section can vary significantly over time. This change in channel geometry
results in a variation in hydraulic cond itions at a structure over time. As
Blodgett points out, a survey of a channel section at any given point in
time, cannot be taken as providing an absolute definition of the geometric
properties of the reach . Rather, it should be viewed as one sample from a
population that varies over time .

References that present a general overview of bridge location require­
ments include: Guide to Bridge Hydraulics (Neill, 1972); "Hydraulic Analysis ·
for the Location and Design of Bridges" (.MSHTO, 1982); and, "Highway in the
River Environment" (Richardson et al., 1987). These publications place an
emphasis on channel response, scour protection, and channel training works.
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They provide a guide to hydraulic design in fluvial systems with a particular
emphasis on bridge waterways.

One particular aspect of bridge sites that has received increasing
attention is the geotechnical aspects of bank erosion. Methods for
evaluating the stability of bank slopes are presented in Design of Open
Channels (SCS, 1977). Conditions causing slope failure are varied and no
single procedure addresses all types of slides. Design of Open Channels
addresses rotational slides, and translatory slides. Based on field
inspection, Blodgett and McConaughy (1986) identified three types of slides
that commonly occur in conjunction with riprap bank protection. Trans­
lational slide failures were associated with bank side-slopes that were
overly steep; banks that had been undercut by bank degradation or scour; or
the presence of excess hydrostatic pressure that reduces the internal
frictional resistance of the slope. A modified slump failure is associated
with riprap placed near the angle of repose, or loss of support provided by
key stones in the riprap matrix resulting in downslope movement of the
riprap. The slump slope failure is a rotational slide associated with the
formation of fault planes due to nonhomogeneous base material with layers of
impermeable material. Causes for slump type failure are: overly steep side­
slopes, to the point where the gravitational forces exceed the forces along
the friction plane, or excess overburden at the top of the slope.

2.5 River Response
River channels continually adjust to changes in water and sediment

discharges in order to maintain a dynamic equil ibrium. These adjustments
involve changes in channel geometry over a substantial region of the river.
These changes in channel form may have significant consequences at a bridge
site. Therefore, an analysis of river morphology is necessary to understand
the effect of potential changes in regime on geometry and channel pattern.
The quasi-equilibrium channel geometry is usually related to slope, discharge
and sediment properties (lane, 1957; leopold and Maddock, 1958; and Schumm,
1960). These rel ati onships are not conti nuous and several thresholds have
been shown to exist between river patterns (Schumm, 1974). The empirical
relationship for river morphology and thresholds are based on laboratory and
field data. lane (1957) and leopold and Wolman (1957) presented threshold
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channel slopes as a function of discharge (mean annual discharge or mean
annual flood), separating meandering rivers from steeper braided rivers .
Threshold conditions were observed in laboratory studies by Schumm and Khan
(1972). The basic threshold for channel formation is the discharge at wh ich
bed material movement begins (Schumm, 1974) .

Rivers may be classified according to channel pattern or type. The
three major patterns have been identified as straight, meandering, and
braided (Leopold and Wolman, 1957). Brice and Blodgett (1973) classified
alluvial streams into four major types in order of increasing channel slope
or bank full discharge, they are: equ iwidth point-bar streams; wide bend
point-bar streams, braided paint-bar streams, and braided streams without
point bars. Equiwidth point -bar streams are relatively narrow and deep; the
width is not sensitive to changes in channel slope. The widths of the other
stream types vary in direct relation to the slope and are sensitive to
changes in slope.

Trent and Brown (1984) give a useful procedure for recognizing the
potential channel instabilities in conjunction with the design of highways in
river environments. They classify factors affecting river stabil ity as
natural or accelerated . Accelerated erosion typically results from man's
activities in the river system. The procedure requires an understanding of
geomorphic processes occurring within the watershed and an awareness of
activities affecting river stability.
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III. RIPRAP DESIGN REQUIREM~~S

Based on the review of riprap design practice in Arizona and a review of
the literature on riprap research, the following design requirements have
been found to be essential to conduct a complete design.

3.1 Riprap Properties
The use of the median size of a r iprap gradation is being re-evaluated

as the characteristic size describing riprap stability. Flume test conducted
by the Corps of Engineers show the 030 size to be a more reliable predictor
of riprap stability. The definition of a characteristic riprap size is key
design criteria .

It is important to have a riprap gradation that provides an integrated
mass of riprap protection, without voids or large areas of smal l particle
sizes . At the same time, the gradation requirements must be feasible to
produce from available quarry sources . The definition of a usable range of
riprap gradations and a means of verifying th is gradation in the field are
important design requirements.

The thickness of a riprap blanket may compensate for small rock sizes .
The thickness and gradation go hand-in-hand to produce a competent
protection . The thickness is an important design requirement and
interdependent with the characteristic size and material gradation.

Use of filter bedding or fabrics is basic design requirement. The
Patagonia Case Study raised an interesting question on the performance of
filter fabric. The 1iterature search po inted out a similar concern by the
Corps of Engineers in some of their field testing of filter fabric.

The durability of rock used as riprap is important both in the
transportation and in-place performance of the protection. The Vanar
Diversion Case Study, documents the reduction in riprap size during the
shipment of riprap. This appears to be a fairly common occurrence and an
effect that the designer should take into consideration.

Other design requi rements for ri prap characteri st ics whi ch are better
understood as to their effect on riprap stabil ity include rock shape and
density. It is important that the designers have information on the quality
of the material produced by a quarry and seme clear rules for evaluating the
quality.
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3.2 Hydraulic and Sediment Transport Characteristics
The incipient motion criteria for riprap particles is still undergoing

fairly extensive research by the Corps of Engineers and Federal Highway
Administration. These independent efforts (one based primarily on laboratory
tests, and the other on field measurement) are producing similar results.
These research programs have superceded most previous research and,
therefore, should be the basis for riprap particle stability requirements.

The boundary shear stress is the force that must be resisted by riprap
protection. Methods of estimating boundary shear stress are limited to
relatively simple hydraulic conditions. The force placed on riprap
protection in complex hydraulic conditions, such as channel bends, regions of
accelerating/expanding flow, or where a local dissipation of energy occurs
(piers and abutments), are more difficult to assess. The determination of
boundary shear stress is a very important design requirement.

Degradation of channel beds was common to -many of the case histories
presented . The degradation problem appears to extend beyond local conditions
created by the bridge and involves other activities such as sand and gravel
mining, or development encroachment on the river. In developing riprap
toedown requirements, degradation producing activities will need to be
considered.

The use of riprap at bridge piers to control local scour is a common
practice in Arizona and other states. The basis for the design of such
prctact i on appears to be quite 1imited . The procedure is a necessary and
cost effective countermeasure for many bridges in degrading channels.

3.3 Site Characteristics
There is a need for the designer of riprap protection to recognize the

degree of variation in channel conditions that can take place at a bridge
site. As the Case Histories have pointed out, there can be significant
variation in channel geometry, alignment and gradient at a site. Within
reasonable limits, the designer must anticipate these changes and protect
critical components of the site accordingly. The design requirements in this
case extend beyond assessing riprap stability at the site into an assessment
of river response.
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A specific site consideration and design requirement pertaining to
riprap i s bank stabil ity. An assessment of bank stability should be
incorporated into riprap protection design. Detai l ed' geotechnical analysis
will not be necessary in most cases, but a qualitative assessment of bank
stability should be a basic requirement.

3.4 River Response
An assessment of current river regime and threshold levels should be

incorporated into desig n of riprap protection at a site . Man 's activities in
the r iver should be gi ven part i cular attention . The use of checkl i sts and
geomorphic rel~tionships can aid the designer in evaluating river response.
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IV. OVERVIEW OF CASE HISTORIES
The development of a set of case histories, documenting riprap

performance in Arizona, was the primary objective of Task One. While the
focus of the study is on the use of riprap for protection of bridge sites~ a
comprehensive effort was made to gather case histories from any agency ·with
either research or design experience. Federal, State, County and local
agencies were contacted and interviewed over the telephone, and the following
questions asked:

1. State the purpose of the study as follows:
We are looking for installations of riprap channel protection.
either for bank stabilization or protect ion of an in-st r eam
structure such as a highway crossing, that have had documented
flood flows. Do you know of these type of installations that have
been built or are maintained by your agency?

2. If yes, can you tell me where they are located and the projects
that the installations were constructed under?

3. Are design plans and calculations available for these projects?
4. Do you have data on flooding that occurred at these installations,

or documentation on flood conditions that are on f ile in your
office?

5. Does your agency use a specifi c methodology for design i ng ri prap
protection? If yes, get a manual reference or a copy of the design
method.

Based on the initial telephone interview, office visits were scheduled
to review in detail documentation of specific projects. Office visits ~ere

made to Pima County Department of Transportation, City of Tucson, Soil
Conservation Service, and ADOT's headquarters . Recent floods in 1983 caused
extensive damage to bridges in Tucson and Pima County. A report was prepared
by the Pima County Department of Transportation and Flood Control District
that catalogues the damages to public facilities and private property
throughout the county. With the ass i stance of ci ty and county personnel,
bridge sites were identified where riprap, gabion, or rock and rail type bank
protection had been used for protection of the structure. Construction plans
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were retrieved for sites at Swan Road, Rillito River Bridge; 22nd Street,
Pantano Wash Bridge; Pantano Wash, North of Speedway Boulevard; and Ajo Way,
Santa Cruz River Bridge. Because documentation of 1983 flood damages was
extremely limited, none of these sites was selected as case histories for
this study.

The Soil Conservation Service sited twelve project locations that might
be used as case histories. After reviewing information on file at the SCS,
two projects were selected as case histories:

Vanar Wash
Sonoita Creek at Patagonia

It was found that the SCS does not typically have
conduct fol low up evaluations on project performance.
number of reasons, some of which are:

the opportunity to
Thi s occurs for a

* Many SCS projects are designed for relatively frequent flooding
conditions (25-year flood frequency). Major floods usually cause
significant damage resulting in loss of the property, which results in
removal of the property from the flood prone area. The SCS project is
therefore not repaired since its function no longer exists.

* The SCS is not an emergency relief agency; and, therefore, they do not
gather data on the immediate impacts of flooding.

* The SCS channel stabilization projects are design oriented, data
collection on channel behavior or riprap performance is typically not an
objective.

Also, the SCS has undertaken most of their major projects in response to
recent major floods. As of yet, these projects have not received any
significant floods since their completion . The case histories, that SCS has
had an opportunfty to prepare, are quite good, particularly the one for Vanar
Wash. One drawback, to the use of SCS projects for th is study, is that these
projects are solely for bank stabi lization and flood protection; neither case
history has a bridge crossing in the project area.

The primary source of case histories was the bridge maintenance files of
the Arizona Department of Transportation . Projects conducted by ADOT include
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original Construction at bridge sites, emergency repair projects after flood
damage., and on-going projects for repair of scour damage to bridge sites.
Because of extensive flooding in 1977,1978, and 1983, a large number of
bridges were damaged. Damage to bank protection also occurred, and at .some
sites a series of repair projects have been required. With the assistance of
the staff of the Hydraulics Group at ACOT, bridge sites were selected from
emergency repair projects. These included bridges at the following
l ocat ions :

1-19, Santa Cruz River
1-19, Old Junction Wash
1-19, Tinaja Wash
1-19, Agua Fria Canyon
1-10, Rillito River
1-19, Esperanza Wash

The need to implement scour protection measures at bridge crossings in
Arizona was identified in 1979 . In a joint effort by ADOT and FHWA, a multi ­
disciplinary team of hydraulic, foundation , and structural engineers was
formed with the objective of identifying bridge sites with chronic scour
problems. The Scour Team initially inspected twenty bridge sites in 1979 ,
and this inspection subsequently resulted in thirteen construction projects
at fourteen of the sites. Since initiation of the Scour Team, over one
hundred inspections have been conducted resulting in construction projects at
70 sites . Construction fun~ing of countermeasures is budgeted annually, and
1imi ts the number of projects that the Scour Team can undertake each year.
Through 1985, about $7.0 million of scour-countermeasure projects were funded
by ACOT. Fund i ng on the order of S1. 0 to S1. 5 mi 11 i on per year for bri dge
countermeasure projects is anticipated by the Structures Section at ACOT.

Case histories were selected from Scour Team Projects that involved
riprap protection measures. Information was gathered on projects at the
following l ocat i ons :

1-17, Deadman Wash
1-17, New River
US 89, Granite Creek
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v. CASE HISTORIES
The general format used in this report to present case histories

information is to describe the location and type of bridge crossing, give the
hydrologic and hydraulic characteristics of the associated river reach,
provide a general history of the site, and present a chronology 'of
construction and repairs at the site . Information varies for each of the
sites and with the source of information.

The locations of the various bridge sites that were included in this
study are shown in Figure 5. The locations are geographically well
distributed in Arizona and are typical of many bridge sites in Arizona. The
drainage basin size varies significantly at each location from six-square
miles at Old Junction Wash to 2070 square miles on the Santa Cruz River at
the 1-19 site .
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Case History No.1. 1-19. Santa Cruz River Bridges
Location: Southwest of the City of Tucson

Type of Crossing:
Two bridges: Northbound is approximately 5160 feet long with four piers '(S
spans). Southbound is approximately 410-feet long with three piers (4
spans). Bridge skew varies because the structures are located an a 0· 18­
minute curve. Bridge 'skew approximates 45· for the most part.

Hydrologic characteristics:
Drainage area :0 2070 square miles, which provides a maximum highway design
flow of 45,000 cfs. This is the maximum discharge of record, October 1983.
Water surface elevation was estimated at 2495.82 feet.

Hydraulic characteristics:
Th d ... h f ~ 1 , r, , 12" ~ . .... h 1 . te average ep .. , a r.ow \"r:l-' ,\I "'. • ~ re~t Wll.o an average ve OCl y
approximating 11.7 ft/sec .. Ihe 1'Jt:ation of these structures are unique in
that the Santa Cruz River, in it; attempt to penetrate the buttes, dissipates
energy prior to entering the crossing . This is visible from large meanders
upstream of the structures. This location creates a very unstable local
regime for any type of crossing.

Crossing history: (1967-1977)
Flooding of the Santa Cruz River has caused severe damage to the bank
protection at the project site since the 1967 construction. The first
observed damage occurred in February 1968 after a storm in December 1967
during the original construction. The sheet piling was repaired in 1968 by
P1aci ng concrete into the scour holes on both sides of the pi1 ing. Curi ng
these years, hydraulic and structural conditions seemed to be satisfactory
except for minor scour and channel degradation occurring near the south bank.

1977: (USGS Q :0 22,000 cfs)
October 9 and 10 provided the Santa Cruz with another major flood event that
dramatically changed the channel configuration and the bank protection at the
south abutment of both structures. The dike along the east side of the south
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abutment was damaged by water whi ch broke through the gull i es from the

meander upstream, came across country and flooded the area behind the dike.

The dike was overtopped which allowed the undermining of the riprap and

fi 1ter blanket. The ri prap was washed away beginn i ng next to the sheet

piling at the northbound abutment and extending 160 feet east.

The cyclopean concrete poured into the scour area in 1968 effectively sealed

the sheet pil ing from piping action in this area. The embankment fill was

now lost beyond this prior treatment downstream under the southbound bridge

for a distance of approximately 150 feet. Material lost behind the sheet

piling extended back six to seven feet and down to the present stream

elevation.

Wired riprap along the top of the sheet piling collapsed into the void behind

the piles and had totally disappeared with only traces of wire mesh hanging

from the top of the piling.

At that time, after the flood, the streambed had degraded about five feet

under the northbound and southbound 1-19 bri dges. There had also been a

great loss of river bank material on the north upstream side. The nine-foot

bank was eroded completely back to harder material and had encroached within

20 feet of the sheet pi 1i ng below the north abutments. The same type of

river bank erosion occurred on the south side of the channel between the

mainline and the Mission Road ramp bridge.

1978:
Another storm caused large runoff in the Santa Cruz River. Channel changes

upstream put the force of the flow aga i nst the north bank protect i on and

caused failure of sheet piling and rock protection. Emergency measures were

taken to haul rock to reinforce the area under stress and prevent fill

erosion.

After the damage, extensive rebuilding of the entire bank protection was

accomplished by removing the sheet piling and replacing it with dumped rock

riprap. This installation was monitored closely during each runoff. Each
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runoff caused settlement or realignment of the loose rack.

1983:
On February 4, 1983, a major storm event caused erosion of the nor t heast
corner of the bank protecti an. Emergency measures were taken to haul .heavy

rubble fill to protect the abutment fill. The peak flaw has been estimated
at about 5000 cfs by the USGS.

The most severe damage was located at the northeast corner of t he bri dge

site, upstream of the north abutment of the nor t hbound bridge. The angle of
flaw was directed at this carner and as a result about ISO feet of the
existing dumped riprap section was lost. Other site damage was minor, with
some minor scour in the vicinity of the mainline bridge piers at the south
bank. It was recommended that a spur dike with plating replace t he dumped
riprap .

* Missing October 1983 flood data .

DSO .. 12"
DlIiax ... 18"

Rock Size
20.1

14"
7"
4"

Riprap design: 1978
ADOT designed the riprap required to protect the structures using Highway
Research Board Report 108. With this design, ADOT determined a 050 ... 24"

with Dmax .. 36" would work best. There ended up being a difference in
opinion with the FHWA. The FHWA design using HEC -lS determined DSO • 12".
The ADOT hydraulic engineers would not agree with FHWA as shown in the
structures hydraulic report due to discrepancy i n stream velocity estimates.
The specified riprap gradation was:

Percent Passino
100

35-55
5-20
0-5

1979:
In a meeting between FHWA and ADOT Structures Section, the consensus was that
the design procedures presented in HEC-lS would be used without modification.
The following design criteria was specified :
1. Angular rock will be specified (Sec. 612.02, pg 115 of HEC-lS).
2. Minimum weight of stone will be 155 Ibs/cu ft (Sec. 612.02, pg 115 of

HEC-15).
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D~O "" 18"
Mlnimum SoG. "" 2040

rock"" 150 lb/cu ft

Rock Size
27"
20"
15"
6"

3. Velocity of flow V used in Chart 33, page 62 of HEC-15 will be the
average velocity of flow, (QJA).

1984:
In speaking with ADOT hydraulic design team leaders, it was found that the
Highway Department has no consistent method of design for dumped riprap. 'One

squad is using HRB Report 108, while another squad is using Laursen's Method
from the 1963 proceedings of ASCE. The redesigned dumped riprap gradation
using Laursen's method requires:

Percent Passing
100

40-60
20-40
0-5

)
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Figure 6. Santa Cruz River topography at 1-19 bridge after October
1983 flood. Scale 111=133' CACOT Hydraulic:s GrOY!=l)
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Figur e 7. Aerial photograph of Santa Cruz River at 1-19 bridge af te r
October 1983 f lood . (ADOT Photogrametry Section)
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Case History No.2, 1-17, Dead Man Wash Bridge
location: 27 miles north of Phoenix

Type of crossing:
Two bridges (northbound and southbound). Each bridge is 130 feet long, with
three piers (4 spans) at a O· skew to the bridge.

Hydrologic characteristics:
Drainage area = 12.4 square miles which provtdes a 50-year highway design
flow = 8,800 cfs.

Hydraulic characteristics:
The average depth of flow (Q50) = 2.9 feet, with a Froude No. (Q50) = 1.l.

The northbound bridge is located at the confluence of two major washes. The
approach channel is skewed at least 15-20· with the piers at the northbound
bridge due to the channel confluence. The southbound bridge has no skew and
therefore is impacted by water at a 20· deflection caused by the northbound
bridge.

General history:
As of 1979, the streambed had not changed significantly under either bridge
since original construction and there had been no hydraulic related repairs
done since original construction.

Crossing history: 1948
The original bridge was constructed (future southbound). A channel was
constructed upstream for 400 feet and downstream for 20e feet. This
consisted of di kes and embankments made of the materi al from the channel
excavation. No riprap was shown.

1959:
December, a flood was recorded Q= 1850 cfs.

1965:
The second bridge is constructed (northbound).
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1978:
March, a flood was recorded Q • 1400 cfs.

1979:
First report of channel condition. Scour was detected to
the top of pier II and three feet of the top of pier #2.
was split.

within two feet of
The approach flow

Size
36 inches
22 inches
10 inches
6 inches

1979:
A new ri prap invert and embankment is constructed. Ri prap characteri st ics
according to design criteria: The rocks are to be angular and minimum weight

of the mattress and toedown
and i t s l engt h is 9.5 feet .

to be 155 pounds per cubic foot. The thickness
is three feet. The slope of the toedawn is 3:1

The rack riprap gradation:
Percent passing

100
35-55
5-20
0-5

Site characteristics:
The side-slope of the bank is according to standard C-2 .01 and the channel
bottom was not protected .

1980 :
February, by looking at photos, there appears to be a recent high water event
that scoured a one-to-three-foot deep area under t he northbound bridge at the
confluence point.

1982-1986:
The inspection reports state that there has been little flow and little
alteration to the riprap mattress .
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Case History No.3, 1-17. New River Bridge
Location: 31 miles north of Phoenix

Type of crossing:
Two bri dges, northbound and southbound. Each bri dge is 347 feet long, with
eight piers (9 spans) at a 30· skew to the bridge.

Hydrologic characteristics:
Drainage area = 82 square miles which prOVides a 50-year highway design flow
= 17,300 cfs. USGS Gauge 5138 is close to the site.

Hydraulic characteristics:
The average depth of flow = 5.4 feet with a Froude No. (19,500 cfs) = 1.1.
The bridge is over a meandering channel with abutment 1 (south end) on the
outside of a severe bend (900 foot radiUS). The piers are skewed 20°-40. to
the flow. A concrete defl ector wa11 upstream of abutment 1 has apparently
mitigated the angle of attack at abutment 1 and piers 1 and 2.

General history:
The stream bed has not changed significantly under either bridge since 1971.
During construction, a portion of the riprap washed out at the south
embankment of the northbound bridge. Additional riprap and an upstream
deflector wall were added by change order. In 1970, a portion of the
upstream north bank riprap had to be repaired because of another washout.

Crossing history: 1967
December, a flood was recorded Q = 12,000 cfs.

1968:
The two bridges were constructed. The channel was improved for about 600
feet upstream and 450 feet downstream of the bridges by constructing a riprap
guide bank for the upstream section and excavating a channel downstream. The
excavated channel bottom width was about 220 feet to 250 feet.
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Riprap characteristics:
The dikes were built from existing material within the channel bed and from
existing borrow pit areas. Boulders with a minimum size of 50 inches were
placed three feet th ick an a 1.5:1 s1cpe wi th a four- foot vert ica1 toedown
for a 175 foot length under both abutments. Riprap with a IS-inch minimum­
size boulder was placed 1.5 feet deep on 1.5:1 slope with a four-foot
vertical toedown in the upstream section of the channel. The center l i ne of
the channel had a 900 foot radius of curvature. The inside bank (north side)
was 290 feet long and the outside bank (the north side) was 610 feet l ong.
The slope of the upstream channel was 0.75% and about nine feet deep . Thi s
channel bed material is composed of sand/gravel. The downstream channel
improvement was excavated from the existing bed on a 1.5:1 slope .

1970:
September, a flood was recorded Q = 19,500 cfs .

1971 :
First bridge inspection report showed degradation of almost four feet under
spans 2 and 3 near the south end of the structure.

1978:
January, bridge inspection report showed no change.

1978:
March, a flood was recorded at Q 3 17,900 cfs, which was approximately the
design discharge.

1978:
June, loose riprap had been deposited along both banks up to and in front of
the end piers. The observed high water marks were four feet below the
soffit.

1979:
March, a flood was recorded at Q .. 4,600 cfs , The ban k protect ion (dumped
rock) failed between the upstream deflection wall and a point downstream of
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the southbound structure. Local scour was evident at piers 3, 4, and 5 of
the northbound structure. To protect the bridge piers, a riprap invert and
embankment was constructed . The riprap was constructed along the outside of
the bend and under spans 1-5 and half of span 6. It was built three feet
thick of type "A" riprap with a ten-foot toedown at a 2:1 slope. The riprap
embankment was constructed for a dt stance of 300 feet along the south bank
and is 5.5 feet thick of type HA" riprap at a 2:1 slope. All riprap was
placed on filter fabric. Rocks were specified as angular and minimum weight
to be 155 pounds per square foot. The specified riprap gradation was:

Percent passing Type "A" Type "B"
100 66 inches 36 inches

35-55 38 inches 22 inches
5-20 18 inches 10 inches
0-5 12 inches 6 inches

1980:
February, a moderate flood occurred. From the photos, pier 2 on the
northbound bridge was at the three foot water depth mark. Witnesses observed
high water at span 1 at the southend of the southbound bridge, debris was
shown at a high water mark 7.5 feet below deck. Bank protection along south
bank held wel l, no apparent scour at toe. Most of water flowed under ~pans

2, 3, and 4, some under 5; water flowed off the apron between the bridges
under span 5 into span 4.

1984:
Bridge inspection report says the channel has remained relatively stable
since l ast inspection; minor loss of material at piers 4, 5, and 6 is no
problem at this time.
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CASE HISTORY NO. 4
Rillito Creek
Route: 1-10
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Case History No.4, 1-10, Rillito Creek Bridge
Location: 10 miles north of Tucson

Type of crossing:
Two bridges, northbound and southbound. Each bridge is 342'6" with ten piers
(11 spans) and no obvious skew. Most spans are 32 feet long and constructed
as a reinforced concrete continuous slab bridge.

Hydrologic characteristics:
Drainage area ~ 934 square miles, which prOVides a QI00 ~ 24,000 cfs (USGS
Small D.A. Study, Sept. 1978). Pima County Flood Control District estimates
the QI00 ~ 31,000 cfs.

Hydraulic characteristics:
The average depth o~ flow = 10.8 feet with an average velocity of 11.4
ft/sec. The river has been unstable with much sinuosity in the vicinity of
the site, (see aerial photos). When these bridges were constructed, I-10
bri dges, railroad bri dge and east frontage road bri dge, they were 500 feet
downstream from a bend. In the past few years, the meander upstream has
formed an active bend adjacent to the railroad bridge. There has also been
suggestions that upstream mining activities have attributed to the rivers
instabil ity.

Crossing history: 1978 (Q ~ 16,000 cfs, Q20 per USGS)
The main flow, originally in the braided condition, concentrated into the
road area under the bridges and was forced to make approximately a 90· turn.
This change in river course caused severe scour at the north bank and caused
deposition at the south bank during this December 18, 1978 storm event. The
following is field notes from the bridge inspection crew:
East frontage road:

- total loss of dumped riprap downstream of bridge.
- high water mark at bottom of girders.

channel degradation: toe of dumped riprap is now four feet above the low
channel.

- approximately 50 feet of the north approach washed out.
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- dumped ri prap around north abutment is gone, as well as about 100 feet
downstream.

Northbound and southbound bridges:
- heavy debris on all piers.
- pier pile caps visible.
- no apparent bank damage on either north or south sides.
- high water at four feet below bottom slab .

In a special inspection of the structure after the flood event, it was also
noted that the existing Type A dike and bank had eroded away for the total
length (415 LF ±) between the east frontage road and the westbound bridge.

1983:
As a result of the October 1, 1983 flood, the channel degraded three to four

.: . feet under the fi rst seven spans. No apparent damage was caused to the
· rai l bank but the question was raised regarding depth of scour in these areas
and whether adequate cover was present. The only other mention is of debris
on the rail bank.

Riprap design: 1980
The method of design chosen by ADOT was HEC-15. The specified gradation was:

Percent Passing Rock Size
100 36"

70-85 24" 050 • 18"
40-50 18"
30~40 12 M

8~15 6"

The plans also specified two filter blankets for the riprap.
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(ADCT Photcgr_try Section)
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Case History No.5, US 89, Granite Creek Bridge
Location: 1 mile north of Prescott

Type of crossing :
Two bridges, 211 feet long, each with two piers (3 spans) at a 30· skew to
the bridge.

Hydrologic characteristics:
Drainage area = 39 square miles which provides a 50 year highway design flow
= 2330 cfs. From as builts: high-water elevation = 5249.0, Q = 6750 cfs .
Gauge 5030 i s located at the bridge.

Hydraulic characteristics:
The average depth of flow (QSO) = 2.8 feet, with a Froude No. (QSO) 1.3.
The channel makes a gO-degree bend as it passes through the bridge.

General history:
As of 1979, the main channel near pier 1 had degraded seven feet since the
original construction . The greatest degradation was noticed during the 1978
inspect ion. The footings of pier 1 of both structures were exposed and the
railbank protection between the structures was undermined. Downstream
channel excavation was sited as causing six to eight feet of degradation at
the bridge.

Crossing history: 1956
The two bri dges are buiIt. The embankments at the base of the bri dge
abutments are protected wi th ri prap. On the north abutment, 260 feet of
riprap was installed and on the south abutment 300 feet of a rail bank
protection was installed. The size gradation of dimensions of the riprap
protection were not shown. The protection was placed on a 1.5:1 fill slope
with the rail bank protect ion having a three-foot vertical toedown, the riprap
appears to have been installed at a 2:1 slope . The bottom width of the
opening under the bridges is about 100 feet. From the plans, the southern
abutment is located on the outside bank of the channel -bend .
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1976:
First bridge inspection report: Only the railbank on the south abutment is
mentioned and it is reported as in satisfactory condition. The riprap that
was on the north abutment is not mentioned . In the channel, one foot ·of
scour was reported at midchannel.

1978:
April, bridge inspection report: The railbank protection on the south bank
was reported in good condition. The channel bed had degraded by five feet at
the footing of the south pier. Extensive scouring had exposed the footings
of the pier columns. The inspect i on cautioned that possible trouble could
occur in the near future.

1980:
The bank protection at the base of the south abutment was rebuilt as rock and
rail, standard C-17.02. A grade control si ll was constructed at the
downstream side of the ·bridges. The sill was set to raise the channel invert
through the bridges by eight feet, allowing four feet of fill above the top
of the pier footings on the south bank. A stilling basin was constructed
below the sill to dissipate energy from. the sudden drop in channel profile.
The sill was constructed of rock and rail with a concrete cap. There are a
series of drops into the stilling basin, a six-foot drop with a +17-foot-long
riprap apron, then two more drops and aprons, each with a 2.S-foot drop and
6.S-foot aprons made of wire-tied riprap. Rock was specified as sound and
durable, of rounded or angular shape and nominal diameter of eight inches
minimum and 21 inches maximum, flat or needle shapes were not acceptable .
Rock for the drop structures was specified to include at least SO% of eight
inch to 12 inch and SI at 18 inch to 21 inch. Other rock used was to meet
standard RB-2 and include filter fabric.

1982:
Movement and loss of rock in the stilling basin occurred.
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1982:
Grouted spillway was completed. A large grouted riprap stilling basin is
completed where the drop structure of 1980 was built 45 feet long by 130 feet
wide.

1985:
Bridge inspection report: The downstream drop structure and stilling basins
are working well. The channel has remained stable.
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Case History No.6, 1-19, Tinaja Wash Bridges
Location: Approximately 45 miles south of Tucson

Type of Crossing:
Three bridges: northbound, southbound and east frontage road bridge. Each
bridge is approximately 129 feet long, with three piers (4 spans). These
structures are four-span, reinforced concrete, continuous slab bridges with
approximately a 35- skew.

Hydrologic characteristics:
Drainage area = eight-square miles which provides a Q50 = 2820 cfs and a Q100
= 2990 cfs. These flow values were determined from an ADOT drainage study in
May of 1975.

Hydraulic characteristics:
Designing for the QSO flow, the average velocity was approximated at 10 .5
ft/sec. The depth of flow under these conditions was determined to be
approximately 3.2 feet.

Crossing history:
When these three structures were built in 1975, the contract included bank
protection. This bank protection consisted of dumped riprap placed along
both banks beginning upstream of the southbound bridge to the downstream side
of the east frontage road bridge.

1983:
In October of the year, a major storm event was experienced. From mainten­
ance records of the high water mark and use of the slope area method, it was
determined that a flow of approximately 3000 cfs was developed . Upon
inspection of the structures after the flood, the following damages were
recorded:

1. Lateral erosion to the south bank, between the west frontage road
and southbound bridges. The lateral scour caused severe damage to
the existing dumped riprap.
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2. The north bank of the southbound bri dge experi enced mi nor ri prap
damage.

3. The south end of the southbound and the north end of the northbound
bridges also experienced riprap damage.

1984:
In late February and early March of 1984, ADOT conducted a backhoe
investigation at several sites along 1-19 relative to the October 1983 flood.
At Tinaja, trenches were excavated to determine the extent of damage to
existing riprap installations. Both trenches were dug at the banks, west of
the southbound structure.

The north bank exposed riprap protection immediately below the bank surface.
The excavation also revealed that most of the original section is intact.
During the excavation of the south bank trench, no evidence of pre-existing
riprap was found. FolloWing the backhoe investigation, ADOT made the
following recommendations:

1. Because the north bank riprap damage was minor, it was recommended
the riprap be regraded and grouted 20 feet upstream and downstream
of the southbound bridge. Estimated 90% of original riprap section
was still intact.

2. The south bank riprap damage occurred from the centerl ine of the
southbound bridge to its upstream terminus. Regrade and grout bank
20 feet downstream of southbound bridge to rail bank. Estimated 50%
of original riprap section was still intact.

Riprap design: 1984
The method used by ADOT was one which was .devel cped by Ray Jordan, the
hydraulics-group section head at the time. The developed equation used:

V 3
DSO • 0.0006086 ----- (Ksf) (Ksg) (Kss) (Kb)

yi

This equation was derived from equations in various publications. Using this
design method, DSO was determined to be 12 inches. The folloWing gradation
was also recommended:
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Percent Passing
100

40-60
20-40
0-5
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Rock Size
18"
12"
9"
3"
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Case Historv No . ]. 1-19. Old Junction Wash
Location: Approximately 32 miles south of Tucson

Type of cross ing:
Three bridges: northbound, southbound and east frontage road. Each bridge
is 129 feet long, with three piers (4 spans) at a 35· skew to the flow. The
structures are four -span, continuous cast-in-place concrete slab bridges .

Hydrologic characteristics:
Drainage area • six square miles, which provides a Q50 • 2530 cfs and a QI00
= 2700 cfs. The flow from this wash i s channelized upstream of U.S. Highway
89 with bank protection on both the north and south banks.

Hydraulic characteristics:
The average depth of flow is 3.4 feet with an average velocity of 8.75
ft/sec. With the channel ization of the wash under U.S . 89, the wash does
widen under the 1-19 structures .

Crossing history: 1983 - Q = 3800 cfs (estimated by maintenance crews from
high water marks)
The west frontage road, old U.S . 89, sustained no damage to bridge or
railbank of which consisted of 179 feet on the north and 336 feet on the
south banks respectively . Most of the riprap losses occurred at the
transitions from dumped riprap to wire-tied riprap at the north abutment of
the southbound bridge. Two feet of degradation was recorded in the stream
channel but an estimated 80% of the riprap is still intact.

Recommendations:
1. New grouted riprap upstream and downstream on north bank of southbound

Interstate, placed in front of and against existing wire-tied.
2. Reconstruct 125 feet of dumped and grouted riprap along north bank for

25 feet upstream and 60 feet downstream.
3. Reconstruct 250 feet dumped and grouted riprap along south bank of

northbound Interstate, placed 25 feet upstream to about 40 feet
downstream of east frontage road.
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Riprap design: 1975
The method used by ADOT was one wh ich was developed by Ray Jordan, the
hydraulics-group section head at the time. The developed equation:

V3
050 8 0.0006086~ (Ksf) (Ksq) (Kss) (K6)

This equation was derived from equations in various publications. The major
references for this method are as follows:
1. Lawsen, E.M.; "An Analysis of Relief Bridge Scour"; Proceedings of ASCE ,

1963; pg 96 .
2. F.H.W.A. t "Highways in the River Environment"; 1975; p VIA-12.
3. F.H.W.A., "Hydraulic Engineering Circular No. 11", 1967; P 11-14.
4. F.H.W.A., "Hydraulic Engineering Circular No. 15", 1975; P 15-16.

Using the above derived equation, ADOT determined that a 050 = 12" would be
adequate.
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CASE HISTORY ·NO~· a
Agua Fria Canyon
Route: 1-19
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Case History No.8, 1-19. Aqua Fria Canyon
Location: Approximately 12 miles north of Nogales

Type of crossing:
Two bri dges, northbound and southbound. Each bri dge is 92 feet long, with
three piers (4 spans) at a O· skew. Both bridges are of reinforced concrete
slab construction.

Hydrologic characteristics:
Drainage area • 43 square miles which provides a design flow of 10,600 cfs.
This design flow is the storm of record and was obtained from slope area
calculations by the U.S.G.S. ADOT estimated Q = 10,200 cfs from high water
marks on the bridge.

Hydraulic characterist ics:
The depth of flow was 6.2 feet duri ng the flow of record with an average
valocf ty > 12 ft/sec . At the location of these bridges, the river could be
characterized as a meandering incised alluvial channel , The most recent
improvements to the channel's stability include spur dikes and a concrete
channel lining between and under the structures.

Crossing history: 1977
The October 9th flood was of such magnitude that the southbound structure had
to be closed because of the loss of the southwest corner of the southbound
approach due to scour.

The frontage road bridge, Old U.S. 89, was located 700 feet upstream of 1-19
and washed out on October 9th. The bridge abutments and upstream rail bank
remained intact. The high water elevation was estimated to have been about
equal to the top deck elevation of the frontage road bridge. It was
suspected that the bridge failed because the spread footings supporting the
piers were undercut by scour. A 100-foot overflow section, adjacent to the
south abutment, was not of suffi ci ent capacity to prevent the loss of the
bridge.
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During the flood, approximately one foot of water overflowed the Interstate
roadway at the north abutment of the southbound bridge. This overtopping
washed out a section of roadway embankment and undercut the approach slab to
the southbound bri dge . The north channel bank approach i ng the southbound
bridge scoured laterally about 20 t o 30 feet .

Immediately upstream of the northbound bridge, the high water elevation was
about even with the northbound top deck elevation, however, no flow
overtopped the northbound roadway . Minor scour occurred behind the
downstream wi ngwa1k of both the nor t hbound and southbound bri dges. Scour
also occurred behind the north inlet wingwalk of the northbound structure.

Using the high water marks upstream of the southbound structure, assuming no
velocity of approach and the existing groundline, a peak discharge of about
11,000 to 12,000 cfs is estimated to have occurred. The discharge may be
affected by storage at Pena Blanca Lake which is located about seven miles
upstream.

1983 :
The October 1983 flood caused 1ess damage to the structures. Along the
northwest bank, upstream of the bridges, 125 feet of rail bank was scoured .
Most of the rails were present after the fl ow but s1ight1y bent. A sma11
amount of fill was gone behi nd the northwest wi ngwa11 of the southbound
br; dge. About 30 feet of the spur dike suffered scour damage. The flood
waters had penetrated the rock and filter fabric and removed a good deal of
the compacted fi ll.

On April 1st, a backhoe investigation was performed to assess subsurface
damage to the bank protection. Two trenches were dug, one at the nose of t he
washed out portion of the south spur dike, and the second at the centerline
of the 42 inch CMP's going through the dike. At the first location, riprap
and filter fabric were found 20 feet into the channel and just below the
surface. The second excavation found the top of the riprap toe trench seven
feet below the channel. In 1986, the nose of the spur dike was grouted as
recommended by this investigation.
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Riprap design:
For the protection of the abutments, the riprap size was determined through
the use of the CSU method. With the previously mentioned hydraulic
parameters and the followi ng i nput :

Angle of repose • 41.5­
Safety factor • 1.25
Side-slope • 2:1
G • 2.48
050 • 2 feet

From the calculations, the following gradation was specified:
Percent Passing Rock Size

100 38 H

40-60 24"
20-40 18"
0-5 6"

Using E.M. laursen's, "An Analysis of Relief Bridge Scour", AOOT designed the
channel riprap blanket to reduce scour at the abutments to five feet . Using
this procedure, the riprap size determined was too large to be economically
feasible. It was recommended that a reinforced concrete lined channel be
used. In 1982, the channel was lined between and under both structures.

Also, at this time, a design was performed using HEC-lS. By this method, 050
a 10 inches for the bed protection and 050 • 12 inches for the channel sides.
The decision was made to use the conservative 050 • 24 inches previously
calculated for the abutments.

1978:
In January, a riprap dissipator pool was designed using HEC -14. The
following parameters were used by AOOT engineers:

Q • 754 cfs
Tw • 6.2 feet
Vn • 7.4 ft/sec
Ye • 5.0 feet
Ab • 50 feet 2

The length of the dissipator pool was determined to be 44.5 feet with an
apron length of 17.5 feet.
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Case History No.9, Vanar Wash
Location:
The diversion is in Cochise County, placed cross slope on an alluvial fan to
divert runoff to San Simon Creek. The diversion drains in a south-easterly
direction, capturing Vanar Wash, Steins Creek and two other washes.

Type of structure:
The total length of the diversion is 5.64 miles. 4.64 miles consists of a
low-flow earth channel excavated with a compacted earth embankment dike. The
initial channel gradient ranges from 0.15% to 0.2%. Near Vanar Wash, a 542
foot reach of the di ke to protect with ri prap from attack by Vanar Wash
inflows. Two chute reaches required extensive riprap protection on the
invert and side-slopes due to steep gradients of 1.0%. The upper chute has
four side-channel inlet structures to allow surface water entry.

Hydrologic characteristics:
The total watershed area is 74.9 square miles. The diversion was designed
for a 2S-year event with a design discharge of 7,600 cfs and 10,000 cfs in
the upper and lower chutes, respectively. Several gauges were built with the
project including three in the lower chute. Because the gauges were damaged
and did not operate during the storm of August 1971, slope area measurements
were used to determine peak di scharges and vel ocit i es. Roughness
coeffi ci ents of 0.020 and 0.045 were used for the earth and rock sections,
respectively. The estimated peak flow in the upper chute was 7,660 cfs of
which 1230 cfs was over the left bank. This left a 6,430 cfs flow in the
channel. Thi s sl ightly exceeded the 25-year design di scharge of 7,600 cfs
for the upper chute. The estimated peak Q in the lower chute including
additional inflows was 8,230 cfs, which is 82% of the 25-year design
discharge of 10,000 cfs.

Hydraulic characteristics:
The following table summarizes the hydraulic conditions in the chutes as
estimated for design and during the August 1971 fl ood.

87



Design 1971 Flood
Discharge (cfs):

Upper chute 7,600 7,600
Lower chute 10,000 8,230

Roughness 0.035 0.045
Slope (ft/ft) 0.01 0.01
Side-slope 3:1 3:1

Design 1971 Flood
Bottom width (ft):

Upper chute 100 100
Lower chute 120 120

Depth:
Upper chute 5.3 5.7
Lower chute 5.8 5.9

Froude Number:
Upper chute 0.96 0.74
Lower chute 0.98 0.78

Velocity:
Upper chute 12.2 9.4
Lower chute 12.5 10 .1

The upper chute has two bends located at the one-quarter and the three­
quarter points of the chute. The upper bend was constructed with a radius of
1000 feet and a length of 290 feet, and the lower bend was construct~d with a
radius of 60C feet aod a length of 290 feet. The middle half of the upper
chute is straight for 1018 feet at 1.0% gradient. The lower bend was t he
only bend constructed with a raised bank. The lower chute was constructed
with one bend at the top of the chute that accommodated a grade change from
.15% to 1.0% in the mi ddle of the bend. The remainder of the chute i s
straight for 1790 feet at a grade of 1.0%.

Riprap:
The desi gn thi ckness was specifi ed at 21 inches on the channel bottom with
the banks tapering from 21 i nches at the base to 17 inches at the top . The
as-buil t plans show the average depth af rock on the bottom was about 5
;nches 1ess t han the design specifi ed. A post f1ood measurement at the top
of the chute in undisturbed areas show riprap thickness average 14 .3 inches
and 13.3 inches for the left and right banks, respectively. About 3-5 i nches
less than the design specified. No thickness changes were specified in the
original design for the bends or transitions.
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Gradation:
The design calls for a 075 of 14 .4 inches with calculations based on a
straight alignment. The rock size was not adjusted for the curved sections.
The tests of gradation during construction gave an average 075 of 12 inch~s.

The post flood tests conducted on undi sturbed areas gave an average 075 of
eight inches.

Performance:
Significant damage occurred to r iprap i n the chute reaches of the divers ion
channel. Maps of zone of scour and deposition of riprap was prepared by the
SCS after the August 1971 flood. The tight radius of curvature and the near
critical flow conditions were found to result in riprap stabil ity probl ems.
Problems with riprap gradation and thickness also created performance
defi ci enci es .

VANAR WASH WATERSHED

Deficiency Investigation

Rock Riprap Sieve Analysis
Composite of Post Flood Tests Nos . 1-6

11 Percent Percent Percent Passing
Sieve Size Weight Retained Retained Passing Required

17" 0.00 0.00 100.00 100
14" 0.00 0.00 100.00 65-90
10" 727.72 11.47 88.53 45-70
6" 1581.11 24.92 63.61 25-50
3" 3239 .28 51.06 12.55 10-30
l~" · 643.51 10.14 2.41 0-10

Pan 152.88 .l..:.il 0.00

Totals 6344.50 100.00

11 Tot al s from tests Nos . 1-6

Test Os .. 8" ±
Des ign Os .. 14.4"
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near Patagonia 93



Case History No. 10. Sonoita Creek at Patagonia
Location:
Just upstream of U.S. Highway 82 on Sonoita Creek in the Town of Patagonia,
Santa Cruz County, Arizona.

Type of Structure:
Rock riprap bank protection along bends of Sonoita Creek.

Hydrologic characteristics:
Gauge #4815 is approximately two miles downstream of Patagonia. The gauge
was discontinued in 1972.

General history: 1979
A flood occurred of unknown magnitude inst igating the 1982 bank protection
work.

1982:
Rock riprap bank protection was install ed at three sites, on bank sections
that were subject to erosive flow due to a bend in the channel. Site 1 was
located just upstream of the bend, on the south bank of the channel. This
section was designed to protect a residential area from flow that impinges on
the bank as a result a severe bend {radius is 400 feet} 500 feet upstream.
The length of Site 1 protection was 600 feet.

Site 2 was located along the outside of the severe bend radius of 200-250
feet, with a topwidth of 80 feet (radius/topwidth of 2.5 to 3.0) just
downstream of Site 1. Riprap size was varied along the 710 feet of this
instal lation with the downstream 427 feet specified at a 0SO of 30 inches and
the upper portion specified at a 050 of 24 inches. Site 3 was constructed on
the outside bank of a mild bend downstream of Site 2. It was constructed to
be 245 feet long and protected a road from direct flow impingement. The bend
has about a 700-foot radius .

The general specifications for riprap at all three sites as follows:
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0so :a 24 inches
Side-slope", 3:1
Thickness:

Top of bank :a 3 feet (3.75 feet)*
Toe of slope :a 6 feet (7.50 feet)*

Toe trench width :a 10 feet
Toe down • 4-5 feet

*lower portion of Site 2

The riprap was placed on filter fabric and cutoff walls were constructed at
the end of each site. The cutoff walls were six feet thick and extended six
feet into the top of the channel bank. The height of the riprap bank
protection varied from six-eight feet. The bottom width of Sonoita Creek
varies from 40-80 feet in this reach. The channel gradient is 0.69% for
Sites 1 and 2, steepening to 0.92% at Site 3.

1983:
A flood occurred, magni tude unknown, that damaged much of the 1982 bank
protection.

1984:
March. The SCS reported that rock-riprap-bank protection installed after the
1979 flood was damaged and rock removed by the 1983 flood. The major damage
occurred where filter fabric and the rock were placed over a hard, impervious
ca1iche-cemented formation. a res ident observed the fail ure and reported
that the rock was functioning well until the water level was receding. At
this time, water appeared to have flowed between the caliche formation and
the filter fabric, the fabric ballooned causing the rock to roll downslope.
The SCS considered this to be a plausible cause of the failure, because of
the hydrostatic force that woul d occur wi th the water trapped between the
impervious caliche and the low permeability filter fabric.

Rock riprap bank protection was repaired on Sites 1 and 2 of the 1983
construction.
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Site 1: 127 feet of bank was replaced in the lower third of the original
bank repair area. The replacement bank section was the same as the one used
in the 1982 construction. No new specification for rock riprap size or
gradation was given. It was reported that about loS feet of silt deposited
on the bottom but the riprap from the silt level up was totally removed, ·with
about 5-10 feet of natural embankment behind the original riprap washed out.
The toedown area was reported to have not been disturbed.

5i te 2: 18S feet of bank is replaced in the lower quarter of the ori gi na1
bank-repair area with an additional 100 feet of bank protection placed beyond
the end of the original Site 2 work. This area was specified to be built
with 050 of 30-inch rock, and the replacement bank section was constructed to
this specification. The damage to the bank was reported to be very similar
to the damage at Site 1. About one foot of silt deposited on the bottom and
above that all the rock was removed with up to three feet of scour into the
natural bank behind the riprap . The toedown portion was not disturbed.
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Case Historv No. II. 1-19. Esperanza Wash Bridges
Location: Approximately 28 miles south of Tucson

Type of crossing:
Three bridges: northbound, southbound and west frontage road with lengths of
194 feet, 168 feet and 168 feet, respectively. The skew of the crossings are
45-, 35-, and 20- with eight, seven, and seven spans, respectively. All
three bridges are continuous reinforced concrete slab bridges.

Hydrologic characteristics:
Drainage area = 40.5 square miles with a QSO = 9500 cfs. The high water mark
is estimated at 2967.5 feet. This data was obtained from the "As-Bui l t

Plans" of the southbound and west frontage road bridges completed in January
1977. Current designs use Qmax = 10,500 cfs with a velocity of 17.2 ft/sec.

Hydraulic characteristics:
This stream would most likely be characterized as a m~andering incised
alluvial channel. For the 50-year flood frequency. the average depth of flow
was nine feet, the Froude number = 0.80, and a theoretical scour estimate of
6.6 feet. The upstream channel has been constri cted by dumpi ng of waste
concrete on the north channel bank. Four to six feet of degradati on had
occurred from the ADOT materials pit (#7008) located downstream to the
channel checks. This made the adequacy of the spread footings totally
dependent on the existence of the channel checks.

Crossing history: 1971
The May 5th inspection of the northbound bridge revealed that the streambed
had degraded up to four feet between spans 3 and 7 si nee the previous
inspection on March 18, 1969. The change in stream bed elevation was
attributed to the excavation of the downstream ADOT aggregate pit #7008. The
streambed continued to degrade from one to four feet under spans 3, 4, and 5
until 1976.

1976:
Channel checks (C-17.02 type 4) were constructed downstream in conjunction
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Repair or replace the existing
refrain from excavating below the

wi th the construction of the southbound and west frontage road bri dges.
There has only been minor degradation of the stream bed under the southbound
and west frontage road bridges since the original construction.

1977:
June 23rd experienced a high water mark of elevation of 2960 feet at the
southbound bridge. The estimated flow was 1200 cfs.

1981:
The April 7th inspection indicated the channel checks had some missing rock,
damaged wire, and a scour hole below the lower basket.

1982:
In late September, ADOT's Scour Team investigated Esperanza Wash bridges and
identified several problems:
1. The integrity of the C-17.02 channel checks and wire-tied aprons were

suspect because of corroded and broken wire.
2. The north side of the channel check had no cable lacing between the

rails, possibly due to scour damage.
The following recommendations were made:
grade control structure, and continue to
streambed in pit ~7008.

1983:
On October 1st, the crossing experienced another flood. The dumped riprap
bank protection was not damaged at the north and south. abutments of the
northbound bridge. The downstream check structure was intact with five feet
+ scour at the downstream side of the second check; apron remained intact .
Railbank at both ends of check structure were heaVily damaged with
accompanying extensive bank erosion at the north end. New end treatment for
the check structure and northbound bridge were needed.

1984:
Esperanza Wash was one of a number of sites studi ed in the March backhoe
investigation by ADOT. Two trenches were excavated, one halfway between the
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west frontage road and the southbound bridge along the north bank, and the
second approximately ten feet upstream of the west frontage road bridge along
the north bank. The first trench revealed no evidence that riprap had ever
been placed while the second trench found the riprap toe trench intact about
three to four feet below the channel. Approximately 130 feet of the riprap
on the north bank was damaged from the southbound bridge to the east/west
R.O.W. fence upstream of the west frontage road bridge. Estimated 95% of
dumped riprap on north bank was gone.

The following recommendation was presented with the results of the backhoe
investigat ion: Regrade and grout from the centerl i ne of the southbound
bridge to the rail bank protection anticipated for new spur dike construction.

Riprap design:
Scour was determined using Lacey's regime formula:

dm= 0.47 ( ~ ) 1/3 ~ mean depth

It was conservatively determined that the mean depth ~ 8.2 feet resulting in
a scour depth of 4.8 feet. The riprap design equation developed by Ray
Jordan, head of AOOT hydraulics group at that time was used:

It was determined that a 050 .. 2.14 feet was needed by this method. In
contrast, the design was checked using HEC-1S which predicted a 050 = 1.6
feet. It was decided to use 050 • 24" since that is what was currently in
place.

The following table is the gradation specified for dumped and grouted riprap:
Percent Passing Rock Size

100 18"
40-60 12" minimum specific gravity .. 2.4
20-40 18"

0-5 6"
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The following table is the gradation specified for riprap in the toe trench:

Percent Passing
100

40e60

20-40
0-5

Rock Size
36"
24" minimum specific gravity a 2.4
18"
6"
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VI. SUMMARY OF FAILURE CONDITIONS
The case histories illustrate the variety of failure conditions possible

for riprap protection measures for bridges in Arizona. There are also cases
where ·riprap protection has been designed using conventional methods and has
performed in flood conditions near the estimated design discharge . . the
variation in riprap performance is difficult to assess quantitatively,
because measurements of hydraulic conditions, at or near the time the failure
occurred, were not made . Even di scharge records are 1imited at the sites
because of the large number of gages that were discontinued · prior to major
floods in 1983.

The causes of riprap failure fal l into five general catagories
including: riprap quality, riprap layer characteristics, hydraulic
conditions, site conditions, and river behavior. Riprap quality addresses
material characteristics of rock used and i ncl udes t he properties of density ,
durability and shape. Although construction specifications reviewed for case
histories were limited regarding quality at all sites, performance problems
were not associated with inadequate quality . The Vanar Wash case history
indicates that breakage of riprap from the quarry to the site contributed to
a reduced riprap size. This may be a more prevalent problem than is
realized, because it is difficult to measure the size and gradation of riprap
after it has been installed.

Riprap layer characteristics include the size, gradation and thickness
of the i nsta11 ed ri prap protection. The Vanar Wash Oi vers i on case history
documents problems in attaining required characteristics during construction .
Methods that permit effective measurement of these characteristics in the
field are lacking . Another important riprap layer characteristic i s the
und(!rlying bedding layer upon which the riprap is placed. Two types are
used: a gravel bedding and a synthetic geotextile fabric. At the Patagonia
Wash failure, the SCS reported that the fabri c fi Her centri buted to the
fa ilure by trapping flow between a relatively impermeable, cemented bank and
the fabric filter. The uplift pressure and the fabric strength permitted the
riprap layer to be lifted off the bank. This failure was the only known case
of a geotextile fabric contributing to a riprap failure. Since failure
conditions at the site were not completely investigated by the SCS, it cannot
be assumed that many other factors did not contribute to the failure.
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Hydraulic conditions result in the boundary shear force on the riprap
layer. This boundary shear force is in turn resisted by the weight of the
stones compri sing the ri prap 1ayer. The design methods used at case study
sites (primarily HEC-1S and Report 108 by Anderson) use an allowable shear
stress on a riprap element equal to four to five times the mean stone size in
the gradation. This value is based on flume studies and limited field data.
The boundary shear stress has estimated base of the average tractive force.
Allowances were not made for many factors that could locally increase the
boundary shear stress such as at channel bends and encroachments . Although
riprap design information is sketchy, one of the primary reasons for riprap
failure or erosion problems is the underestimation of boundary shear stress .
In most cases, riprap design was based on the assumption of a uniform,
straight channel while in real ity other factors that greatly increase the
boundary shear stress were present. The case history of bridges on the Santa
Cruz River, Rillito River, and the SCS projects at Vanar Wash Diversion and
Patagonia Wash show that riprap failures occur when these additional factors
are ignored.

Site conditions and river behavior play a significant role in the
performance of ri prap protect ion. The site condit i ens re1ate to the shape
and profile of the river in the vicinity of the bridge at the time the bridge
is constructed. The river behavior relates to the change in river form,
shape and profile over time. Conditions at bridges in this study show the
complexity of these sites. Many of the sites are located in or near channel
bends including bridges on the New River (1-17), Santa Cruz River (1-19),
Rillito Creek (1-10), Old Junction Wash (1-19), Agua Fria Canyon (1-19),
Esperanza Wash (1-19), Vanar Wash Diversions, and Sonoita Creek. In some of
these cases, migration of the channel bend has gradually changed the severity
of the bend at bridge site . At bridges on Rillito Creek (1-10), Old Junction
Wash (1-19), Agua Fria Canyon (1-19), and Esperanza Wash (1-19), this has
1ead to the construction of control measures in the reach upstream of the
bridge to di rect the flow at a 1ess severe approach angl e to the waterway
opening.

Other ri ver stabi 1ity problems that were found in thi s study include
region channel bed lowering (Granite Creek, US 89), and channel widening
(Tinaja Wash, 1-19 and Santa Cruz River, 1-19). Some problems are the result
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of man's activity in the river system. The region channel bed lowering at
Granite Creek is the consequence of large scale sand and gravel mining
downstream of the bridge site.

Table 1 summarizes hydraulic conditions and riprap fai lure causes at the
bridge sites reviewed in this study. These case histories demonstrate "both
the variety and complexity of river channel conditions at bridge crossings
and the resulting difficulties in establishing riprap protection at critical
areas associ ated 'l'Ii th t he bri dge structure. The hi stori es also show the
limitations of riprap design methodologies and to some extent hydraulic
modeling .

Riprap design procedures employed have limited or no ability to address
special conditions found at bridge crossings. At a minimum, a r iprap
procedure shoul d address areas of increased boundary shear stress found in
channel bends and zones of accelerat ing flow at spur dikes and abutments .
Flow zones with vortices such as piers and areas of expanding flow are less
tractable problems . Few models of bridge hydraulics provide output other
than average hydraulic conditions. Procedures for determining the actual
distribution of boundary shear stress at bridge site are l acking. Since the
integrity of the bridge cross ing depends to a large extent on performance of
protective critical area at the site, the lack of procedures addressing the
distribution of boundary shear stress at bridge waterway appears to be a
critical gap in riprap design.
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TABLE 1. SUM'-tARY Of ItYDRAULI C COIIO ITIONS AND RIPRAP PROTECT ION PERfOO~1ANCE

SITE NAME (R)
DRAINAGE AREA (f) RADI US Of

050 SIZE f LOOD Q V fROUDE DEPTH WIDTH CURVATURE 0
50

To CAUSE Of
DATE (cfs ) (fps) tlUI-IBER (ft) ( tt ) ( ft) SLOPE IblftL f AILURE OOI-f.tENT5

1-19 , Slloto Cruz 1967 5800 Por tl cl e eros ion During construction fl ow
River (uSGS ) • embonkment. scoured shee t pi ling .
D.A.=2070 sq ml 1917 22000 13.1 0.14 - 10.6 152* River mlgrlltlon, Extensive bank protec-

(uSGS ) 0.0029 1.92 port lc le eros ion t lon damage I mos t crells
I embankment , of tho cross In9'
dike end bend.

050"1211 (1978) 19m 13500 0.0031 2.11 Particle erosion Fili iure at sheef
050" 10" (\ 904) (uSGS) I embllnkment . pil i n9 and rock pro-

tect l on,
1983 5000 Parflc le erosion Heavy rubble replaced
(feb) (uSGS) I embllnkment and mIssing rlprap dur ing

bend. f low, 150' of r lprap
los t .

1983 45000 11. 1 0.60- 12. 0 321 - 360 Al l phllses of Flow was much IlIrger
<Oct) (ADOT) bank s lump ing than ever anticipated.
Design and par t Ic le No protect Ion des Iglled.... Flood 10" 0.01 14 2.42 eros lon , for th is rnllgnltude.......

w
1-17, Dead Man 1959 1850
Wash 1979 1400
D.A." 12.4 sq ml 1919 Scour of Scour within ~ teet of

channel bottom. top of pier footings.
050=22" (1979) Rlprllp Inver t lind

elllbllnkment p illced.
Design 8BOO 10.63* 1. 10 2.9 300· NA 0.00B5 1.54 Current Inspections
flood repor t litt le flow or
(°50) al terat ion to rlprllp.

1- 17, New RI vel 1%7 12000
Bridges 1968 NA Bridges were consfructed
D.A.=02 sq rnl lind r iver was c1illnnel-

Ized with r lpr-ep bonks
050" 15" (1968) lind boulders.

19/0 19500 Channel CIOgr lidlit Ion
under br idge.

1918 11900 Rlprap was dumped II1on9
both bonks 4' IIbove
observed !I.W. mcrk.

1-17, New River cont inued on next Pllge
• Indicates calculated volues



TABLE I (cont lnued )

SITE NN1E (Re)
ORA It/AGE AREA (f) RADIUS (£

050 SIZE fLOOD Q V mOUDE D£PHI · WIOTII CURVATURE 0
50 1"0 CAUSE (£

DATE (ch) lips) NUMBER (,t) (It) (ft) SLOPE Ib/l t 2 fAILURE COHo\EtITS

1-11, tlow RIver cootlnued•••

050"38" (1979) 1979 4600 Particle OI"oslon The dumped rlprllp foiled
of OOJbankmont. ooor doflectlon wall.

Rlprep Invert and
unIDankmont constructed.

1900 "ModeraTO J.O No ,allure. Bank protectIon held
flood" woll.

Design 19500 14.51- 1.10 5.40 261· 900 ----u-o.0095 3.2
flood

1-10, Rillito 1978 16000 475 10.6 0.0034 2.36 Dank slumping, Toto I 1055 of rlprop
Rlvor (USGS) partlcllJ OI"oslon downstream 0' EfR and at
0.A.-934 sq ml 0' bend and nor t h abutment. No

embankment. Rlvor ~parent bank domogo to
In! grot Ion. bank protection et moln-

.,- IIno srructur-es •
~ 19U3 29100 Chonnol scour• No lIpparont damago.f::> °50"18" (1900) (Oct) (uSGS ) t o ro IIbonk In place.

Ooslgn 24000 11 . 4 0.61- 10.8 195- 290· 0.0060 4.04
flood

US 69, Gnsnl te 1976 Unknown ChAnnel scour 'I of dogrodotlon
Creok due to down- exposing tho plbr
0.A.-39 sq miles streoll oxcova- footlogs.
°50-10" with 1900 Unknown fI on of und and South allutment went ro--
Concrete 'or drop grove l . r a l lbonk. Grade control
structure (1960) 5111 constructed with

rock ond concreto.
1902 fiX Stilling basin built

bolow drop structure of
rlprop.

Ooslgn 2330 11.3 4* 1.30 2.6 11 505- 0.0001 1.52
flood

• Indicates colculated velues •



TABLE I (contl nuod)

SITE NAt-IE (Rc)
DRAINAGE AREA IF> RAOI US Of

050 SIZE fLOOD Q V fROUOE DEPTH WIDTH CURVATURE 0
50

To CAUSE Of
DATE (cf s ) (Ips) NUf.I3ER 1f t) ( It ) If t ) SUPE Ib/ft2 f AILURE CO~'~ENTS

1-19, TlnaJa Wash 1983 3000 Partic le eros ion South bank protection
0.A.=8 sq ml <Oct) In straight reach 50% Intact with north

and embankmont . bonk 90% Intact.
050"12" 1I9B4 ) Design 2B20 10.5 1.03* 3.2 B4 flA 0.0235 4.69

flood
(Q50)

1-19, Old Junct ion 1963 3600 Par t icle erosion BO% of rlprap Intact.
Wash <Oct) ' .embankment . Loca l fal l ure around
O.A. =6 sq ml trans ition t o wire-tied

r Iprap.
050"12" Design 2100 8.15 0.64' 3.4 91' NA

flood 0.01 14 2. 42
IQI00)

.....
Particle eros ion Magn itude of~ 1- 19 , Aqua Frio 1977 10600 I load

Ul Conyon lUSGS) • embankment and couse extensive damage
0.A. ;43 sq·ml bond. to S.W. wing. Upstream

bridge failure.
050"'24" 1903 0.000 3. 11 Part icl e erosion 125 ' of rallbank

(Oct) • spur dike, des troyed. Rall s wore
embankment, and present but bont. Scour
bond. hole on spur dike.

Design 10600 12. 0 0.B5· 6.23 142- 261- 0.0012 0.47
flood

• Indlca t as ca lculated values •



TABLE I (contlnuQd)

SITE NAME (Re)
DRAINAGE MEA (f) RADIUS ~

050 SIZE fLOOD Q V fROUOE DEPTH WIOTtI CURVATURE 0
50 To CAUSE ~

DATE (cis ) lf ps) NUMBER (ft) (ft) (ft) SLOPE Ib/ ft2 fAILURE CO,., -tEtlTS

V4nar WClsh 1971 Poor cons true- ExtenslvQ rock dl5pl4 ce-
Olvtlrs lon Uppor : 7600 9 .4 0.74 5.7 100 1000 tlon, qUD lltV ~nt ~Ith 1. 0 to 1.5 ft
0.A. "74 . 9 sq ml control. (Thlck- 01 scour . lIundreds 01

LowQr : 6210 10.1 0. 70 5.9 120 600 n~5S and II ze) IQot 01 rlprap gano from
075"14. 4 TIght radIus of both chutes.

curvature and
near cr l t lcal

5.5 .01 l.n 1 low.
Ooslgn
flow

Upper: 7600 12. 2 0. 96 5.3 100 1000 5.5 0.0267 9. 16

Lowor : 10000 12. 5 0.98 5.8 120 600

Sonoita Creok 1982 tlA Sito I: 1979 f lood InstlgDtod
, ..... (D6slgn ) -.roo- the 1902 bank protection
~
()) , SIt6 2: work.

100- 250
SltQ J:

°50 "24- JO" 100
IYO} Onknown 0.0069 Particle erosion Much 0' the 1902 bank

0.0092 In channel bond. ~rotect lon damaged.
1904 NA 0.0350 Ife I: 121' 0' rlprep

r ep leced, same gradation
usod. Site 2: 185' 01
r lpr ap replacod, ~I th

additional 100' beyond
or ig ina l site.

1-1 9, Esperanza 1977 1200 No apparent damage.
Wash Hlnor damage to channe l
0."."40.5 sq ml checks. ,

198} U/lnk scour . Approx. no' 01 rlprep
IOct) on north bank gooe. Ends

of check structure '
heav ily damaged. 95. of
r lprep on north bank

050"24" gone.
[loslgn 9500 15.3 0.00 9.0 10 Current dSslgn CAlis
f lood ,for : Qmrf 10,500 cis

0.0125 1.02 wit h V= .2 ft/s~c.

• Indlca tas calcu lAtdd valuo s •



VII. RESEARCH PlAN
7.1 Overview of Research Needs
Riprap Characteristics

There are two research areas involving riprap characteristics that could
be undertaken to improve the design of riprap. First, a compilation of an
inventory of riprap sources (showing location and quality) throughout the
state, to provide designers with a means of determining riprap availability
and quality early in the design process. Second, the development of a simple
and cost effective test procedure to determine the characteristic rock size
and the overall distribution rock sizes in the riprap source. This test
procedure would be used at the construction site either immediately before or
after placement of a riprap layer.

Riprap Layer Characteristics
One research area exists, regarding the performance of r i prao be 'Jcl1~ IJ

layer types in areas of rapidly varied flow or flow regions with high ene~gj

dissipation. The current practice in Arizona is to use geotextile fabr~cs uS
a filter and bedding for the riprap layer. Because these fabrics are
perme~ble in only a single direction, the question arises as to whether they
are acceptable for use in flow conditions where the flow is not perpendicular
to the riprap layer·such as at embankments, spur dikes or guidebanks.

Hydraulic Stability
The stability of an individual riprap particle is well understood, and

numerous tests have been conducted. Because of the probabi1ist i c nature of
incipient motion, the stability of a single rock in a riprap Layer is best
expresses in these terms. The stability of a riprap layer is best expressed
using a force balance on an individual rock in the layer as presented by
Stevens and Simons (1971). This general expression of the forces on a riprap
particle is necessary to completely account for forces resulting from non­
uniform flow conditions. One of the most sensitive variables in this
expression is the bearing angle of the riprap layer. This variable accounts
for the i nterna1 forces exerted on a rock by adjacent rocks in the 1ayer.
Current practice recommends that the angle of repose of the gradation be used
to approximate the bearing angle. A recent study by Ulrick (1987), presented

117



new, but 1imited data on the beari ng ang1 e for riprap, that indicated that
the angle of repose may be too conservative, particularly when the force
balance approach is used. There is also evidence from engineering practice
that riprap constructed to increase the bearing angle, such as keyed riprap
or hand-placed riprap, can significantly increase the stability of the riprap
layer. Research on beari ng ang1 e behavi or cauld resul tin improvements to
both the design procedure and understanding of the behavior of the riprap
1ayer.

Site Conditions
Of all the aspects of riprap design for bridge water-Nays, the most

limited by far is the determination of the distribution of boundary shear
stress . The research conducted in this study shows that the design of riprap
protection for special features of the bridge crossing such as a projecting
embankment, a spur dike, or a gUidebank, depends on the ability to determine
the maximum local boundary shear stress near these features. Computational
tools presently available are limited to one-dimensional analysis of a bridge
opening and reqUire supplemental analysis to assess any two-dimensional
behavior. These supplemental analysis tools are not genel"al in nature, and
can be difficult to correctly apply at a complex site. Development of new
supplemental procedures, using physical model studies or field data
collection reqUires numerous tests and/or extensive data gathering. Previous
studies along these lines by FHWA have not yielded much in the way of
supplemental procedures.

Since the need for the supplemental procedures arises simply because the
analysis is conducted using one-dimensional formulations, the obvious change
that needs to be introduced is a two-dimensional formulation. The ability to
mathematically model two-dimensional flow has been well demonstrated using a
variety of numerical methods, including finite difference, finite element,
and node-and-link techniques. The computational requirements of these
methods are now within the capability of microcomputers and need no longer be
considered unduly complicated. In fact, if properly formulated, the use of a
two-dimensional model should actually simplify the analysis of complex bridge
sites and provide a great deal more information. Although the decomposition
process is more extensive, the amount of subjective judgement used to
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formulate the input i s reduced. When the modeling effort is combined with a
computer-assisted procedure for the development of the two-dimensional input,
the two-dimensional approach can become much more effective.

Research into the use of available two -dimensional models for analysis
of bridge waterways and their associated features would benefit the overall
hydraul ic design. Case-study data developed during thi s study and rel ated
physical-model data could be used to make a comparative analysis of selected
models . Operational aspects of . using a two-dimensional model should be
addressed including: data acquisition, and analysis presentation .

River Conditions
Several of the case histories in this project showed that the process of

1ateral migration at a channel bend can result, over time, in a very poor
alignment of the channel at the bridge site. The rate of lateral migration
should be a factor t hat is considered in the design of bridge waterways in
alluvial channels. Means of controlling this migration and maintaining an
acceptable alignment of the channel at the bridge also merit consideration .
Research on the long-term behavior of channels with lateral migrat~on

probably needs to be conducted using a geomorphic approach. Success in
either physical or mathematical modeling of this behavior has been limi ted,
and is typically considered to be qual itative in nature. Evaluation of
control measures should be conducted using a case study approach gathered
from regional sources.

Another river condition frequently encountered in the case histories was
the general degradat ion at bridge sites caused by in-stream sand and gravel
mining. Current research is underway on this subject and will provide a
better understanding of the long- and short-term effects. Affected bridges
often rely on grade-control structures to stabilize the channel invert,
however , procedures are lacking for the design of this structure. Additional
data is needed on the performance of grade-control structures that are
developed from large-scale physical models or field measurements. A design
methodology could then be developed for grade-control structures.

119



Implementation
The riprap design procedure that resulted from this research project

provides a general procedure for riprap design at bridge sites. The

procedure addresses most of the design areas and hydraul ic conditions that

can occur at a bridge site, but as a result is a more complex procedure. " The

design charts provided with the procedure simpl ify the procedure somewhat,

but the procedure still is fairly lengthy. The development of a computer

program is recommended to facilitate the use of the design procedure.

The availability of a computer program would facilitate the speed and

usabil ity of the procedure, enabl ing the designer to evaluate a number of

site conditions and alternative design concepts in more timely and accurate

manner. The design procedure lends itself to implementation as a computer

program. However, as with any program, the user interface needs to be easy

to understand and use. This means the program needs to provide features

including: adequate error checking, default values, the ability to save and

retrieve data sets, and both on-screen and printer output.

7.2 Research Priorities

The nine research areas that have been presented ; n thi s pl an are

summarized in Table 2. ObViously the number of research areas is larger than

could be accomplished by a single project or in a short period of time.

Table 2 prioritizes the research areas and gives a relative degree of effort

for each area.
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TABLE 2. Research Areas

Relative
Research Area Priority Effort

l. Inventory of riprap resources 9 1

2. Riprap gradation test procedures 4 2

3. Riprap bedding performance 8 2

4. Bearing angle determination 2 1

5. Boundary shear stress determination using 3 3-4
two-dimensional mathematical modeling

6. Lateral migration rates in alluvial 7 3
channels

7. Control of lateral migration near bridge 6 2
sites

8. Design procedures for grade-control 5 2-3

9. Computer program 1 1

Relative effort scale: 1: 4 man-months
2: 9 man-months
3: 18 man-months
4: 36 man-months
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