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AN IMPORTANT NOTE FOR THE READER

The research detailed in this report was commissioned by Transfund New Zealand.

Transfund is a Crown entity established under the Transit New Zealand Act 1989. Its
principal objective is to allocate resources to achieve a safe and efficient roading system.
Each year, Transfund invests a portion of its funds on research that contributes to this
objective.

While this report is believed to be correct at the time of publication, Transfund New Zealand,
and its employees and agents involved in the preparation and publication, cannot accept any
contractual, tortious or other liability for its content or for any consequences arising from its
use and make no warranties or representations of any kind whatsoever in relation to any of its
contents.

The report is only made available on the basis that all users of it, whether direct or indirect,
must take appropriate legal or other expert advice in relation to their own circumstances and
must rely solely on their own judgement and seek their own legal or other expert advice.

The material contained in this report is the output of research and should not be construed in
any way as policy adopted by Transfund New Zealand but may form the basis of future
policy.
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* RIPRAP PROTECTION OF BRIDGE ABUTMENTS _ __Executive Summary

Executive Summary

Criteria for selecting riprap to protect bridge abutments against scour were investigated.
Experiments were conducted with a spill-through abutment under both clear-water and
live bed conditions in a laboratory flume. The riprap size and apron size and extent were
varied.

An abutment was constructed from the bed sediment and riprap was laid on top, to a
thickness of 2Dsy (where Dsp is the median diameter of the riprap) and tested for 24
hours. At the end of the test period, the abutment was assessed for failure, either total,
partial or not at all. An abutment was ajudged to have failed if the side slopes of the
abutment (including the riprap blanket) had shifted in any way.

The clear-water tests were constructed with a riprap apron that followed the HEC-23
(Hydraulic Engineering Circular No 23) recommendation. This recommendation was
found to be conservative in all cases, and was reduced by increments in subsequent tests
until an abutment failure occurred. This process was carried out for two abutment
lengths and three riprap sizes.

The data were compiled graphically, with dimensionless variables representing riprap
size and apron extent on the axes. A useful relationship was found, with a clear zone of
partial failure.

Experiments under live bed conditions were conducted at multiples of 1.25 and 1.5 of
the critical velocity of the bed sediment. The experiments revealed that an abutment
protected by a uniform riprap layer would fail very rapidly at flows above the threshold
velocity, due to winnowing of the bed sediment from the riprap voids. A filter fabric
was used between the riprap and the bed sediment, which resulted in no further failures
of the abutment sediment at 1.25U, however the riprap layer failed with varying
degrees of severity for all of these tests. Tests at the higher velocity of 1.5U,; revealed
that the abutments failed due to undermining of the abutment toe, leading to slumping of
the sediment beneath the filter fabric. All tests failed at this velocity.

Further tests are recommended to find a failure zone under live bed conditions, varying
the flow velocity, riprap size and grading, and type of filter fabric.

Abstract

Criteria for selecting riprap to protect bridge abutments against scour were investigated.
Experiments were conducted with a spill-through abutment under both clear-water and
live bed conditions in a laboratory flume. The riprap size and apron size and extent were
varied. The data were compiled graphically, with dimensionless variables representing
riprap size and apron extent on the axes. A useful relationship was found, with a clear
zone of partial failure.
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1. Riprap Protection Practice

1.1 Introduction

Damage to highway bridge crossings during floods endangers the lives of the travelling
public and causes costly disruptions to traffic flow. The interruption to traffic flow can
have devastating impacts on local economies that rely on the bridge crossing for
efficient transport of goods and services. Bridge scour can also lead to environmental

damage, such as bed scour, bank erosion and destruction of downstream fish spawning
beds.

A launching apron of riprap is frequently placed at the toe of the abutment with the
intention that the apron will settle into the scour hole as it develops. Whether this
practice is successful is not known in many situations, particularly for that of mobile bed
conditions. Also, the recommended practice assumes the nature of the scour is already
defined, despite the protective apron itself being a factor in determining the scour.

1.2 Riprap Failure Mechanisms

Riprap is subject to certain failure mechanisms, dependent on where it is placed in
respect to the abutment. Riprap placed on the apron is subject to similar failure
conditions as riprap placed about a pier. Chiew (1995) conducted experiments into
riprap failure mechanisms around a pier under clear water scour conditions. Three
modes of riprap failure were identified, namely riprap shear failure, where the stones are
not large or heavy enough to withstand the flow; winnowing failure, where the
underlying finer bed materials are removed through the voids of the coarser riprap
stones; and edge failure, where the instability of the edge riprap stones and the
underlying finer material initiates the formation of a scour hole.

Blodgett and McConaughy (1985) identified four failure modes for riprap placed on
sloping embankments. These were particle erosion failure, where the forces of the
flowing water were able to dislodge individual riprap stones; translational slide failure,
where a mass of riprap stones moves down the embankment slope, with a horizontal
fault-line; modified slump layer, where mass movement of riprap material occurs along
an internal slip surface within the riprap layer; and slump failure, where a movement of
material occurs along a rupture surface that has a concave upward curve.

1.3 Guidance for the use of Riprap at Abutments

Guidance for the use of riprap at bridge abutments is given by Ministry of Works and
Development (1979), Gregorius (1985), Richardson et al. (1988), Harris (1988), Central
Board of Irrigation and Power (1989), Brown and Clyde (1989), Austroads (1994),
Richardson et al (1995) and others. The recommendations cover some or all of the
following riprap parameters: stone size, layout, layer thickness, gradation, and filter
requirement.
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1.31 Riprap Size

Melville and Coleman (1999) carried out an extensive review of available literature.
Equations for estimating riprap sizes are summarised in this work. Melville and
Coleman compared the equations graphically, for a specific gravity (Ss) value of 2.65.
This is shown below in Figure 1.1. It can be seen that the various equations give a wide
range of recommended riprap sizes. The equation given by Croad (1989) is conservative
in comparison with the other equations and is likely to lead to conservative riprap size.
The modified equation by Croad is:

Dy, - 0.67 2
¥y (Ss - 1)Ks! (1)
where

Jo

where Dsq is the mean riprap stone diameter, y is the flow depth, S; is the specific
gravity of the material, Fr is the Froude number of the approach flow, V, is the velocity
at the abutment end = 1.5 ¥, and Ky is the embankment slope factor. K, can be

calculated using
sin’ a
K, =(1— = HJ 3)

where o= embankment slope and &= angle of respose of riprap stones.
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Figure 1.1 Comparison of equations for riprap sizing at bridge abutments (Melville
and Coleman, 1999).
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1.3.2 L.aunching Apron Extent

The recommended practice (eg Richardson et al, 1995; Austroads, 1994) is to extend the
riprap right around the abutment and down to the expected scour depth. An alternative is
to lay an equivalent blanket of riprap, known as a launching apron, on the existing bed.
The launching apron protects the side of the scour hole as erosion occurs.

Richardson et al (1995) provide specific guidelines for riprap layout for a launching
apron. The recommendations are based on the studies carried out by Pagan-Ortiz (1991)
and Atayee (1993). The recommendations are repeated by Lagasse et al (1997) and
accompanied by a plan view of the recommended apron extent as seen in Figure 1.2.

Main Channet

l L Channel Bank 1 l |

Floodplain

@-—«Fiow

Abutment

Figure 1.2 Plan view of the recommended extent of a rock riprap apron (Lagasse
et al, 1997).

1.3.3 Riprap Layer Thickness, {,

Ministry of Works and Development (1979) recommend a layer thickness of 2Dsq, as
well as a suitably graded filter layer or filter cloth. Lagasse et al (1997) recommend that
the rock riprap thickness should be at least the larger of 1.5 times Dsp or Digp (largest
riprap particle size) It is also recommended that the rock riprap thickness should be
increased by 50% when it is placed under water, to allow for the uncertainties associated
with placing riprap under water.
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1.3.4 Riprap Gradation

Ministry of Works and Development (1979) recommend a filter if the riprap is not
correctly graded. The Ministry of Works and Development recommended grading curve
is shown in Figure 1.3. The variable d on the y axis is D, the riprap stone diameter.

100

Figure 1.3 Optimum riprap grading curve (Ministry of Works and Development, 1979).

1.3.5 Filter Design

Filters can be used to combat winnowing effects on abutment slopes. Filters can be
granular, making use of the filtering effect of graded sediments, or synthetic, commonly
called geotextiles. Most authors recommend one of these options, but experimental data
on the effectiveness of either method are lacking.

Recently, filter practice has tended towards the use of synthetic filters, because of the
inherent difficulties in obtaining and placing granular filter material. Synthetic filters are
flexible, in comparison with granular filters, in that they can deform and still remain
intact. The important parameters in selecting a filter fabric are pore size, permeability,
the long-term soil/fabric permeability and shear strength (Hudson and East, 1991).

1.4 Riprap Scour Protection Practice in New Zealand

Riprap scour protection in New Zealand is documented in Smart (1990), Ministry of
Works and Development (1979) and Gregorius (1985). Smart (1990) reviewed riprap
practices adopted by several Works Corporation (now Opus International Consultants
Ltd) and New Zealand Railways (now Tranz Rail Ltd} offices. Interestingly, each local

g



" RIPRAP PROTECTIONOF BRIDGEABUTMENTS 1. Protection Practice

office of Works Corporation used a different method, often adjusted to suit local
conditions and local availability of riprap. Smart concluded that, to a large extent, New
Zealand riprap practice followed U.S.A. guidelines.

10
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2, Experimental Study

2.1 Introduction

The experimental investigation was approached in two stages. Firstly a series of tests
were performed under clear water conditions. Launching apron configurations were
tested for effectiveness at protecting the abutment model from failure. The purpose of
these tests was to assess the applicability of current guidelines, particularly the
recommendation of launching apron width,

Secondly, another series of tests were performed under live bed conditions. The purpose
of this series of tests was to examine the performance of launching aprons under live
bed conditions, as no other experimental data were available. Similar apron
configurations to those for clear water conditions were tested.

2.2 Experimental Method

The experiments were conducted in the Fluid Mechanics Laboratory of the School of
Engineering, University of Auckland.

2.2.1 Experimental Equipment

2.2.1.1 2.4 m wide flume
The clear water experiments were conducted in a 2.4 m wide, 0.30 m deep and 16.5 m
long wooden-sided recirculating flume. The sediment recess section was located 7.2 m
from the upstream end of the flume. Water was supplied to the flume from the
laboratory constant head tank.

2.2.1.2 1.52 m wide flume

The mobile bed experiments were conducted in a 1.52 m wide, 1.22 m deep, 45 m long,
glass-sided recirculating flume. A false floor of height 400 mm was constructed over the
entire length of the flume, except for a sediment recess of length 3.1 m which was
situated 26.6 m down the flume. The discharge through the flume is controlled by two
pumnps of 60 hp and 27 hp. Sediment was recirculated as a sediment water slurry
through a sediment pump of capacity 60 litres/sec.

2.2.1.3 Abutment mould :
The test abutments were constructed from bed sediment using a mould. Three abutment
shapes were tested in this study. All abutments had the same frontal shape and
dimensions, but varied in length. Two abutments of length 863 mm and 1063 mm
(where length L is measured to the mid-water depth) were used in the clear water tests,
and a shorter abutment of length 513 mm was used in the 1.52 m wide flume. The
abutment mould was 250 mm high, with side slopes of 1:1.5 (H:V). The mould was
constructed of sheet aluminium and split into sections to allow the various lengths to be
constructed.

11
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2.2.1.5 Filter fabric

The filter fabric was a non-woven geotextile called 4545, obtained from the Amoco
Fabrics and Fibres Company. The characteristic properties of the filter fabric are a
puncture strength of 240 kN, an elongation strength of 50%, a trapezoid tear strength of
175 kN and an apparent opening size of 0.212 mm.

2.2.2 Clear Water Experiments

The first series of experiments were conducted under clear water conditions in the 2.4 m
wide flume. Clear water conditions exist when the shear velocity of the flow is less than
the critical shear velocity of the bed sediment, and when general mass movement of the
bed material is not occcurring.

An abutment was constructed in the sediment recess section, by levelling the bed and
then filling the mould with bed sediment. The mould was removed and riprap placed in
the desired configuration. An abutment ready for testing is shown in Figure 2.1.

All tests in the 2.4 m wide flume were run at the same flow depth (y = 150 mm) and
discharge (Q = 49 L/s). The experiments were run for a maximum of 24 hours, if the
abutment did not fail before this. Behaviour of the riprap layer was observed at intervals
over the 24 hour test period. At the conclusion of each test, the scour hole was profiled
with string, photographs were taken to record the profile of the scour hole, and the
abutment was assessed for failure. An abutment was adjudged to have failed if the side
slopes of the abutment had shifted in any way. This led to three areas of observed
results:

o Total failure, where large-scale movement of abutment material and riprap had
occurred on the abutment slopes. The slope of the abutment embankment had
slumped to a gentler slope, and large areas of sediment were exposed with no riprap
protection.

o Partial failure, where riprap and sediment movement had initiated in one part of the
embankment, but not resulted in a change of the embankment slope as a whole.
Typically, partial failure was observed at the water level, with a small number of
riprap stones displaced a small distance down the embankment slope, and at the base
of the embankment, if undermining of the toe had occurred.

e No failure, where no change could be seen in the embankment slope, and the

sediment and riprap on the embankment slope had maintained their original
positions.

13
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3. Experiments and Results

3.1 Clear Water Tests

Tests were carried out under clear water conditions in the 2.4 m wide flume for two
different abutment lengths. For each riprap size, initial tests were carried out with a
launching apron width of 300 mm, equal to 2y, as recommended by guidelines. The
guidelines inherently assume apron reduction, measured by & and ¢, of zero. The
launching apron width, W, was then reduced from 300 mm until a failure was observed.
For the minimum apron size for which a failure did not occur, the launching apron
coverage, in terms of Gand ¢, was reduced until a partial or full failure was observed.

Figure 3.1 Abutment and riprap configuration variables.

All other aspects of experimentation were kept as constant as possible. These aspects
included the uniformity of the bed sediments and riprap materials, the method of
construction of the abutment and riprap, and the degree of compaction of the sediment.
The riprap layer was applied to a thickness, #., of 2Ds, and the flow depth, y, was
maintained at 150 mm.

At the conclusion of each test, data were recorded as outlined in Table 3.1.

18
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Table 3.1 Data parameters recorded at conclusion of each test

Parameter Measurement method
Failure Criterion as outlined in Section 2.2.2.
Scour depth, d; Measured from original sediment bed level

Position of maximum scour | Distances d; and 4, measured from original position of
abutment toe (see Figure 3.2).

Contours of scour hole Profiled with string and photographed.
Method of failure Recorded from observations

A

Figure 3.2 Distances dx and dy were measured relative to abutment toe for each test.

3.1.1 Clearwater Test Results

The experimental setup and recorded data from each test are summarised in Table 3.2.
The tests have not been listed in sequence, but have been sorted, first by abutment
length, then riprap stone size, then launching apron size to allow comparison.

3.1.1.1 Failure mechanisms

All abutments that failed exhibited translational slide failure where a mass of riprap
stones moved down the embankment slope due to undermining of the abutment toe. This
resulted in a gentler slope, which eventunally became stable. When considering the
stability of a foundation placed in the abutment, any movement of the abutment slopes is
detrimental to the support of the foundation, thus any movement of the sediment was
considered a failure.

19
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Tests conducted using the smaller riprap materials R1 and R2 also exhibited particle
erosion failure, where the hydrodynamic force of the flow was sufficient to pluck single
stones from the riprap blanket. This failure only occurred upon the onset of translational
slide failure, as individual stones rolled down the embankment slope and created a
vulnerable area in the riprap layer. Once the riprap layer was breached, winnowing of
the sediment beneath occurred, and both sediment and riprap stones were removed by
the flow.

Table 3.2 Experimental setup and recorded data for clear water tests (U/Ucs = 0.9),

y=150 mm
Setup Parameters Recorded Data
Test L Dsy W g ¢ Failed ds D, d,

@m) [mm) | m | ¢ | @ |veN]| ) | m) | m)

16 863 16 0 0 0 Y 0220 | 0.12 | 0.52
19 863 16 100 0 0 P 0.185 | 0.23 | 0.54
24 863 16 200 90 45 Y 0.180 | 0.22 | 0.53
22 863 16 200 90 0 N 0.170 | 0.22 | 0.55
23 863 16 200 45 45 N 0.160 ¢ 0.23 | 0.59
21 863 16 200 60 0 N 0.210 } 0.23 | 0.59
20 863 16 200 45 0 N 0.205 } 0.24 | 0.62
18 863 16 200 0 0 N 0.205 | 0.24 | 0.62
17 863 16 300 0 0 N 0.205 | 0.26 | 0.69
10 863 22 0 0 0 Y 0.220 | 0.15 ] 0.53
26 863 22 100 45 45 Y 0210 | 0.22 | 0.70
25 863 22 100 45 0 P 0.160 | 0.22 | 0.69
14 863 22 100 0 0 N 0.180 | 0.24 | 0.71
15 863 22 200 0 0 N 0160 | 029 | 0.73
13 863 22 300 0 0 N 0.180 | 032 | 0.72
1 363 28 0 0 Y 0.170 { 0.16 | 0.57
34 863 28 100 45 45 P 0.160 | 0.29 | 0.66
33 863 28 100 0 0 N 0.165 { 0.27 | 0.76
8 863 28 300 0 0 N 0.130 | 039 | 0.79
30 1063 16 100 45 0 Y 0170 | 022 | 0.52
29 1063 16 100 0 0 P 0.175 | 0.24 | 0.53
28 1063 22 100 45 0 P 0.180 | 0.23 | 0.69
27 1063 22 100 0 0 N 0.180 | 0.24 | 0.72
32 1063 28 100 45 0 N 0.160 | 0.28 | 0.74
31 1063 28 100 0 0 N 0.160 | 0.15 | 0.74

Failed: Y = yes, P = partial, N = no.

20
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3.1.1.2 Riprap stone behaviour in the scour hole

Riprap stones, both those in the launching apron and those that were displaced from the
embankment slopes, acted to protect the side of the scour hole as the scour hole
developed. The high turbulence created by the strong primary vortex in the scour hole
would temporarily entrain the riprap stones and move them small distances downstream.
In this manner riprap stones were displaced to positions nearer to the position of
maximum scour depth. This in turn reduced the rate of scour.

3.2 Mobile Bed Experiments UlU.s=1.25

Tests were carried out under mobile bed conditions in the 1.52 m wide flume. The riprap
coverage was varied in two aspects, riprap size Dsg and launching apron width W. The
launching apron extended right back around the abutment to the side walls of the flume,
in comparison to the clear water tests where the apron was placed only around the nose
of the abutment (see Figure 3.1).

Initial tests failed very quickly, and a filter fabric was introduced to prevent winnowing
of the bed sediment from between the riprap stones. The filter fabric coverage was not
varied in any way throughout testing, apart from a partial coverage used in test C. Tests
were carried out with three riprap sizes, R1, R2 and R3 for a range of launching apron
widths. The test parameters are summarised in Table 3.3.

Table 3.3 Test parameters for mobile bed conditions, U/Ucs = 1.25

Test | Filter Fabrie Dsy W Notes
Y/P/N (mm) {(m)

A N 28 0.3 | Failed

B N 28 0.3 | Repeat of A, failed

C P 28 0.3 | Riprap failure

E Y 28 0.2 | Upstream scour reaching bed section,
riprap failure

F Y 28 0.2 | Toe exposed downstream, riprap failure

G Y 28 0.1 | Toe exposed downstream, riprap failure

H Y 22 0.3 | Toe exposed downstream, riprap failure

1 Y 22 0.2 | Toe exposed downstream, riprap failure

J Y 22 0.1 | Filter fabric exposed on slopes, riprap
failure

K Y 16 0.3 | Filter fabric exposed at toe, riprap failure

L Y 16 0.1 | Filter fabric exposed on slopes, riprap
failure

Filter Fabric: Y = yes, P = partial, N =no

Test A was conducted without a valve on the sand pipeline, and it was suspected that the
initial surge when the sand pump was started may have damaged the abutment. A valve
was fitted to the line which enabled flow to be slowly increased. This valve was used in
Test B, and all subsequent tests.

21
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3.21 Failure Mechanisms

In tests A and B, the abutments failed approximately thirty minutes after the start of the
test. Initially the riprap stones were dislodged at the water surface, on the upstream face
of the abutment. The failure mechanism was particle erosion failure, where the
hydrodynamic forces were sufficient to dislodge individual riprap stones. Once this
exposed the bed sediment beneath, failure was swift.

For tests C to L, assessment of the abutments showed that once the filter fabric was
introduced, only riprap failure occurred, and the sediment foundation was found to be
still intact at the completion of a test. However, this was mainly due to the presence of
the filter fabric protecting the sediment even after the removal of riprap stones. The
filter fabric used in these tests was capable of protecting the sediment if heid in place on
either side by riprap stones.

The riprap that had been removed from the filter fabric was typically removed in the
first two hours of the test duration. Once the scour hole had formed to the maximum
depth, the flow around the abutment was less turbulent and the riprap became stable.

3.3 Results of Mobile Bed Experiments U/U.s=1.5

Tests were carried out under mobile bed conditions in the 1.52 m wide flume at a higher
velocity to attempt to find the point where the abutment fill material would fail. The
tests were run in the same way as the tests described in Section 3.2, with the only
difference being the increased velocity. Tests showed that the R3 riprap stones were not
large enough to prevent slumping failure and a larger riprap, R4, was introduced.

While each test was in progress, regular observations were made. At the conclusion of
each test, when the abutment had visibly failed or 24 hours had elapsed, the abutment
and bed were profiled using a depth sounder. The flume was drained, the abutment
visually inspected, and photographs were taken of the abutment.

Tests were carried out with four riprap sizes, and launching apron widths were varied
from 100 mm to 300 mum. The test parameters are summarised in Table 3.4.

Table 3.4 Test parameters for mobile bed conditions, U/Ucs = 1.5 with R4 riprap.

Test | Filter Fabric Dsy W Notes
Y/P/N (mm) (m)

M Y 16 100 | Visible failure, slumping of abutment

N Y 16 200 | Visible failure, slumping of abutment

0 Y 28 300 | Slumping failure evident upon removal
of filter fabric

P Y 36 300 | Slumping failure evident upon removal
of filter fabric
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3.3.1 Failure Mechanisms

All tests failed in the same manner, however this was more obvious in Tests M and N.
The high turbulence and hydrodynamic forces at the constriction removed large
quantities of riprap, both from the embankment slope and the launching apron, and
deposited the riprap further downstream.

The exposed abutment toe was not sufficiently protected by riprap rolling down the
embankment slope, and sediment was removed at the toe. Sediment from beneath the
filter fabric would slump as the toe was undermined. As sediment was removed, the
abutment slope became more gentle and the top of the abutment was lowered. This
allowed flow to overtop the filter fabric layer, which caused the complete failures in
tests M and N.

In comparison, tests O and P also experienced slumping of the abutment slope. This was
not sufficient however, to expose the top of the filter fabric in 24 hours. It was necessary
to examine the abutment once the flume had been drained to confirm that slumping had
occurred.
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4. ANALYSIS AND DISCUSSION

4.1 Clear Water Results

411 Launching apron parameters W, dand ¢

For a launching apron width ¥ = 0.3 m, no abutments failed. This would indicate that a
launching apron width of 2y is always sufficient for abutment protection, within the
limits of these tests. However, this is a conservative solution. The launching apron width
can be reduced, and the extent of the apron (in terms of &and ¢) can be reduced also.

4.1.1.1 Change in launching apron width, for Gand ¢ = 0

Table 4.1 shows the failure resuits for the six groups of tests for @ and ¢ values of zero.
As expected, failure occurred for smaller apron widths. The limits of failure shown in
Table 4.1 are used in the following section to investigate the variation of #and ¢ for a
given W.

Table 4.1 Results of tests for Gand $= 0.

Test W, lIaunching apron width (m)
Ds L 0 0.1 0.2 0.3
(mm) (mm)
16 863 Y P N N
22 863 Y N N N
28 863 Y N - N
16 1063 - P e -—-
22 1063 -—- N - —
28 1063 - N - -

Failure: Y = yes, P = partial, N = no.
4.1.1.2 Change in g and ¢ for a constant value of W

Table 4.2 Percentage of total possible riprap area, defining point of failure.

Failure Partial failure No failure
Ds L U D T U D T U D T
(mm) | (mm)
16 863 25% | 0% | 25% [} -~ -— -— 25 % 25 % 50 %

50 % 0 % 50 %
22 263 2% {25% | 50% [ 50% | 25% { 75% || 50% 0% | 100 %
28 863 — - — F25% | 25% {50% | 50% 50% | 100 %
16 1063 150% | 25% | 75% || 50% | 50% | 100 —— - -
%
22 1063 e o~ — f50% [25% | 75% | 50% 50% | 100 %
28 1063 — . ~- §50% 125% 1 75% | 50% 50% | 100 %
U = upstream riprap area coverage, D = downstream riprap area coverage, T = total riprap area coverage
Note: U and D have a maximum of 50%.
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With the launching apron width set at the limit of failure established in the previous
section, & and ¢ are increased to the point of failure for each group of tests. These
results are shown in Table 4.2. The percentage figures given in this table are the area of
riprap used in the particular test as a percentage of the total area of riprap when #and ¢
are equal to zero.

It is interesting to note that for a riprap size of 16 mm and an abutment length of 863
min, there are two limiting cases. Both have the same area of riprap but have different &
and ¢ configurations. Unfortunately few conclusions can be made from these results.
Clearly a reduction in the total area of the launching apron leads to a failure of the
abutment, but from these results it is difficult to determine the influence of the upstream
or downstream component.

4.1.1.3 Change in launching apron area, A, and Ay

The results of the previous section suggest that there is a relationship between the total
area of launching apron and degree of protection. The suggested form of this
relationship, shown m Figure 4.1, allows a designer to calculate the riprap size required
to protect an abutment, given a certain apron size. Conversely, the designer can calculate
the required apron size, given a certain riprap size. Figure 4.1 shows a clear zone of
partial failure. Note that the values for the tests using a 0.3 m apron have been omitted,
to allow the remainder of the data points to be seen more clearly.

04 i
A 4
0.35
0.3
£ 025 j
2
3 02
3 -
*5 0.15 “ ﬂ
- ‘-“-
0.1 | _.--.-.- ey A
* e g
0.05
0
0.1 0.1 0.12 0.13 0.14 0.15 0.16 0.7 0.18 0.19 0.2
Dyoly
¢ Failed B Partial Failure A No failure

Figure 4.1 Relationship between launching apron extent and riprap size.

A, +A,\(b-L
. y dj[ 5 j, where 4, is the area of riprap

protection of the launching apron on the upstream side of the abutment, and Ay is the
similar area on the downstream side. 4+ is the area of riprap protection as recommended

The variable on the y axis is(
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by current guidelines (W = 2y,), with @ and ¢ equal to zero. These areas exclude the
riprap area on the embankment slope. An example is shown in Figure 4.2, for an
abutment where §=45° and ¢=0°.

Figure 4.2 Au and Ad for a launching apron.

The summation A4, + 44 can be represented as a proportion of 4, such that

(4, +4,)=2 180-(0+4) |, @b
%)=, T 180 -
The term ( ; J is the contraction ratio for the channel, where & is the channel width

and L is the abutment length, measured at mid-depth.

The line shown in Figure 4.1 is a line of best fit for the partial failure data points, and
follows the linear relationship

DSO _ Au + Ad b - L f 01 < DSO < 02 (4'2)
= _028-11 , or 01<—2 <02.
y A, b y

The application of this relationship is limited to the test conditions under which it was

D,
formulated, hence the limiting condition for —=.
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If Equation 4.1 is substituted into Equation 4.2, the expression becomes

D 4.
&2028__11 w |:180_(6+¢):||:b__‘[':]’ for 0.1<""'§'0"<0.2. “3)

v 2y, 180 b

For an abutment with no apron, where W = 0, Equation 4.3 reduces to

D .
= =0.28. “.4)

Y

Equation 4.4 should however be treated with caution as this result has been extrapolated
beyond the experimental data.

Simplified equation, 8 and =0

If the designer only wishes to vary the launching apron width W, and does not wish to

vary the launching apron extent, then 6 and ¢ can be set to zero. Equation 3.3 can thus
be simplified to

- D 5
.& =028~ 1.I[E“J [b_l') , for 01<—2<02. @5
Yo 2y, b Y

4.1.2 Maximum Scour Depth d; and Position d,, d,

Reductions in dy of 37% to 60% were achieved by protecting the abutment with riprap,
compated to the expected scour depth at an unprotected abutment. The scour depth
decreased with increasing launching apron width and increasing riprap size. The greater
the width of the launching apron, the greater the decrease in scour depth for an increase
in riprap size.

The distance 4, increased with launching apron size and riprap size. As the launching
apron width increases to 0.3 m, the percentage increase in dy, compared to an abutment
with no apron, appears to become independent of riprap size. The distance d, also
increased with launching apron size and riprap size. Compared to an abutment with no
apron, d, was increased by an average of 36% due to the presence of a launching apron.

4.1.3 Guidelines for launching aprons

Based on the results from this study, the recommended apron size of twice the flow
depth seems conservative for clear-water conditions. A guideline should be developed
that takes into account both the riprap stone size and the launching apron width. This
would allow more flexibility with recommendations. Local availability of riprap could
then be taken into consideration when selecting a launching apron width.

4.2 NMobile Bed Experiments

These studies have shown that launching aprons under mobile bed conditions, in
comparison to clear water conditions, are subject to different failure mechanisms and the
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riprap behaves in a much more unpredictable manner. The presence of a filter fabric is
vital to prevent winnowing of sediment from between the riprap stones.

Once a filter fabric was in place, no abutment failures were observed at test velocities of
UlUg = 1.25. However, riprap failures were observed in all tests, where the filter fabric
was exposed by removal of some of the riprap stones. In some tests, the filter fabric was
exposed at the toe during the tests, however by this time a stable slope had been
achieved on the side of the scour hole and no subsidence occurred. Launching apron
widths of 0.1 m provided sufficient riprap for an amouring layer to form in the scour
hole. Any increase in apron width over this amount resulted in a thicker amouring layer
and excess riprap being displaced downstream.

All abutments tested at 1.5 U/U,; failed by undermining of the abutment toe leading to

slumping of the sediment beneath the filter fabric. Increasing riprap size showed an
increase in protection, with less severe slumping occurring.

28



 RIPRAP PROTECTION OF BRIDGEABUTMENTS 5. Recommendations

5. Recommentations for Further Testing

5.1 Clear Water Testis

Expansion of the data set to further refine Equation 4.3 would be desirable. This could
be achieved by varying the riprap layer thickness, the flow depth, riprap size,
particularly smaller riprap sizes than those tested, and abutment length.

5.2 Mobile Bed Tests

Two test parameters, in particular, have been identified as being worthy of further
investigation. These are filter fabric flexibility and flow velocity.

5.21 Filter fabric

It has been questioned as to whether the filter fabric should be able to stay in place once
exposed at the abutment toe. Anecdotal evidence suggests that filter fabrics normally lift
and roll up when exposed in this way. The reason why the filter fabrics used in this test
did not do this is unknown. The flexibility of the fabric could be investigated by testing
with alternative fabrics. The coverage of the filter fabric could be varied also. It seems
from observations that the downstream side of the abutment nearest the side of the flume
does not require the extra protection the filter fabric provides. Significant cost savings
could be achieved by reducing the amount of filter fabric required.

5.2.2 Velocity

For the tests undertaken in this study, all abutments experienced riprap failure but the
sediment abutment did not fail. The velocity ratio U/U, should be investigated to find a
value where some abutments fail and some do not. The influence of the degree of

5 ) may be important.

contraction, (
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Table 3.1 Data parameters recorded at conclusion of each test

Parameter Measurement method
Failure Criterion as outlined in Section 2.2.2.
Scour depth, d; Measured from original sediment bed level

Position of maximum scour | Distances d and d,, measured from original position of
abutment toe (see Figure 3.2).

Contours of scour hole Profiled with string and photographed.

Method of fatlure Recorded from observations

. dx

Figure 3.2 Distances dx and dy were measured relative to abutment toe for each test.

3.1.1 Clearwater Test Results

The experimental setup and recorded data from each test are summarised in Table 3.2.
The tests have not been listed in sequence, but have been sorted, first by abutment
length, then riprap stone size, then launching apron size to allow comparison.

3.1.1.1 Failure mechanisms

All abutments that failed exhibited translational slide failure where a mass of riprap
stones moved down the embankment slope due to undermining of the abutment toe. This
resulted in a gentler slope, which eventually became stable. When considering the
stability of a foundation placed in the abutment, any movement of the abutment slopes is
detrimental to the support of the foundation, thus any movement of the sediment was
considered a failure.
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by current guidelines (W = 2y,), with @ and ¢ equal to zero. These areas exclude the
riprap area on the embankment slope. An example is shown in Figure 4.2, for an
abutment where 6= 45° and ¢=0°.

. 41‘
\
| e=0
Flow (
"\ 6 =45°
.

Figure 4.2 Au and Ad for a launching apron.

The summation 4, + 44 can be represented as a proportion of 4+, such that

(4,+4,) w | 180~(6+ ¢) ) “.1)
« 4= 50T 180 -
The term (—-—%;“] is the contraction ratio for the channel, where b is the channel width

and Z is the abutment length, measured at mid-depth.

The line shown in Figure 4.1 is a line of best fit for the partial failure data points, and
follows the linear relationship

_ D 4.2
%ﬁ’-zo_zg_L{A‘* +A‘fj(b L), for 01<—2<02. @.2)

A, b y

The application of this relationship is limited to the test conditions under which it was

D
formulated, hence the limiting condition for —J—j“—
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