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I. INTRODUCTION

This report presents the results and findings of Task One of Research
Project No. HPR-PL-l(Sl) 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 histories of riprap performance. Examination of Arizona 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 assistance of the hydraulics and structures sections
staff. We found ADOT's evaluation of deficiencies at bridge 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 counterparts 'at
the county level, soil cement is the preferred method of stabilizing river
banks.

Eleven case histories were developed from documentation supplied by ADOT
and the SCS. Eight of the ten case histories are from ADOT projects and
cover countermeasures installed at bridge waterways. Two SCS projects 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 literature review and ease histories point to a set of design
requirements that should be considered for riprap protection. 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 Oj/gn/lejMof_JdMrature 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
quality of the riprap material. 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 riprap design, where data on riprap 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 location (encroachment length 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
characteristics involve the population of riprap particles, which 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 conditions
are typically evaluated over a reach length, upstream and downstream of the



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 Ch a racteristics
Tht 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 DSQ. 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 DSQ size. In the training and design manual, Highways in the
River Environment, (Richardson, et al., 1987), it is noted that riprap may
armor, "...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 Dm for riprap is larger that the median rock size
D§g.M Using the recommended gradation in Highways in the River Environment,
(page V-26,27) where the 030 • 1/2 DSQ and DJQO • 2 DSQ, an effective grain
size of 1.25 053 is computed which corresponds to the Dg5 riprap size. The
manual goes on to note that, B[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." Mahmood (1973), found that the distribution of bed-
material properties could be described by a log-normal probability
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):



exp

where

f (In I
- J

Dm « the representative grain size,
DSQ » median rock size, and
G - 1/2 [D84/D50 + D50/D16].

which is always greater than one for a non-uniform grain size distri-
bution.

More recently, data gathered by Maynord (1986) indicates that the Dgg
may not characteristic size riprap stability. He found that for the range of
gradations 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 importance 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 riprap surface is less than the smaller
sizes in the distributions, the stability 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
stable as boundary shear stress increased. Gradations tested by Anderson
ranged from uniform to 6 - 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 Dgg stone should not be less than the size of stone
required to withstand the design shear forces.

. The upper limit of 053 stone should not exceed five times the lower
limit of DSQ stone, the size which can be obtained economically from the
quarry, or the size that satisfies layer thickness requirements.

. The lower limit of DJQQ stone should not be less than two times the
lower limit of DSQ stone.

. The upper limit of DJQQ stone should not exceed five times the lower
limit of Dg0 stone, the sizt which can be obtained economically from the
quarry, or the size that satisfies layer thickness requirements.

. The lower limit DJS stone should not be less than one sixteenth the
upper limit of DJQQ stone.

. The upper limit of 0̂ 5 stone should not be less than the upper limit of
the filter material.

. The bulk volume of stone lighter than the Djg 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
conjunction with protection of overflow dikes. Two gradations, A and Al
(Figure 1), failed under the same conditions although gradation A had maximum
particles 36 inches in diameter as opposed to 24 inches for gradation Al.
Both gradations had a median diameter of 16 inches. The two gradations B and
C, failed 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 DSQ, compared to 30 percent for the C gradation. In the
model test, it was found that riprap failure occurred by removal of smaller
particles, resulting in the dislodgement of larger particles. Murphy and
Grace concluded that stones larger than some critical size (approximately Dgg
in their tests), do not increase riprap stability.

Searcy (1967) proposed three classes of riprap for use in riprap
protection at highway bridges and proposed a single gradation. The gradation
is referenced to the median size,
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Percent of total weight
Size of ..Stone smaller than the given size

3D50 100
2D50 80
1D50 50

0.1D50 10

Seircy 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 DJQQ, Dgg, and Djg size fractions,
where the lower limit for DSQ 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 W50L
W100U < 5 W50L
WISL > Vis WIOQU
W15U < W50U

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

Maynord (1986) reports on Laboratory tests conducted by the Crops on
riprap and indicates that for gradations having Dgs/Djg less than 4.6, a
single incipient failure criteria could be developed. As mentioned earlier,
Maynord found the 033 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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