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ABSTRACT
Methods to design riprap-lined channels usually refer to dumped material. Large blocks placed individually by machinery are used when more
stability is required. They offer additional resistance against flow erosion since space between blocks is minimized and interlocking increased.
The behaviour of this protection has rarely been studied. An experimental investigation was carried out on the stability of compressed riprap as
riverbank protection. Riprap was reproduced by uniform crushed limestones with three block sizes. Tests were conducted for three channel slopes
under supercritical flow conditions and for constant bank slope. A time-based analysis allowed establishing relations among time to failure, friction
velocity, and dimensionless bed shear stress. The results of 45 tests confirm that the rate of block erosion is significantly reduced with increase in the
riprap diameter. The time to failure of the riprap protection depends strongly on the longitudinal slope and on the block sizes. An empirical prediction
to estimate the riprap time to failure is shown.
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1 Introduction

Riprap is the most widely applied engineering revetment used
to protect river banks because it is flexible, long lasting, easily
constructed and natural in appearance (Schleiss, 1998). The sta-
bility of riprap is mainly determined by a combination of the
submerged weight and the interlocking forces between adja-
cent blocks. Several equations were developed to predict the
riprap stability if exposed to the flow considering the block size,
the gradation and the thickness, as well as the characteristics
of an underlying filter below the blocks (Escarameia & May,

1992; Maynord, Ruff, & Abt, 1989; Stevens, Simons, & Lewis,
1976).

There are two main approaches to designing riprap
(Recking & Pitlick, 2013): one, based on Shields equations,
considering tractive forces (bed shear stress), and the other
based on Isbash equations, defining a permissible velocity. Both
approaches predict the behaviour of blocks being exposed to
turbulent flow, using either critical bed shear stress or crit-
ical velocity, and have been referenced extensively despite
differences in the experimental methods used to derive these
thresholds. Shields extrapolated bedload transport rates to a zero
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value, while Isbash measured the stability of blocks dropped
into the flow (Maynord & Neill, 2008; Maynord et al., 1989).

Stevens et al. (1976) introduced a method based on a safety
factor related to the stability of individual blocks in the riprap.
They assumed that one block is stable if the various forces
causing a possible displacement are below the reaction force
resulting from the submerged weight. Wittler and Abt (1988)
completed the study of Stevens et al. (1976), adding frictional
and contact forces from adjacent blocks. Froehlich and Benson
(1996) worked on different angles of repose in order to show the
role of the bank slope effect on riprap stability. They used the
“particle angle of initial yield” concept which was introduced
earlier by Straub (1953) and Grace, Calhoun, and Brown (1973).
Brown and Clyde (1989) used the Manning–Strickler equation
combined with the Shields relation to develop an equation for
sizing stable blocks.

Escarameia and May (1992) presented an equation for the
design of riverbank ripraps and gabion mattresses. Stability
of dumped riprap was studied by Froehlich (2013) regarding
the protection of banks from erosive forces. This evaluation
was based on the ratio of static moments resisting and pro-
voking overturning. This ratio results in a safety factor of
block overturning that indicates the potential for riprap failure.
Stevens, Simons, and Richardson (1984) and Ulrich (1987) con-
sidered the submerged weight of the blocks as the only resisting
force. Froehlich (2011) distinguished the gravitational force
from the buoyant force to calculate the resisting moments and
the moments promoting overturning of a single particle, which
provides a consistent safety factor. Gravitational and buoyant
forces can both promote and resist overturning, depending on
the channel bed and bank slopes, and the water-surface slope.
Abt, Thornton, Gallegos, and Ullmann (2008) studied the effect
of round-shaped riprap stability subjected to overtopping flow.
Probabilistic procedures for the design of riverbank riprap were
developed by Li, Simons, Blinco, and Samad (1976), PIANC
(1987), and later by Froehlich and Benson (1996). They describe
the combination of different mechanisms including the persis-
tence of hydrodynamic actions, which represents one of the
advantages of these methods in the risk-based design procedure.

Several manuals give guidelines for the general application
of dumped block riprap. The US Army Corps of Engineers
manual (USACE, 1994) suggested a method for riprap design
in channels and rivers based on different coefficients concern-
ing vertical velocity distribution, incipient failure, and riprap
thickness. This method was mostly based on Maynord’s formula
proposed in 1989 (Maynord et al., 1989).

Most of these design methods are limited to dumped and
medium size blocks. The incipient motion of particles is used
as a failure criterion (De Almeida & Martin-Vide, 2009) and
block movement is assumed to begin only when the upper
part of the riprap becomes partly exposed (Townson, 1988).
However, if large and heavy blocks are required for stabil-
ity reasons, they have to be placed individually by machines
because of their weight. Consequently, for such a construction

technique, the design method used for a dumped riprap becomes
conservative.

Riprap failure occurs through different mechanisms. Accord-
ing to Blodgett and McConaughy (1986a, 1986b), and Lagasse,
Clopper, Zevenbergen, and Ruff (2006), riprap failure modes
are identified as: (1) direct block erosion; (2) translational slide;
(3) slump failure; and (4) side-slope failure being often simi-
lar to riprap apron failure (Simarro, Civeira, & Cardoso, 2012).
Direct block erosion initiated by flowing water is the most com-
mon mechanism. Most riprap design methods were developed
based on the failure criterion that considers the first movement
of an individual block. Some other authors, such as Maynord
et al. (1989), proposed the exposure of the filter underneath the
riprap to the flow as failure criteria. This may cause another
mechanism, translational slide or slump, in the presence of multi
layered riprap (Jafarnejad, 2016; Jafarnejad, Pfister, & Schleiss,
2012; Jafarnejad, Franca, Pfister, & Schleiss, 2014).

In the present study, the temporal evolution of the riprap
failure with well-positioned blocks was investigated. Particular
attention was given to the influence of time during which blocks
remain stable. One approach to consider the time is to treat
riprap behaviour as a transport problem by defining maximum
allowable transport rates. This approach is acceptable if multi-
ple layers of material are considered (Maynord & Neill, 2008).
If riprap is built with one single layer, the use of this approach
may be questionable.

Riprap protections constructed with large and compressed
blocks placed individually by machines are not considered to
fail when only a single block erodes. Failure happens if a group
of blocks slides and provokes instability of the river banks. In
the present study, the total collapse of all blocks in a section
over the whole bank is considered as a failure, thus the failure
mechanism considered herein is sliding. This failure type is due
to the slumping or sliding of riprap from the top to the toe of
the bank, causing full exposure of the filter to the flowing water.
This causes bank instability and consequently a downstream or
upstream continuation of the riprap failure and a collapse of the
bank.

2 Experimental procedures

The goal of this research was to characterize the resistance
of a river bank riprap, consisting of individually placed and
compressed large blocks, subjected to hydrodynamic forces.
By varying the block size and streamwise channel slope, 45
experiments were conducted to analyse the effect of the block
size of the riprap on its stability. The laboratory tests were car-
ried out on a straight 10 m long, 1 m wide (experiments were
made with the full width of the channel and with a reduced
width of 0.7 m) and 0.5 m deep tilting flume with a trapezoidal
section at the Laboratory of Hydraulics Constructions of École
Polytechnique Fédérale de Lausanne. The channel was supplied
with water from the internal closed circuit system that allowed
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a maximum discharge of 750 l s–1. Discharge was measured by
a magnetic inductive flow meter with an accuracy of ± 2 l s–1 at
full span. The set-up of the flume is shown in Fig. 1.

The longitudinal slope of the flume was set to S = 1.5%, 3%
and 5.5%. The transversal riprap bank slope was fixed at 0.7V-
1H (V: Vertical and H: Horizontal) (35°). The riprap blocks
consisted of uniform crushed limestone, with a specific density
of SB = 2.65. Three different equivalent average block sizes of
D = 0.037, 0.042 and 0.047 m were tested individually and the
grain size distribution of the blocks is considered uniform as
shown by the uniformity parameter σ in Table 1. Wittler and Abt
(1988) reported that a riprap with a uniform gradation (when
expecting similar D) tends to be globally more stable, as com-
pared to wide distribution of block sizes. The blocks were thus
uniformly selected and applied in the experiments. Froehlich
(2011) conducted tests with various block sizes (including those
used herein), considering crushed material. The angle of repose
of blocks can be assumed as based on Froehlich’s experiments
(Froehlich, 2011).

The riprap blocks were placed individually in a packed
arrangement with the lowest possible space between them over
the sediments with a wide grain size distribution that simulate a
bank filter. The riprap was subjected to compression by means
of a plain plate to bring the void space to a minimum. To simu-
late naturally hydraulic rough flow conditions, the channel bed

1 m

Figure 1 Photo of the experimental flume, streamwise view

Table 1 Grain size distribution and respective uniformity index σ

of the riprap blocks

D15 D30 D50 D65 D85 Dmax σ = D85/
Group (mm) (mm) (mm) (mm) (mm) (mm) D15 (-)

I 33 35 37 38 39 40 1.18
II 41 41.5 42 43 44 45 1.07
III 46 46.5 47 48 49 50 1.06

Table 2 Characteristics of the sediments which form the bank filter
underneath the riprap and which are glued to the channel bed to form
a rough bed (Dm is the mean diameter and corresponds to D65)

D10 D35 D50 Dm = D65 D75 D90 Dmax
(mm) (mm) (mm) (mm) (mm) (mm) (mm)

3.2 4.4 5.3 8.5 9.1 14.8 32

was roughened by gluing the same sediments used for the filter
(Table 2).

The distinction between dumped and compressed ripraps was
observed by means of porosity measurements. Porosity tests
were performed to obtain the different void volumes in dumped
and compressed riprap. Table 3 shows the porosity (np ) result-
ing from these tests per block size and construction type. When
compressed, the porosity is reduced by 2% for D = 0.037 m,
by 5% for D = 0.042 m, and by 10% for D = 0.047 m, if com-
pared to dumped riprap. Remarkably, with the compression, the
relation of the porosity between the different sizes is inversed
(Table 3). This is related to the shape of the blocks which, when
the size is smaller, tends to be more spherical. The more spher-
ical shape thus allows less void space in dumped conditions,
which is closer to the maximum porosity achieved if in com-
pacted conditions. The compression is thus more effective for
larger block sizes and, if these are individually placed, may
have a lower porosity than smaller grain sizes. The interlocking
forces increase as the void volume between blocks reduces since
the blocks have a closer arrangement. The porosity of the riprap
in the experiments by Maynord (Maynord et al., 1989) was
44–46%, with limestone blocks of D = 0.025 m and 0.051 m,
similar to the present blocks if dumped.

The variables relevant to the time evolution of riprap failure
subjected to flow include those related to the water properties
(viscosity and density, ρ), the riprap (mean diameter, D, grain
size distribution and density, ρs), the flow (water depth, h, a
flow velocity, V, gravity acceleration, g, and bed shear stress, τ ),
the channel geometry (longitudinal slope, S, bank slope, α, and
channel width, W) and the time (time to failure, tf ) (Yalin,
1977).

Under the tested conditions, the flow is turbulent, thus the
effect of the fluid viscosity can be neglected (Froude similarity).
The riprap block size distribution is uniform, so the grain size
distribution is also not considered. Hence, the remaining inter-
vening variables are D, h, S, α, and W as geometric variables;

Table 3 Porosity (np) of dumped and compressed riprap
with three different sizes of blocks (the values shown are the
results of four replicable tests)

D (mm) Dumped np (%) Compressed np (%)

37 43.71 ± 0.83 41.52 ± 0.49
42 44.73 ± 0.41 40.78 ± 0.89
47 46.56 ± 0.59 36.80 ± 0.21
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V, g, and tf as kinematic variables and ρ, ρs, and τ as dynamic
variables. Two velocity scales may be considered, depending
on whether the flow or the erosion of the riprap blocks is under
analysis; cross-section averaged velocity is used to define the
flow regime (based on Froude number) whereas the friction
velocity is considered a more appropriate scale for the action
of the flow upon the blocks.

The dimensionally independent variables used for the
definition of normalized parameters are D, g and ρs (or ρSB,
where SB is the riprap relative density). Alternatively, h may be
used as geometric variable, as discussed below.

Based on preliminary tests and typical flood peak durations in
mountain rivers, the maximum duration of the experiments was
set to 180 min. The corresponding prototype time is important
for the analysis of the results since it represents the expected
duration of the flood peak assuming a constant mean discharge,
which may cause the riprap failure. The time scale based on the
Froude similarity is given as:

lt = tp
tm

=
√

Lp

Lm
(1)

where t represents time, L represents length, and subscripts p
and m stand for prototype and model, respectively. A geometri-
cal scale for typical alpine mountain rivers is Lp /Lm = 25 which
results in a time scale of 5. Tests lasting 180 min are thus
roughly equivalent to prototype flood peak durations of 15 h,
which is representative of typical observed flood durations in
mountainous rivers. Given this scale, the size of our blocks are
in the range of 1–1.2 m in prototype, which is the size of blocks
typically used in alpine rivers.

The experimental programme was defined in order to iden-
tify the time to failure and the unit discharge causing failure.
Lower discharges could cause direct block erosion during the
tests but do not lead to full failure of the riprap as above
defined. For the fixed channel slopes, supercritical flow condi-
tions (1.09 < F < 1.89, where F is the Froude number defined
as F = vm/ (gh)0.5) occurred for all discharges. The discharge
was increased subsequently (for subsequent tests) until failure
occurred, providing the failure discharge (Table 4). Flow depths
were measured along the channel axis by means of ultrasonic
probes ( ± 0.5 mm) with an acquisition frequency of 100 Hz, at
four different positions located at 4, 6 and 8 m downstream the
entrance of the channel. The measurements were made for dura-
tions long enough to assure the stability of the average value.
The first 6 m of the riprap from upstream was fixed using mortar
keeping, however, the same roughness, to avoid an influence of
the model inlet.

The riprap erosion rate was measured with a one-minute fre-
quency by tracking and counting the number of eroded blocks,
observed by three cameras. Furthermore, the eroded blocks were
collected and weighed in a sediment trap at the downstream
channel end in order to validate the total erosion measure-
ments. Single blocks that eroded during the start of the tests

( < 2 min) were not considered for the calculation of the ero-
sion rate. Moreover, the results are confined to the flume reach
between 6.5 m and 9.5 m, where constant flow depth (roughly
uniform flow) occurred. The water surface slope taken from the
water level measurements was compared with the channel lon-
gitudinal slope. The differences between these two values were
on average ± 2.5% of the channel bed slope, with a maximum
of 10% for the lowest slope and the highest discharge tested.
Blocks being eroded outside of that zone were excluded. All
tests had the same initial conditions. After each test, indepen-
dently of whether or not there was failure, all the blocks were
removed and the slope prepared again under the same conditions
for the next test.

The detailed parameters of the experiments are shown in
Table 4. Experiments were divided into three groups, I to III,
each group including a different block size (D = 0.037, 0.042
and 0.047 m). The riprap consisted of one single layer, and its
thickness is accordingly D. Tests were run until total failure
occurred, or for a maximum duration of 180 min. Figure 2 shows
the set-up before and after three different tests. Eroded parts of
the riprap and the failed area after the experiment are shown in
Fig. 2b. In this figure direct block erosion is visible along the
toe of the riprap. At the model end, total riprap failure over the
entire bank height is visible.

3 Results and discussion

For each group of riprap block sizes, several unit discharges
were tested. Some of them initiated failure, while for others no
failure occurred during the maximum test duration of 180 min.
Protection for the channel bank was materialized with one layer
of riprap blocks, which corresponds to the thickness typically
used in alpine rivers.

Table 4 summarizes the hydraulic parameters of all 45 tests
for the three different channel slopes, including the width of
the channel (W), unit discharge (q), water depth (h), size of the
blocks (D), cross-section averaged flow velocity (vm), Froude
number (F) and bed shear stress (τ ) estimated considering uni-
form flow conditions. The time to failure (tf ) and the riprap
condition after the test (failed = Yes; remained stable = No)
are given as well.

Three examples of tests with S = 3% for all different block
sizes are shown in Fig. 2 (tests 5, 10 and 17). During test 5,
with the smallest D = 0.0375 m and q = 0.262 m2 s−1, direct
block erosion started right after starting the test. The total bank
failure occurred after 94 min. For the test 10, with D = 0.042 m
and q = 0.421 m2 s−1, the total failure occurred after 121 min.
For the test 17, with D = 0.047 m and q = 0.480 m2 s−1, the
total failure occurred after 160 min. A significant erosion at the
toe of the riprap protection is observed in this case. It can be
observed that the filter was fully exposed over the bank height
in the failed sections, whereas the riprap remained stable further
upstream and downstream.
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The time evolution of the cumulated number of eroded
blocks for the three groups of experiments, and a longitudi-
nal slope of S = 3%, is shown in Fig. 3a–c. The total failure
of a riprap is indicated by an abrupt rise of the cumulative
curve (inclination ≈∞) corresponding to a sudden increase of
the eroded block number. Figure 3a shows the tests including
the smallest blocks (group I) for six different unit discharges.
It is observed, as expected, that the time to failure increases
when the discharge decreases. Two of the tests in this group

had a total failure with a failure discharge for this block
size between q = 0.249 m2 s−1 and 0.262 m2 s−1. The com-
plete failure occurred after 94 and 62 min for q = 0.262 m2 s−1

and q = 0.301 m2 s−1, respectively. For medium size blocks
(group II) the data from seven different tests are given in Fig. 3b.
The significant influence of increasing discharge on the time
to total failure and in the number of eroded blocks is evident.
The first complete failure was observed for q = 0.407 m2 s−1

after 162 min. By increasing the unit discharge, complete

Table 4 Characteristics and main results of the tests with three different longitudinal slopes

Test Channel slope Group D (m) W (m) Q (m2 s−1) h (m) vm (m s−1) F (–) τ (Pa) tf (min) Failure (–)

1 3% I 0.037 1.00 0.166 0.121 1.59 1.46 35.61 – No
2 1.00 0.208 0.131 1.84 1.62 38.55 – No
3 1.00 0.242 0.143 1.97 1.66 42.08 – No
4 1.00 0.249 0.145 1.99 1.67 42.67 – No
5 1.00 0.262 0.150 2.03 1.67 44.15 94 Yes
6 1.00 0.301 0.165 2.13 1.67 48.56 62 Yes
7 II 0.042 1.00 0.348 0.167 2.27 1.78 49.15 – No
8 0.70 0.380 0.175 2.38 1.81 51.50 – No
9 0.70 0.407 0.183 2.44 1.83 53.86 162 Yes
10 0.70 0.421 0.186 2.49 1.84 54.74 121 Yes
11 0.70 0.430 0.188 2.52 1.85 55.33 68 Yes
12 0.70 0.442 0.193 2.52 1.83 56.80 14 Yes
13 0.70 0.473 0.200 2.61 1.87 58.86 6 Yes
14 III 0.047 0.70 0.432 0.188 2.53 1.85 55.92 – No
15 0.70 0.443 0.191 2.55 1.87 56.21 – No
16 0.70 0.461 0.196 2.59 1.87 57.68 – No
17 0.70 0.480 0.210 2.65 1.89 58.86 160 Yes
18 1.5% I 0.037 0.70 0.287 0.181 1.51 1.10 21.22 – No
19 0.70 0.303 0.197 1.54 1.11 21.43 172 Yes
20 0.70 0.314 0.202 1.55 1.10 21.85 87 Yes
21 0.70 0.330 0.209 1.58 1.11 22.40 43 Yes
22 0.70 0.346 0.215 1.61 1.11 22.94 9 Yes
23 II 0.042 0.70 0.387 0.220 1.58 1.09 23.67 – No
24 0.70 0.402 0.239 1.68 1.10 24.88 143 Yes
25 0.70 0.423 0.246 1.72 1.11 25.44 123 Yes
26 0.70 0.433 0.250 1.73 1.11 25.75 63 Yes
27 0.70 0.458 0.259 1.77 1.11 26.45 6 Yes
28 III 0.047 0.70 0.432 0.252 1.71 1.09 25.91 – No
29 0.70 0.452 0.259 1.75 1.10 26.45 134 Yes
30 0.70 0.472 0.266 1.77 1.10 26.99 95 Yes
31 0.70 0.482 0.270 1.78 1.10 27.30 71 Yes
32 5.5% I 0.037 0.70 0.202 0.100 2.39 2.03 60.13 – No
33 0.70 0.231 0.109 2.42 2.05 60.82 120 Yes
34 0.70 0.255 0.117 2.46 2.04 62.89 42 Yes
35 0.70 0.273 0.122 2.51 2.05 63.91 4 Yes
36 II 0.042 0.70 0.260 0.121 2.15 2.00 51.71 – No
37 0.70 0.277 0.123 2.25 2.05 53.73 151 Yes
38 0.70 0.332 0.139 2.39 2.04 59.43 55 Yes
39 0.70 0.355 0.145 2.45 2.05 61.51 8 Yes
40 0.70 0.429 0.163 2.63 2.08 67.61 2 Yes
41 III 0.047 0.70 0.310 0.135 2.53 1.85 55.92 – No
42 0.70 0.337 0.141 2.55 1.87 57.68 135 Yes
43 0.70 0.347 0.143 2.59 1.87 58.86 111 Yes
44 0.70 0.367 0.149 2.65 1.89 59.71 50 Yes
45 0.70 0.381 0.152 2.68 1.90 59.92 5 Yes

Note: D, diameter of the blocks; W, channel width; q, unit discharge = discharge/bed width; h, water depth; vm, mean velocity = discharge/flow
area; F, Froude number = vm/(gh)0.5; τ , bed shear stress; tf , time to total failure.
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failure occurs much earlier. For the largest blocks (group
III), the failure condition was reached only for the test with
q = 0.480 m2 s−1. Figure 3c indicates that larger blocks increase
not only the failure discharge but also the time to failure. Thus,
for a similar unit discharge, the rate of block erosion reduces if
the blocks become larger.

The dimensionless bed shear stress represents the balance of
hydrodynamic forces acting on the riprap and the submerged
weight of the blocks as:

τ ∗ = τ

(SB − 1)gρD
(2)

(a) (b)

Test 17

Test 5

Test 10 Test 10

Test 5

Test 17

Figure 2 Riprap (a) before, and (b) after failure for tests 5, 10 and 17
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Figure 3 Time evolution of cumulative block erosion rate for different tests for a longitudinal channel slope of 3%: (a) with D = 0.037 m (Group I);
(b) with D = 0.042 m (Group II); and (c) with D = 0.047 m (Group III)
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The bed shear stress was calculated as:

τ = ρgRhS (3)

where Rh is the hydraulic radius.
A dimensionless time to failure T∗

D can be defined with the
block size D as normalizing length scale as follows:

T∗
D = tf u∗

D
(4)

where the friction velocity u∗ is:

u∗ =
√

τ

ρ
(5)

which is considered as a velocity scale representative of the
shear causing erosion and acting on the blocks of size D. In order
to understand what influences the time to failure, the dimension-
less bed shear stress was compared to the dimensionless time to
failure T∗

D (Fig. 4).
It can be seen in Fig. 4a that for a certain channel slope, the

relationship between T∗
D and τ ∗is linear with good agreement

with coefficients of determination of R2 ≈ 0.94, 0.83 and 0.90,
for S = 1.5%, 3%, and 5.5%. Nevertheless a small change in τ ∗

has a pronounced effect on T∗
D, which decreases with increasing

slope. For each slope group, the relationship between T∗
D and τ ∗

seems linear. Fig. 4 also shows that the inclination of the linear
relation between T∗

D and τ ∗ changes with S. Results confirm, as
expected, that a higher bed shear stress is needed to generate the
same characteristic time to failure.

Figure 4b shows the relation between T∗
D and the dimension-

less bed shear stress multiplied by the term S−0.7. The linear
regression shown in Fig. 4b has R2 = 0.60. In Fig. 5 only the
block size D was used as geometric scale to normalize the
variables in the description of the time to failure.

The time to failure may alternatively be normalized using the
flow depth h as geometric parameter:

Th
∗ = tf u∗

h
(6)

Valid arguments can be made regarding the use of both scales
to normalize the time to failure. The displacement of blocks is
made intermittently by large size turbulent coherent structures
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that scale at most with the flow depth h. These largest structures
correspond to the most energetic in the flow. However, the most
effective turbulent structures to the blocks displacement should
scale with the block itself, with D.

Figure 5a shows the dimensionless time to failure T∗
h again as

a function of τ ∗ for the three tested longitudinal slopes. There
is still a good agreement for a linear relationship between T∗

h
and τ ∗ (R2 ≈ 0.85, 0.83 and 0.96 for S = 1.5%, 3% and 5.5%,
respectively). Figure 5b shows again that the time to failure nor-
malized with h presents a good collapse as a function of the
dimensionless bed shear stress multiplied by S−0.7. Compared
to the approach with T∗

D, this results in a better determination
with R2 = 0.78 which indicates a stronger influence of the flow
depth.

The time to failure (tf ) for tests which remained stable dur-
ing the three hours can now be predicted based on Fig. 5b and on
the parameters defined in Eqs (2) and (6). Both Figs 4a and 5b
indicate that the dimensionless bed shear stress needed to dis-
lodge the riprap rock on the bank increases as the longitudinal
bed slope increases. This may be due to an increase of the over-
all resisting moments of the blocks due to an increase of the
supporting points. When the longitudinal slope of the channel
increases, the blocks become more interlocked and supplemen-
tary supporting points exist upstream of each individual rock.

In Fig. 6, the cumulative number of the eroded blocks is
shown as a function of the time normalized by the time to fail-
ure tf , observed or estimated empirically from Fig. 5b, if no
failure was observed. This figure illustrates the similitude of the
evolution of the block erosion for several tests with the same
slope.

In the experiments where failure occurred, the number of
eroded blocks presents an asymptote for t/tf = 1. In the stable
experiments, data on the number of eroded blocks stop within
the time range of 0 < t/tf < 1. For these experiments, the unit
discharge is below the value necessary for the occurrence of fail-
ure. The range of block erosion shows that the number of eroded
blocks is not increased drastically comparing to the predicted
normalized time to failure. This means that the cumulative block
erosion remains limited until failure occurs, independent of the
block size.

The block erosion for the different experiments in Fig. 6
shows a similar pattern. An approximated model for the block
erosion, bounded by the beginning of the hydrodynamic action
and the failure of the riprap, may be established based on Fig. 6.
A higher erosion rate occurs in the beginning of the experiment.
Thereafter, the rate of erosion becomes roughly constant until
near the failure time. The amount of eroded blocks just before
the time to failure increases asymptotically.

In Fig. 6a–c, the normalized time to failure is shown for
S = 3% for three different block sizes. The cumulative num-
ber of eroded blocks for t/tf < 0.9 is less than 200 for all block
sizes. It can be seen that lower block sizes face failure for lower
unit discharges. Figure 6d–f show the normalized time to failure

for the three different block sizes and for S = 0.5%. The cumu-
lative number of eroded blocks for t/tf < 0.9 is always less
than 150. Figure 6g–i show the normalized time to failure for
S = 5.5% also for three different block sizes. The cumulative
number of eroded blocks for t/tf < 0.9 is less than 100. The
limits in the rate of erosion are higher for S = 3% as compared
to the other slopes. It should be noted that the unit discharge in
each group of tests had to be increased as the block sizes are
larger to provoke failure.

4 Conclusions

The stability of compressed, well-positioned riverbank riprap
consisting of one single layer was experimentally analysed
herein, considering the influence of the block sizes, the spe-
cific discharge and the river bed slope on the time to failure.
Particular attention was given to the time to failure defined as
the duration until the riprap collapsed totally after starting the
experiments. The experiments included three different longi-
tudinal channel slopes of 1.5%, 3% and 5.5% and a constant
embankment slope of 0.7V-1H. The block diameters varied
from 0.037 m to 0.047 m. A maximum test duration of three
hours was established to cover roughly a 15 h flood duration
when taking into account a typical scale factor.

Classical stability criteria consider failure as the instant when
direct erosion of the first riprap block occurs. A time-dependent
analysis of the riprap failure is herein presented where the failure
corresponds to the complete sliding of an entire riprap section.
Thus, the present analysis regards sliding as the failure mecha-
nism instead of direct block erosion. This failure mechanism is
linked to the time to which the riprap protection is subjected to
a high flow.

The results of this study showed that the time to failure
depends on the block size, channel slope, and specific discharge.
The result revealed that the slope of the channel has a significant
effect on the characteristic time to failure. In addition, the larger
block sizes postponed the time to failure and also reduced the
block erosion rate for a fixed longitudinal slope.

A relation between the time to failure and the bed shear
stress, both normalized with the block size as geometric
parameter, was proposed. However, the best results were
obtained by normalizing the time to failure with the flow depth
as geometric parameter.

An empirical relationship allows estimating the time to
failure for the tests which remained stable. The results revealed
that the rate of erosion, which is expressed by the number
of eroded blocks, is kept limited until the failure occurs. The
cumulative number of eroded blocks remains in a narrow band,
independent of the block size.

This study serves to forecast the time to failure of compressed
riprap used as river bank protection, in the range of applications
corresponding to the experimental set-up described here.
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Notation

D = block size (m)
F = Froude number (–)
g = gravity acceleration (m s−²)
h = flow depth (m)
L = generic length (m)
np = porosity (–)
q = unit discharge (m2 s−1)
S = longitudinal channel slope (–)
SB = specific gravity of blocks (–)
t = time (min)
tf = time to failure (min)
t∗ = normalized time to failure (–)
T∗

D = normalized time to failure characterizing block size (–)
T∗

h = normalized time to failure characterizing flow
depth (–)

u∗ = shear velocity (m s−1)
V = a generic flow velocity (m s−1)
vm = mean velocity (m s−1)
W = channel width (m)
ρ = water density (kg m−3)
ρs = riprap density (kg m−3)
τ = bed shear stress (Pa)
τ * = dimensionless bed shear stress (–)
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