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ABSTRACT

This paper presents results from a scale model study related to the stability of dumped and placed riprap on steep slopes of 1:1.5 (vertical: horizontal)
exposed to overtopping. The experiments showed that small rearrangements of the stones in placed riprap, quantified as displacements of particular
stones, led to a compaction in the lower part of the riprap and to loosening in the upstream part. The riprap became unstable when the maximum
displacements exceeded the size of the longest axes of the riprap stones. The experimental data were used to develop a relationship to describe the
development of the displacements taking the load-history into account. The obtained results were indirectly confirmed by comparison with findings
of two reports which are described in the present paper. Moreover, placing the riprap stones in an interlocking pattern resulted in five times higher

critical discharges compared to randomly dumped riprap.
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1 Introduction

Riprap is a common measure to protect shorelines, streambeds,
river banks, dams, bridge piers and abutments as well as other
hydraulic structures against erosion (e.g. Abt & Johnson, 1991;
Abt, Thornton, Scholl, & Bender, 2013; Chanson, 2015; CIRIA,
CUR, & CETMEF, 2007; Jafarnejad, Franca, Pfister, & Schleiss,
2017). It is defined as a permanent and erosion-resistant ground
cover of large elements such as natural rocks or artificial ele-
ments to secure subjacent layers against the impact of hydrody-
namic forces due to currents and waves. Riprap can be exposed
to wave action or currents either perpendicular or parallel to
the slope, and the elements forming the riprap can either be
dumped or placed one by one in a specific pattern. These two
construction methods define dumped riprap and placed riprap,
respectively. Compared to dumped riprap, placed riprap is both
more cost- and labour-intensive during construction. On the

other hand, placed riprap offers specifically at steep slopes
a higher stability in comparison to dumped riprap (Dornack,
2001).

A special application of placed riprap is to protect the down-
stream slopes of rockfill dams against erosion due to leakage,
overtopping and violent attacks (e.g. Orendorff, Al-Riffai, Nis-
tor, & Rennie, 2013; Toledo, Moran, & Oiate, 2015). Moreover,
dependent on the dam-height, a specific area of the dam down-
stream side may be used as spillway by specifically creating a
notch in the dam (e.g. Dornack, 2001; Larsen et al., 1986). In
order to protect dams, dam safety regulations in Norway pre-
scribe to protect the downstream slope with a placed riprap
built with an interlocking pattern and the stones placed with
their longest axes inclined towards the dam (Fig. 1; Ministry
of Petroleum and Energy, OED, 2009). The typical downstream
slopes of Norwegian rockfill dams are 1:1.5 (vertical: horizon-
tal) corresponding to a slope of S = 0.67, which is usually
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Figure 1 Reconstruction of a placed single-layer riprap on the down-
stream slope of the 129 m high rockfill dam Svartevatn in south-western
Norway. The riprap stones are placed one by one in an interlocking pat-
tern and form with the adjacent filter layer an erosion protection against
accidental leakage and overtopping. (Photo: NTNU)

covered with a single-layered placed riprap. Studies about riprap
stability on such steep slopes with overtopping flows parallel
to the slope are rare as most of the existing studies were car-
ried out for milder slopes. It is against this background and the
fact that many Norwegian dams need to be upgraded in the near
future, including the construction or upgrade of placed riprap,
that a research project was initiated to investigate the stability
of placed riprap on steep slopes with the objective to improve
corresponding design approaches. The project focuses on both
small-scale laboratory investigations as well as large-scale field
tests and further details on the project can be found in e.g. Hiller,
Kjosavik, Lia, and Aberle (2016), Hiller and Lia (2015) and Lia,
Vartdal, Skoglund, and Campos (2013).

In this paper, we present results from laboratory tests related
to the stability and failure mechanisms of placed riprap due to
stone displacement as a consequence of overtopping. Section 2
provides an overview over existing design relationships and
summarizes findings of two reports related to stone displace-
ment due to overtopping. Section 3 describes the physical model
tests of which the results are presented in Section 4 and dis-
cussed in Section 5. Geotechnical stability criteria concerning
the dam structure, as for example summarized in Larsen et al.
(1986) and Moran and Toledo (2011), are beyond the scope of
this paper.

2 Riprap stability on steep slopes

Dumped and placed riprap are characterized by different failure
mechanisms when being exposed to overtopping. The failure
of dumped riprap is usually defined as the moment when the
adjacent filter layer is exposed to the flow which occurs when
the randomly placed surface layer stones are eroded (e.g. Abt
& Johnson, 1991; Linford & Saunders, 1967; Peirson, Figlus,
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Pells, & Cox, 2008; Robinson, Rice, & Kadavy, 1998). Placed
riprap, on the other hand, consists typically of a single surface
layer of stones, which are placed in an interlocking pattern on
top of a filter. The failure criteria for placed riprap has also
been associated with filter exposure. For single-layer riprap, this
means that erosion of the first riprap stone defines failure due
to the exposition of the filter at this particular location. How-
ever, Dornack (2001), Larsen et al. (1986) and Sommer (1997)
reported that the erosion of single stones in a placed riprap does
not necessarily result in the loss of the structural integrity of the
single-layer placed riprap structure. This is due to the fact that
interlocking of stones results in a bearing structure increasing
the stability compared to that of a single stone. In this context,
Peirson et al. (2008) distinguish between “initial displacement
of a single stone”, “significant rock motion” (dislocation of five
rocks over a distance of more than five stone diameters) and
“armour failure”, when the filter layer is exposed. In the study
of Peirson et al. (2008), erosion of the first stone out of placed
riprap did not result in “armour failure” as their dumped and
placed riprap consisted of two layers of stones. Consequently,
critical conditions can be defined at the discharge when progres-
sive (bulk) erosion occurs (Dornack, 2001; Larsen et al., 1986;
Sommer, 1997).

The interlocking of riprap stones allows for the transfer of
longitudinal forces within the placed riprap. If these forces
become large enough, they can cause either sliding or rupture
of the riprap layer (Dornack, 2001; Larsen et al., 1986; Siebel,
2007; Sommer, 1997). Moreover, as will be described below, the
longitudinal forces can cause a compaction at the lower end of
the riprap layer resulting in a loosening of the riprap in the upper
part. According to Larsen et al. (1986), such loosening can occur
at very steep slopes and it represents a sore point in the riprap
at which bulk failure may be initiated due to flow attack of the
stones, which gradually lose their interlocking.

Although existing approaches for the determination of the
stability of steep riprap take into account geometrical and flow
boundary conditions, riprap material characteristics and fluid
properties, they neglect the failure mechanism due to the com-
bination of compaction and loosening. This may be due to the
fact that most approaches have been developed for dumped
riprap and slopes S < 0.2 (see e.g. the summary of Abt et al.,
2013) for which the failure mechanism “displacement” is not of
importance.

The surface layer of dumped riprap is usually parameterized
by the stone density p;, stone size d, grain size distribution, and
the embankment slope S. For placed riprap an additional para-
meter, the packing factor, needs to be introduced to describe the
quality of the placement as described further below. The flow
over the riprap surface can be characterized by the Froude num-
ber F = v(gh)™" with v = flow velocity, g = gravitational
acceleration and & = water depth. When a riprap structure is
overtopped, both v and / vary along the dam downstream slope
until the flow is fully developed, meaning that F = 1 at the crest
and F > 1 further downstream. However, the definition of v and
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h is hampered due to the rough bed conditions, requiring the
definition of an arbitrary bed level. This limits the applicability
of F to investigate riprap stability. An alternative way is to use
a so called “Schoklitsch-type” approach by combining F and
the relative submergence //d to a stone-related Froude number
Fs = q(gd®)~%3 with ¢ = discharge per unit width. At critical
conditions (i.e. riprap failure) this Froude number becomes thus:

qc
Fs,c = W (1)

where g, is the critical discharge per unit width at riprap failure.

Equation (1) allows for a direct comparison of experimen-
tal data from different studies at critical conditions. Figure 2a
shows Fs as a function of the slope S for different studies car-
ried out with dumped riprap. The data in Fig. 2a were extracted
from Abt et al. (2013), who summarized experimental data of
various investigations as described in the figure caption, as well
as Godtland (1989), Larsen et al. (1986) and Peirson et al.
(2008). The figure shows that the stability of dumped riprap
decreases significantly with increasing slope due to the desta-
bilizing effect of gravitational forces at larger slopes (e.g. Graf,
1991). Moreover, the comparison of the dumped riprap data
with data for placed riprap reported by Dornack (2001), Larsen
et al. (1986) and Peirson et al. (2008), shown in Fig. 2b, veri-
fies that placed riprap offers a higher stability at steep slopes. In
fact, the data in Fig. 2b show that for the slope range covered by
the placed riprap studies (S > 0.125) the critical stone-related
Froude number is generally Fsc > 2 while Fsc < 2 for the
dumped riprap studies. In addition to the experimental data,
Fig. 2b visualizes existing approaches derived for the sizing
of riprap stones (excluding potential safety factors). The figure
reveals differences between these approaches, which will be
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The placed riprap study of Dornack (2001) had the objec-
tive to optimize erosion protection of spillways on small
earthfill dams constructed for flood retention. The investiga-
tion was based on experiments carried out with stones of a
density p, = 2610kg m~3, an equivalent diameter d; (diam-
eter of a sphere having the same volume as an average
stone) in the range of 0.030m < d; < 0.050 m, slopes rang-
ing from 0.29 < § < 0.67 and lengths covered with riprap of
3.5m > L; > 1.8 m, respectively. Based on these data, Dornack
(2001) developed a design equation for placed riprap applicable
for0.1 < S <0.67:

Fsc = (0.649tana ™% + 1.082 tan o*4)>/*

1/2
. [(% - 1) cosaj| 2)

with tano = S, where « is the slope angle, and p is the den-
sity of water. In this equation, stabilizing friction forces due to
the large inclination are indirectly taken into account by the
second slope term. Equation (2) represents the lower bound-
ary of Dornack’s experimental data and its application would
result in an adequate riprap design for the boundary condi-
tions used by Dornack (2001) and Larsen et al. (1986) (see
Fig. 2b). However, the formula does not describe the data
of Peirson et al. (2008) (experimental parameters: two-layer
riprap with 0.076 m < dsp < 0.109m where ds) = median
stone size, 2290kgm™> < p, < 2640kgm~3, 02 < S < 0.4
and 8.4m > L, > 4.2 m, respectively). The latter data points are
closer to the line defined by the approach developed by Knauss
(1979):

briefly highlighted in the following. Fsc=19+08d —3sinc 3)
(a)
K . -
10 P X Abtetal. (2013)* 10+ A Dornack (2001)
+  Godtland (1989) ® Larsen et al. (1986)
O  Larsen et al. (1986) ®  Peirson et al. (2008)
8t O Peirson et al. (2008) 4 gt Eq. (2) Dornack (2001) |
% A Eq. (3) Knauss (1979)
x ® sy Eq. (§) Sommer (1997)
L x I
Lo 6rx 2 0 o A
X 4
"-‘1-§ 4
L x L
4 [ %% 4 : a
x i N
2t ¥ =) 2t
Xx)ig:- o¥ #
*x % +
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Figure 2 Existing data points for dumped riprap (a) and placed riprap and design curves (b). Most data are available for dumped riprap on gentle
slopes. The studies by Larsen et al. (1986) and Peirson et al. (2008) include data of dumped and placed riprap made of the same stones and show that

placed riprap is more stable than dumped riprap.

3The data summarized in Abt et al. (2013) contain data points from Abt et al. (1987); Abt and Johnson (1991); Mishra (1998); Peirson and Pells
(2005); Robinson et al. (1998); Siebel (2007); Thornton, Cox, and Turner (2008); Thornton, Abt, Clopper, Scholl, and Cox (2012); and Wittler
(1994). Note that no distinction is made in terms of stone size, density or roundness for the presented data
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which is valid in the range of 0.1 < § < 0.67 and was derived
for stone densities of p; = 2700kgm~3 and a packing factor
® ranging between 0.625 < & < 1.125 (the two values are
reflected by the two curves in Fig. 2b). According to Scheuer-
lein (1968), the ®-factor is defined as the ratio of mean vertical
roughness height to the mean horizontal width of the roughness
elements. Developing the approach, Knauss (1979) combined
results from Hartung and Scheuerlein (1970), Linford and Saun-
ders (1967), Olivier (1967) and Scheuerlein (1968). However,
Peirson and Cameron (2006) found that the approach by Har-
tung and Scheuerlein (1970) was not conservative for design and
revised the formula for the critical velocity accordingly. Their
approach applicable for dumped riprap was further revised in
Peirson et al. (2008).

The packing factor ® used in Eq. (3) is similar to a rough-
ness density parameter, but may be difficult to determine in field
situations. However, the above ®-factor range defined by the
boundaries 0.625 and 1.125, respectively, can also be expressed
in terms of a packing factor (1.2 > P, > 0.8, respectively), with
P, being defined by Linford and Saunders (1967) and Olivier
(1967) according to:

1
Pe=5p @)
where N is the number of stones per m”. Typical values for P,
range from 0.8 (stones placed on edge) to 1.2 (dumped stones),
i.e. P, is lower for a densely packed riprap compared to loosely
packed or dumped riprap. Note that the placed riprap data of
Dornack (2001) and Larsen et al. (1986) shown in Fig. 2b
were characterized by P, = 0.80 and P, = 0.63, respectively,
which might explain some of the deviation in Fs ¢ compared to
the Peirson et al. (2008) data for which P, = 0.94 (assuming
ds; = dsg to calculate P,).

The stability criteria outlined above neither reflect the effect
of a potential compaction of the riprap layer due to flow forces
nor consider a potential time-dependency of the erosion pro-
cess as mentioned for example by Jafarnejad et al. (2017) in
their time-based failure analysis of riprap exposed to flow per-
pendicular to the slope. The literature review carried out in the
framework of the presented research project revealed reports of
Larsen et al. (1986) and Sommer (1997) in regard to the signif-
icance of displacements for the stability of placed single-layer
riprap composed of angular quarry stones. These reports were
prepared in German and have thus not necessarily been available
for international researchers. Although some findings of these
studies become already apparent from the above considerations,
some more details are presented in the following.

Larsen et al. (1986) studied the stability of both dumped
and placed riprap (Fig. 2). The majority of the tests with
placed riprap were carried out with stones of d; = 0.074 m and
P, = 0.63 with a length of the placed riprap of Ly = 2.34m at
slopes of § = 0.125, § = 0.25 and S = 0.4. The single-layer
riprap was placed below a chute section with fixed roughness

Journal of Hydraulic Research Vol. 56, No. 2 (2018)

elements. Larsen et al. (1986) found that the successive over-
topping of the riprap with increasing discharges resulted in a
compaction of the downstream part of the placed riprap at slopes
of § = 0.25 and S = 0.4. This compaction caused a loosening
of the riprap further upstream, close to the fixed chute part.
The compaction was quantified by manual measurements of the
displacement Ax (i.e. stone movement in flow direction com-
pared to the initial location) of five individual stones following
each discharge step. Larsen et al. (1986) normalized Ax with L;,
the distance between the measured stone and the downstream
fixed point of the riprap, and observed a reasonable collapse
of the individual displacement curves Ax;/L; when these were
plotted vs. the applied discharges. The observed maximum rela-
tive displacements of the five stones had ranges of 1.6-2.0% for
S = 0.25 and 1.3-2.0% for § = 0.4.

The experiments carried out with S = 0.125, on the other
hand, resulted in smaller and more evenly distributed displace-
ments which caused no significant loosening of the riprap.
Larsen et al. (1986) hypothesized that in the latter case, the
shear force by the overtopping water could, to a large extent,
be transferred through friction into the filter layer (and hence
into the embankment) while this force-transfer mechanism was
not as efficient for the steeper slopes. Larsen et al. (1986) rec-
ommended consequently that transverse cross-structures should
be considered when designing steep ripraps to facilitate force
transfer into the embankment and to limit displacements.

Sommer (1997) investigated single-layer, placed riprap with
dy = 0.134m and an average packing factor of P, = 0.77 at
slopes of S = 0.25, § = 0.33 and S = 0.5 in a 4.7m long and
0.97 m wide chute. In comparison to Larsen et al. (1986), the
experiments were carried out without a fixed upstream chute
section. Moreover, Sommer (1997) added compressed air to the
flow at the inlet section to mitigate effects arising from the short
flow development zone upstream of the measurement section
(approx. 0.7m). The experiments were carried out by increas-
ing the discharge in a stepwise manner and displacements were
measured following each discharge increment. Displacements
were quantified with a laser displacement meter along three
longitudinal profiles of 2.7 m length (measured from the down-
stream fixed point). These profiles covered also a drag force
measurement device installed in the riprap downstream region,
which was protected by a rigid fence (for the analysis of drag
forces see Sommer, 1997). Note that further details on individ-
ual displacement measurements as well as the loading history in
terms of ¢ and time reported by Sommer (1997) were available
from one of the authors’ project-thesis (Aberle, 1995).

Sommer (1997) reported difficulties to reach critical condi-
tions for the tested ripraps, as they withstood the maximum
possible discharge in the flume of ¢ &~ 0.5m?s™!, i.e. for these
experiments Fs¢ > 3.25. The riprap remained stable due to the
interlocking mechanism even if parts of the filter layer were
eroded or if a gap developed at the upstream end of the riprap. In
fact, failure in the experiments could only be achieved through
manual manipulation of the riprap. The maximum relative
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displacements Ax;/L; found in the experimental series ranged
between 0.5-2.4% for § = 0.33 and 0.6-1.7% for S = 0.25.
Based on the experimental results, Sommer (1997) derived a
three step recommendation for the design of placed riprap tak-
ing into account stone displacements. The first step includes
the determination of the required stone diameter for a given
discharge and embankment slope using Eq. (1) and the equation:

Fsc=2.25—2.255+0.35"/¢ (5)

Equation (5) may be interpreted as an intermediate approach
between the approaches by Dornack (2001) and Knauss (1979)
(Fig. 2b). Even though Sommer (1997) noted the gradual devel-
opment of displacements in his tests, the time-dependency of the
displacements was not incorporated in the design approach. In
step 2, Sommer (1997) recommended the limitation of the riprap
compaction to 0.5d, i.e. Ax;/d; < 50% through the construction
of fixed cross-structures in the placed riprap. The corresponding
allowable riprap length L; upstream of such a cross-structure can
be determined from the relationship:

Axi

= 0.048sin« - (% - 1) (6)

s s
‘We note that the third step included geotechnical considerations,
which are not the focus of the present paper.

It is interesting to note that the application of Eq. (6) to
estimate the relative stone displacements Ax;/d, for the data
presented by Dornack (2001) and Peirson et al. (2008) results
in intervals of [94%, 158%] and [67%, 113%], respectively.
The lower limits of both intervals are larger than the value
Ax;/dy < 50% recommended by Sommer (1997), indicating that
displacements may have been contributing to riprap failure,
although details in regard to this issue have not been reported
in these studies.

100
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The above considerations show that stone displacements
can be an important factor concerning the stability of placed
riprap, especially on steep slopes. However, corresponding
data are scarce and further investigation of displacements as
failure mechanism requires additional data. The focus of the
following sections is to determine and quantify stone displace-
ments in placed riprap on steep slopes of S = 0.67 exposed to
overtopping and to relate the displacements to discharge and
time.

3 Experimental set-up and procedure

Experiments were carried out in a 25m long, 2m high and
I m wide horizontal flume in the hydraulic laboratory of the
Norwegian University of Science and Technology (NTNU). A
conceptual 1:10 scale model of the downstream section of a
dam was constructed along a 4 m long window section at the
upstream part of the flume assuming Froude similarity. The base
frame of the model consisted of a 0.55 m long horizontal crest
and a 2.43 m long chute (along flow direction) with an inclina-
tion of 1:1.5 (S = 0.67; Fig. 3). The base frame was constructed
from expanded metal which was sealed by a polyethylene mat
and silicon at the transitions to the flume walls. The discharge
to the flume was delivered by two pipes equipped with Siemens
Sitrans Mag 5000 (Nordborg, Denmark) discharge meters and
controlled by valves. The model was located sufficiently down-
stream of the inflow section to guarantee calm flow conditions
at the crest of the model dam when testing the ripraps, as
described below. The upstream water level was monitored with
a Microsonic mic + 340 sensor (Dortmund, Germany) located
1.6 m upstream of the crest corresponding to 3—4 times the
overtopping depth at high discharges.

An automated 3D-traverse system at the top of the flume
spanned the model section and allowed for the determina-
tion of coordinates of individual points along the model dam

Figure 3 Model set-up with Ly = 1.8 m and definition of the coordinate systems xyz and x’y’z’ with the origin at the break-point between the crest
and the chute. The marked stones MS are placed in the middle of the flume y = 3’ &~ 0.5 m. All measures in mm, flow direction from left to right.

The inclination of the riprap stones is indicated with g in the enlarged part
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by an attached laser displacement metre with an accuracy
of £ 0.1 mm in x- and y-direction and £+ 1 mm in z-direction.
Two Cartesian coordinate systems with the origin at the tran-
sition from the horizontal crest to the chute were defined to
account for the horizontal and the sloped section, respectively
(Fig. 3). The x-axis of the first coordinate system xyz was
aligned with the bottom of the chute while the second coordinate
system (x'y'z") was rotated through — 33.7° with the x’-axis par-
allel to the horizontal crest. The z- and z’-coordinate described
the height perpendicular to the model base frame. Two video
cameras were used to provide video footage of the tests. One
camera was facing the dam while the second camera was filming
through the flume window.

The tested riprap structures covered the 0.55m long hori-
zontal crest and a chute length L, with a range of 0.8-1.8 m
(see below for details). The adjustable downstream end of the
riprap section was used to lock the riprap and constructed by
an expanded metal sheet perpendicular to the chute. The down-
stream end of the riprap was elevated against the flume bottom
to avoid backwater effects, as the focus of the investigations was
on erosion of the riprap due to overtopping and not failure due
to scour development at the transition to the tail water area.

The tests were carried out with both placed and dumped
riprap, which were installed on a filter layer (Fig. 3). The
latter consisted of a geotextile and a 0.1 m thick layer of angu-
lar stones with a diameter dsor = 0.025m and a density of
psr = 3050kg m—3. The thickness of the filter layer was chosen
in agreement with the Norwegian guidelines for the construction
of embankment dams (Norwegian Water Resources and Energy
Directorate, NVE, 2012). The riprap surface layer consisted of
quarry stones of rhyolite with a diameter of dsyp = 0.057m, a
density of p; = 2710kgm~> and an average mass of 0.24 kg.
The dsy was derived from the grain size distribution (by mass)
of the nominal diameter d = (abc)'/3 (Bunte & Abt, 2001) of
500 stones, where a, b and ¢ denote the longest, intermedi-
ate and shortest axis of the stones, respectively. The a, b, and
¢ axes were manually measured with a calliper and the mean
values corresponded to 0.091, 0.053 and 0.038 m, respectively.
The stones were angular to subangular and slightly oblong
(a/b = 1.7 in average) and, although individual stones varied
in size, the grain size distribution of the surface stones could be
classified as uniform (dgo/d1g = 1.17 with dyn = 0.041 m and
dmax = 0.074 m). The friction angle was evaluated with a tilt-
ing box to 50° and 52° for the filter and dumped riprap stones,
respectively.

Placed riprap was constructed manually by placing stones
from down- to upstream in an interlocking pattern. For the tests
with L; = 1.8 m approximately 1200 stones were needed. The
stones were placed at an angle of 8 &~ 60° between the chute-
bottom and the stones a-axis (see enlarged part in Fig. 3) and
B = 90° on the horizontal crest, as these values are character-
istic for existing ripraps at Norwegian dams (Hiller, 2016; Lia
et al., 2013). Dumped riprap consisted of a layer with a thick-
ness of approximately 1.5 dsy and was constructed by randomly
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placing the riprap stones with an arbitrary orientation and with-
out any interlocking pattern. Placing rather than dropping and
spreading the stones was necessary due to the steep slope of
S = 0.67. The number of placed or dumped stones was used to
determine the packing factor P, with Eq. (4) in Table 1 for both
the placed and dumped riprap, respectively.

In the following, results from 10 experiments are presented of
which eight were carried out with placed riprap (tests PO1—P0S)
and two with dumped riprap (tests DO1 and D02). Table 1
summarizes the experimental boundary conditions for the tests.
Five of the placed riprap tests were carried out with Ly = 1.8 m
(PO1-P04 and P08), one with L; = 1.0m (P05), and two with
Ly = 0.8 m (P06 and P07). The tests with dumped riprap (D01
and D02) were carried out with L; = 1.8 and 0.8 m, respectively,
and served for a direct comparison of the stability of dumped
and placed riprap. We note that the reason for the different riprap
length L, was to enable a direct comparison of tests PO5—P07
and D02 with field tests described in Hiller et al. (2016), which
were carried out using 12 m wide and 3 m high test dams with
riprap stones of dsp = 0.4 m. The results of this comparison will
be presented in a separate paper, as stone displacement could not
be determined in the field tests.

It is worth mentioning that P, for the placed riprap varied
slightly between the tests. The lower P, values for the tests PO3—
P06 reflect that the experimentalists became more experienced
in packing the riprap (lower P, values in Table 1). The P, value
for PO7 and P08 increased again because the riprap stones were
placed into the interlocking pattern without carefully choosing
and placing each stone. This procedure aimed at the reduction
of the effect arising through the experience in placing riprap
(see below) and to reduce model effects due to manual place-
ment compared to machine placement as described in Pardo,
Herrera, Molines, and Medina (2014) for concrete elements.
For the present experiments, this meant that the stones were
randomly picked and then placed interlocking with the neigh-
bouring stones without further optimization measures (i.e. the
stones were not put at other locations where they would have
fitted better). It was the intention to achieve interlocking, but
not to minimize the porosity in the model (i.e. 8 ~ 60° and not
B ~ 90°) in order to construct the placed riprap as similar as in
prototype conditions where the riprap stones are placed with an
excavator and the selection is limited to the number of stones
delivered by a truck.

In the present laboratory tests, the displacements of particular
stones were determined using the aforementioned positioning
system. We focused on the determination of the displacement of
individual stones by measuring the position of a point marker
tagged to their top instead of the determination of the positions
of all stones, because a complete scan of the riprap was ham-
pered due to shadowing of the oblong stones. The marked stones
were located along the centreline (y = y’ &~ 0.5 m) at fixed ini-
tial positions of ¥’ &~ —0.2m and x ~ 0, 0.2, 0.6, 1.0, 1.4 and
1.8 m, respectively, for Ly = 1.8 m. For the tests with a reduced
length L, the number of marked stones was reduced so that the
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Table 1 Experimental boundary conditions for the tests including slope length Ly, packing factor P., discharge g given as
range, number of discharge steps 7, time intervals A¢, and unit discharges g5 and g, corresponding to erosion of the first stone
and bulk erosion of the riprap, respectively. For placed riprap only boundary conditions for ¢ > 0.05 (m?s~!) are given in the
table. The discharge range includes the n discharge steps which were run for complete time intervals Az. If the riprap failed
during step (n + 1) before A¢ was reached, g, or g. exceeds the discharge range.

Test L (m) Pe (=) g m*s™") n(-) At (s) gs (m*s™") ge (m*s™")
PO1? 1.8 0.56 0.05-0.24 9 1800 0.10 0.24
P02 1.8 0.55 0.05-0.34 11 3600 0.10 0.36
P03 1.8 0.52 0.20-0.20 1 3600 0.25 0.25
P04P 1.8 0.53 0.10-0.40, 0.35, 0.40 3600, 17h 0.20 0.40
P05¢ 1.0 0.48 0.10, 0.10-0.49 1,18 1020, 130 <0.49¢ > 0.49
PO6° 0.8 0.50 0.10, 0.10-0.49 1,18 1020, 130 0.36 >0.49
P07°¢ 0.8 0.56 0.10, 0.10-0.49 1,18 1020, 130 <0.49¢ > 0.49
P08° 1.8 0.55 0.10, 0.10-0.21 1,7 1020, 130 0.19 0.24
DO01 1.8 1.05 0.006-0.02 2 3600 0.04 0.04
DO2f 0.8 0.83 0.015-0.03 2 900, 690 0.05 0.05

aTwo lower discharges ¢ = 0.007 and 0.012m?s~! were run for A7 = 36005s; ¢ = 0.05m?s~! was run for Ar = 3600s.

YLong-term experiment: after increasing the discharge stepwise in n = 6 steps to 0.4m

25~! the discharge was reduced to

g = 0.35m2s~! for 12.5h due to capacity issues with the flume. The final 4.5 h were run with ¢ = 0.40m?s~!.
“Hydrograph scaled using Froude model law to enable direct comparison with field tests of Hiller et al. (2016); initial load
period with ¢ = 0.10m2s~! for A7 = 1020 s, inspection of the riprap without water, then ¢ = 0.03m2s~! for Ar = 8725,

g = 0.10m?s~! for Ar = 3865, increasing discharge with Ag = 0.023 m

stopping the flow.

257! every At = 130 s until failure or gpax Without

dThe erosion of the first stone was not observed and the given value corresponds to ¢ when the first missing stone was detected.

“Discharge scaled as for P05—P07, but with Ly = 1.8 m.

fg = 0.015m%s~! for At = 900 sand ¢ = 0.03m?s~! for A7 = 690 s according to the discharges scaled from the field tests.

displacements of only four stones located at x’ &~ —0.2m and
x ~ 0, 0.2, 0.6 m were determined. The marked stones can be
identified in Fig. 3 and were labelled with “MSxx”, where “xx”
denotes their initial position along the x-axis. In the following,
stone displacements Ax, Ay and Az are defined for the marked
stones as the difference in the marker position compared to its
original position before the riprap was exposed to the flow. Note
that due to the different nature of dumped riprap, displacements
were not measured in the tests DO1 and D02.

The tests POl and D01 were used to determine the spe-
cific discharge per unit width ¢ through the filter only (0.007
and 0.006m?s~!, respectively) as well as through the filter
and riprap layer (0.012 and 0.020 m?s~!, respectively). These
flows were characterized by a water level over the horizontal
crest reaching the top of the filter layer (i.e. at the boundary
between the filter and the riprap stones) and the tips of the riprap
stones, respectively. The subsequent tests were started with a
higher initial specific discharge ranging between g = 0.05 and
0.20m?s~!. Following the initial load period, ¢ was stepwise
increased in intervals with a range of Ag = 0.02-0.05m?s™".
Each discharge was maintained for a specific time interval A¢
and, before the next increase in ¢, the flow was stopped and
the positions of the marked riprap stones were determined. The
critical discharge ¢, corresponded to the discharge where a com-
plete failure of the riprap, i.e. progressive erosion (bulk failure),
occurred. The discharge when the first stone was eroded from
the riprap was labelled g, and this discharge did not necessarily
correspond to ¢.. Note that the flow through both the filter and

the riprap layer (included filter) for the tests with placed riprap
corresponded only to a small percentage of the observed ¢. (3%
and 5%, respectively).

Table 1 shows that the experimental boundary conditions
varied slightly between the tests as they were carried out with
a different number of experimental steps # in order to reduce
the time-effort or to test the effect of specific load patterns.
For example in P04, the discharge was stepwise increased to
g = 0.40m?s~! for which the flume head tank was intermit-
tently (but only slightly) overtopped. Although the maximum
discharge was applied in this test, the riprap did not fail and
it was therefore decided to continue this test with a slightly
reduced discharge of ¢ = 0.35m?s™! to avoid further overtop-
ping of the head tank. However, as the riprap did not fail after
12.5h overtopping with this discharge, ¢ was increased again
to ¢ = 0.40m?s~! before the riprap failed 4.5 h later. This test
was thus used to investigate the effect of a long-term load of the
riprap. Stone displacements were determined several times by
stopping the flow.

As indicated above, the experiments PO5—P07 were scaled
according to the experimental procedure in the field tests by
Hiller et al. (2016). A similar load sequence was applied in test
P08 which, however, was carried out with a larger length L of
the riprap layer in order to investigate the effect of L, on riprap
failure. The discharge was therefore directly increased after each
step without stopping the flow in order to keep similarity in the
load-pattern between the laboratory and field tests. This means
that stone positions were determined following overtopping
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with an initial discharge and after the field discharge sequence
was completed and the maximum achievable discharge gm.x was
reached. Note that gn,.x Was increased in these tests compared
to P04 due to some modifications at the inlet tank to facilitate
an increased maximum discharge without overtopping of the
head tank. The erosion of the first stone could not be unambigu-
ously related to the applied discharge in the experiments P05
and P07 because of the restricted visibility of the riprap surface
due to wavy water surface and highly turbulent flow conditions.
Moreover, the riprap did not fail in PO5—P07 even if the max-
imum achievable discharge was applied following the load of
the riprap with the scaled field hydrograph. Failure could only
be achieved through manually removing stones from the riprap,
being the reason for the unknown critical discharge in Table 1
indicated by ¢. > 0.49m?s!.

4 Results and analysis

The direct comparison of the critical discharges for the placed
and dumped riprap reveals that the placed riprap had, on aver-
age, a fivefold higher stability than dumped riprap. This is
also evident through the critical stone-related Froude numbers
because the stone size was not changed during the present study.
The placed riprap was characterized by a lower P, i.e. it was
more densely packed than the dumped riprap (Table 1). Table 1
furthermore shows that the erosion of a single stone did not nec-
essarily affect the structural integrity of the placed riprap as in
all cases ¢y < q., except for PO3.

It was observed that individual stones within the riprap were
or became loose during the tests, so that they could be more eas-
ily eroded. The combination of placing more than 500 stones
per m? and the asperities and uneven shapes of angular stones
resulted in some clearance between the stones, despite their
placement in an interlocking pattern. In the experiments, the
loose stones could be identified due to their trembling motion
during water flow. However, not all of these stones were nec-
essarily eroded and some stabilized again after some time due
to the compaction of the riprap, i.e. they were stabilized due
to minor movements of their neighbouring stones. Failure of
the placed riprap was observed at the transition between the
horizontal crest and the inclined chute as a result of the for-
mation of a gap spanning the flume width. The gap expanded
with both increasing experimental time and discharge and was
caused by the gradual displacement of the riprap layer on the
chute in flow direction. The displacements were caused by
flow induced vibrations, resulting in compaction of the placed
riprap. In addition, the shear-induced force of the flow could
not be completely transferred from the riprap stones through
the filter and into the embankment. Due to the steep slope
of § = 0.67 the forces accumulated within the riprap layer.
The displacements accumulated with increasing distance to the
downstream riprap end (see also below) and the uppermost
riprap stones on the chute consequently lost their interlocking,
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making them more prone to the flow attack than interlocked
stones. Moreover, some riprap stones, which were located
immediately upstream of the developing gap, turned gradu-
ally over and covered the gap, with their a-axes aligned to the
flow.

The displacement of individual stones Ax; (but also in trans-
verse and vertical direction Ay; and Az;, respectively) depends
on stone characteristics, packing density, distance between the
stone and the fixed downstream end, the applied discharge (flow
forces) and load period. The riprap was physically stabilized
at the downstream end of the chute and at this position the
displacements were &~ Om. The displacement of individual
stones in x-direction depends thus on the distance to the fix-
point and can be normalized according to Larsen et al. (1986) by
Ax;/L;, where L; = Lg — x; and the subscript i denotes the posi-
tion of a stone along the x-axis. The displacements developed
gradually during the discharge steps, indicating that the time-
dependency of the displacements should be included into stabil-
ity approaches in addition to maximum failure discharge and
critical stone-related Froude number, respectively. The com-
bined impact of load period and discharge can be expressed
by the product of these parameters, i.e. gz. Considering subse-
quent steps, gt needs to be presented as a sum, i.e. X(g; At;)
where the subscript j denotes a discharge step. Table 2 sum-
marizes the results for the placed riprap tests in regard to the
stone-related Froude numbers for the erosion of a single stone
(Fss) and bulk failure (Fs ), the maximum displacement Axpax
in the step before the failure occurred, and X(gf),;. The latter
is the total volume of water per unit width which had passed
over the riprap, i. €. (gt = Z]"Ll (gj At;), where (n + 1)
denotes the discharge step in which the riprap failed. Note that
dumped riprap failed for critical stone-related Froude numbers
of Fs¢c = 0.9 (D01) and Fs; = 1.2 (D02), respectively.

A closer inspection of the displacements in x-direction
showed that, as expected, the maximum displacement Axpax
was generally observed at the transition from the horizontal crest
to the chute, i.e. at MS0O. Exceptions were the tests POl and
P03 where Axpax occurred at MS200 with Axpa.x = 0.125m
and Axpa,x = 0.068 m, respectively. These displacements were
similar to the ones observed for MSO and the larger displace-
ments for MS200 may result from a rotation of the stones during
displacement. Some stones rearranged with small movements
to a temporary more stable position and the rearrangement due
to the trembling was often accompanied by an increase of the
inclination angle 8. The displacement was determined by the
marker at the top of the stone and thus an increase in 8 results in
positive Az- and small negative Ax-values which were super-
imposed of the longitudinal displacement. For example, if a
riprap stone with ¢ = 0.091 m does not move in the x-direction,
but rotates through 30° (from 8 = 60° to 8 = 90°), the result-
ing displacements are Ax = —0.046m and Az = +0.012m.
Note that in all tests, the displacements in y- and z-direction,
Ay and Az, were small compared to Ax (Ay < 0.014m and
Az < 0.034m).
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Table 2 Summary table of the results for placed riprap including the packing factor P, the
stone-related Froude numbers for erosion of the first stone Fs s and riprap failure Fs ¢, the max-
imum displacements Axpax observed at MSO as well as the total volume of water which passed

over the riprap per width during the test X (g?)tot

Test Pe(-) Fss(—) Fsc(—) AXmax (m)? at MSO 2(got (m?)
PO1 0.56 2.3 5.6 0.110 4535
P02 0.55 2.3 8.4 0.106 11,423
P03 0.52 5.9 5.9 0.066 1061
P0O4b 0.53 0.9 9.4 0.108 33,023
P05 0.48 <11.5 >11.5 0.012¢ 7205¢
P06 0.50 8.4 >11.5 0.013¢ 4418°¢
P07 0.56 <11.5 >11.5 0.023¢ 4627°¢
P08 0.55 4.5 5.6 0.038 291

4Last measurement before failure.
Long-term load.

“Last measurement before destroying the riprap manually.

Figure 4a exemplifies the development of the cumulative dis-
placement for the marked stones as a function of g for test P02
which was carried out with constant time steps of Az = 3600 s.
The stones MS-200 and MS1800, located on the horizontal crest
upstream of the transition to the chute and at the downstream
end of the riprap, respectively, moved only marginally during
the experiments. MS1800 was partly pulled out of the riprap
during P02 so that Axp,, (MS1800) = 0.012m (Fig 4a), even
though this particular stone was located in the first row upstream
of the locked end of the riprap. During all other tests Axmax
(MS1800) < 0.005 m. Figure 4a shows further that the magni-
tude of the displacement of the stones MS0-MS1400 depended
on the distance of the measurement stones to the downstream
fixed point. Plotting Ax;/L; vs. q/q. (which is equal to Fs/Fs¢)
results, similar to the observations of Larsen et al. (1986), in
a reasonably good collapse of the data points as indicated by
Fig. 4b for the stones MS0-MS1400. Note that the deviations
of the normalized displacements between the different tests in
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Fig. 4b increase for g/q. > 0.6. The relative displacements for
each step were also examined for all tests, but it was not possible
to isolate a specific discharge that caused a major displace-
ment compared to the other discharges. The near collapse of the
Ax;/L; values for MS0-MS 1400 (Fig. 4b) indicates the possibil-
ity to consider averaged Ax;/L; values for each test. Figure 5a
presents the averaged normalized displacements Ax;/L; (the
overbar denotes the averaging operator) as a function of g/q.
for the tests that failed without manual interference (indicated
in Table 2). For the tests PO1-P03 and P08, the Ax;/L,-curves
show a reasonable agreement despite some differences in load-
history. However, the data points for P04 deviate due to the
long-term load pattern as described in the experimental pro-
cedure. This means that only tests with similar load periods
can be compared in this way. Note that for PO1, small neg-
ative Ax were observed for the lowest discharges, which can
be associated with the aforementioned rotation of stones. More-
over, Figs 4b and 5a show that maximum displacement was not
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Figure 4 Measured displacements at the marked stones for test P02 in absolute values (a) and dimensionless (b). MS-200 and MS1800 are omitted
in (b) as they displaced differently compared to the other marked stones. Note that the riprap failed at g/q. = 1 and the maximum displacements

were determined after the prior discharge step, i.e. for g/q. < 1
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Figure 5 Averaged dimensionless displacements over MS0 to MS1400 compared to the relative discharge in (a) and relative to the volume of water
passed over the riprap in (b), including the regression Eq. (7). The vertical bars show the minimum and maximum values for the displacements

included in the average. For P04 only the smallest and largest value for Ax;/L; are plotted for g/g. = 1 in (a)

necessarily observed for ¢/g. = 1. The maximum relative dis-
placements associated with g/g. < 1 are, however, an artefact
of the experimental procedure as the displacements could not be
measured after riprap failure. The riprap failed in a load period
with increased discharge (i.e. in step #n + 1) being the reason for
values g/q. < 1 (see Table 1 for details).

The displacements resulted in the development of a gap
at the transition from the crest to the chute over time. Con-
sequently, the combined impact of load period and discharge
as mentioned above was included in the further analysis by
considering ¥(gf),r in order to compare the relative displace-
ments Ax;/L; of the different tests. This was also necessary
because X(gt)y varied between 291 and 33,023 m? (Table 2),
reflecting that the development of the displacements depends
on the packing of the riprap stones, i.e. the packing density
represents an initial boundary condition for the displacements.
Figure 5b shows the relative displacements Ax;/L; as a func-
tion of X(gf)/[2(gf)wt]- For the preparation of the figure, ¥ (gf)
was determined according to Z;{:l (g; At;), where k denotes the
step for which the displacement was measured (k < n + 1). The
sum X(qf) was then normalized by X(g?). as defined above.
The time interval At,;; for the step n 4+ 1 where riprap fail-
ure occurred was different from Af given in Table 1 and, as
mentioned above, the displacements could not be determined
for this last load period so that 3 (gf)/[2(gf)wt] < 1 in Fig. Sb.
In general, the data points collapse reasonably well on a single
line. Note that, compared to the other tests, more data points
are plotted for P04 for X(gt)/[X(gt)t] < 0.3 (Fig. 5b) due to
the long term load associated with this particular test. For this
experimental series, the low discharge-steps contributed only
marginally to ¥(gf),+ compared to the multiple steps associated
with g..

Neglecting data points for which Ax;/L; < 0 (which we asso-
ciate with measurement errors and/or stone rotation), the data
in Fig. 5b were fitted by a power law with a coefficient of

determination R?> = 0.85 (Fig. 5b):

(g0 }0.51
2(gDor

Ax;L7' = 0.056 { (7)
The 95% confidence interval for the relative displacement
Ax;/L; at (qt)/[Z(qt)o] = 1 is [0.050, 0.064]. As mentioned
above, the maximum displacement was generally observed at
MSO0 so that L; can be replaced by L; when considering the
maximum displacement. Thus, it becomes possible to estimate
a maximum displacement interval Axp,x = [0.090m, 0.115m]
for Ly = 1.8 m in the present study. It is interesting to note that
the size of the longest stone axis a falls in this interval (average
a = 0.091 m; ayin, = 0.069m and apmax = 0.115m).

5 Discussion

The results of the present study confirm the displacement of
riprap stones during overtopping as a relevant failure mech-
anism for placed riprap on steep slopes of S = 0.67. Thus it
can be inferred that the stability of placed riprap depends on
both discharge, the chute length L; and the overtopping-time
as the displacements were observed to be gradually develop-
ing. Details on the load history were, however, only available
for the study of Sommer (1997), and the following comparison
of the present results with results from other studies is therefore
limited to the critical stone-related Froude number Fs¢ and the
boundary conditions.

The critical stone-related Froude numbers Fs¢ for dumped
riprap obtained in the present study are smaller than Fg¢
obtained by Peirson et al. (2008) even though the interstitial flow
was included in the total discharge. Furthermore, erosion of the
first stone for dumped riprap coincided with riprap failure in
the present experiments, whereas Peirson et al. (2008) reported
qs/q. < 1 (i.e. the ratio between initial displacement and armour
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failure). The difference between the present and the Peirson et al.
(2008) study is that the latter experiments were carried out with
lower slopes providing an adequate explanation for these dif-
ferences (Fig. 2a). The comparison of the obtained Fgc-values
for placed riprap with the data shown in Fig. 2b reveals larger
Fsc-values than previously reported for S = 0.67 (Fs¢c > 5.6).
Moreover, Fs is, for the present experiments, larger than the
predicted values according to the approaches from Dornack
(2001), Knauss (1979) and Sommer (1997). Although the for-
mula of Knauss (1979) considers indirectly flow aeration, the
failure of the riprap was not affected by air entrainment in the
present experiments.

Visual observations during the experiments showed that air
entrainment started at 0.2m < x < 0.4m for ¢ = 0.1 m?s~!
and that the point of aeration moved downstream with increas-
ing discharge. For ¢ > 0.3m?s™!, air entrainment could no
longer be observed. It can therefore be assumed that aeration is
not a key factor in regard to stability considerations for compa-
rable prototype situations, as verified in the field observations
by Hiller et al. (2016). Scale effects due to air entrainment
are consequently assumed to be negligible. However, the flow
is at the borderline for scale effects according to Pfister and
Chanson (2012), who recommended W%® > 140 (Weber num-
ber W = phv*/o, with o = surface tension) to avoid significant
scale effects in two-phase air—water flows under Froude simil-
itude as W3 &~ 45 for ¢ = 0.1m?s™' and W3 ~ 145 for
g = 0.4m?s~! in the present experiments. Note that the absence
of flow aeration is an indicator that the flow was not fully devel-
oped due to the restricted riprap length, which is the reason why
detailed investigations concerning the flow field and flow resis-
tance were not carried out. Nonetheless, riprap failure could
be initiated even though flow velocities in the flow develop-
ment zone were lower than in the fully developed flow zone
(which was not reached in the present experiments for large dis-
charges). This observation is in agreement with Dornack (2001)
who observed riprap failure always upstream of the point of air
entrainment. Inspecting Figs 4b and 5a and bearing in mind
that aeration was absent for ¢ > 0.3m?s™! and that aeration
was observed at 0.2m < x < 0.4m for ¢ = 0.1 m?s~! results
in an interesting observation. The gradient of the displacement
curves changes at ¢ &~ 02m?s™! (or g/g. ~ 0.6), except for
P04 (Fig. Sa), and shows slight differences with increasing dis-
charge for the different stones (see results for P02 in Fig. 4b).
In fact, for the lower discharges where aeration was observed,
the displacements did not develop as pronounced as for larger
discharges where aeration was absent. Although the hydrody-
namic forces are smaller at lower discharges, aeration may result
in even lower flow forces due to the reduction of the fluid
density. Aeration might therefore influence the development of
the displacements. The critical displacement-length, however,
is assumed to be independent of aeration. Further investigations
are required to substantiate this observation.

Failure of the placed riprap was in all tests initiated at the
transition between the horizontal crest and the chute. The flow
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velocities at the crest were close to the velocity corresponding to
F = 1 and were thus lower than the maximal velocity over the
steep chute. This is a clear indication that the maximum veloc-
ity vmax Over a steep and placed riprap has only an indirect effect
on stability, as failure is not initiated at the location where vy«
occurs. However, vy, Will have an effect on the stone displace-
ment as it is a governing parameter for the drag forces exerted
by stones, but this issue could not be investigated in the present
experiments.

The placed riprap tests can be directly compared with the
data reported by Dornack (2001) for § = 0.67 and L, = 1.8 m
(Fig. 2b). Dornack (2001) used slightly smaller stones with a
4% lower density py, and the ripraps tested in his experiments
were characterized by larger packing factors (in average P. was
50% larger in his experiments compared to the present tests).
This rather significant difference in P, provides an explanation
of the observed average difference of approximately 50% for
Fsc. Furthermore, it highlights the significance of the packing
density on stability and hence indirectly the significance of stone
displacements. A direct comparison with the data from Peirson
et al. (2008) is difficult due to different slopes, single- compared
to double-layered riprap, and a significant larger packing factor
of P. = 0.94 in Peirson et al. (2008). This P, value corresponds
nearly to the P, value for dumped riprap in the present study.

A quantitative comparison of the displacement data with the
data reported by Larsen et al. (1986) and Sommer (1997) is diffi-
cult due to the difference in boundary conditions and the lack of
a general approach to link displacements with hydraulic param-
eters. Moreover, a significant difference in the experimental
set-up is that the present tests were carried out with a horizontal
crest, which was not present in the experiments of Larsen et al.
(1986) and Sommer (1997). Nevertheless, the development of
the gap at the transition between the crest and the chute due to
the compaction and loosening in the riprap layer is in agreement
with the conclusions of Larsen et al. (1986) and Sommer (1997)
that displacements are an important failure mechanism for steep
riprap.

Two specific datasets of Sommer (1997) for which detailed
data were available from Aberle (1995) can be used to sup-
port the findings of the present study. For Fg = 3.25 and
L;=2.7m, Aberle (1995) reported relative displacements of
Ax;/L; < 0.024 for a slope of S = 0.33, before the riprap
was manually manipulated to induce failure. The riprap was
loaded in steps of Ag = 0.1m?s~! up to a maximum achiev-
able discharge of ¢ = 0.5m?s™! with Az = 1800s, result-
ing in X(gf)=2700m? for stone related Froude-numbers
up to Fg =3.25. Assuming the applicability of Eq. (7),
despite the fact that it has been derived for S = 0.67, yields
(g0t = 14,220 m? by inserting Ax;/L;= Ax;/L; = 0.024
and X(gf) = 2700m?. Furthermore, assuming that the load
pattern would be continued by increasing the discharge with
Ag = 0.1m?s™! every At = 1800s until T(qt)/[Z(gt)oi] ~ 1
results in g. ~ 1.2m?s™!. Applying the same calculations
for the second dataset for which Ax;/L; < 0.017 on a slope
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of $=025 (Aberle, 1995) reveals X(gf)o; = 27,960 m?
and ¢, ~ 1.7m?s~'. The calculated g. for S = 0.33 and
S = 0.25 correspond to critical stone-related Froude numbers
of Fs¢c = 7.8 and Fs¢ = 11.1, respectively, and are in the same
range as the Fs ¢ values of the present study.

Equation (7) can also be compared with Eq. (6). At riprap
failure X (g7)/[2(q)wt] ~ 1 and, as the maximum displacements
Axmax Were observed at MSO for which the distance to the fixed
point corresponds to the chute length, i.e. L; = Ly, the left-hand
side of Eq. (7) can be replaced by Axmax/L,, resulting in:

AXmax = 0.056L; (8)

This equation is valid for § = 0.67 and P, = 0.56 (representing
the average of P, for PO1-P04 and P08). Equation (6) can be
rearranged to obtain:

Ax = 0.048L, sinc (9)

assuming that Ly/d; — 1 ~ Lg/d; for large L,/d; values. The fac-
tor (0.048 sina) = 0.027 for S = 0.67 and is thus 47.5% smaller
than the factor in Eq. (8). However, the packing factors in the
present study were different from the packing factor in Som-
mer (1997). The packing factor P, affects the development of
displacements because dense packing minimizes the amount of
void between the riprap stones and thus the extent of the dis-
placements. Sommer (1997) used sina to include the effect of
the slope in Eq. (6). For his data with § < 0.5 sine = tana,
whereas for extrapolation to steeper slopes, we consider using
tano as more appropriate. Hence, using the inverse proportion
of the packing factors 0.8/0.56 and tan« instead of sina results
in a factor of 0.047 for tano = 0.67, which is reasonably close
to 0.056. Moreover, Sommer (1997) recommended a limita-
tion of the maximum displacements to 0.5d; for the design of
placed ripraps as discussed in Section 2. Sommer (1997) used
stones for which a/b = 1.2, which is smaller than the ratio of
the slight oblong stones with a/b = 1.7 in the present study. The
placed riprap in the present study remained stable until the gap
in the break-point between crest and chute spanned the size of
an a-axis of a stone (i.e. larger than 0.5 d;). Thus, the propor-
tions and shape of the stones as well as their variation in size
might also influence the maximum achievable packing density
and the limit for the maximum allowable displacement. Plac-
ing oblong stones with their longest axes normal to the slope
will, for example, result in a higher packing density (lower P,
value) than placing cubical stones with the same volume. For
dumped riprap, angular-shaped stones provide higher stability
than round stones of the same size (Abt, Thornton, Gallegos, &
Ullmann, 2008) and a similar effect can be assumed for placed
riprap as the asperities will increase the interlocking forces
between the stones.

Dornack (2001) recommended to construct cross-structures
perpendicular to the flow direction in placed riprap to limit the
accumulating longitudinal forces and a consequent disruption
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of the placed riprap. Furthermore, such structures can be used
to limit the displacements (Larsen et al., 1986; Sommer, 1997).
The present study supports the need of such cross-structures
because the test series P05, P06 and P07, which were carried
out with reduced Ly, did not fail compared to the tests with
longer lengths. For steep ripraps of larger length L, without
cross-structures, the displacements are assumed to either accu-
mulate at the upstream end of the riprap structure or the riprap
will rupture due to inhomogeneity in the riprap and the subja-
cent filter so that several gaps may develop. The development
of displacements is time-dependent and implies that the dura-
tion of overtopping has to be included in the design of placed
riprap on steep slopes. A prerequisite for displacements as fail-
ure mechanism is that the flow forces will be large enough to
initiate riprap failure, i.e. to erode stones, and hence a lower
threshold value for the critical discharge exists. For the design
of placed riprap on spillways or as extra safety against acciden-
tal overtopping, a flood hydrograph for the specific site with the
required return period has to be chosen as a basis for design. In
case of overtopping as an extraordinary load, certain displace-
ments are acceptable because the riprap can be repaired after
the flood event.

6 Conclusions

Results from physical model tests of placed riprap on steep
slopes exposed to overtopping demonstrated that placing riprap
stones in an interlocking pattern increased the stability in terms
of the critical unit discharge for failure and the critical stone-
related Froude number approximately five times in comparison
to randomly dumped riprap. Erosion of the first stone did not
necessarily cause failure and progressive erosion should be used
as a failure criterion. The results of the present study as well
as the findings reported by Larsen et al. (1986) and Sommer
(1997), identify displacements accumulating within the riprap
as crucial for the stability of placed riprap on steep slopes.
Consequently, displacements need to be considered as a fail-
ure mechanism for placed riprap, in addition to the established
failure mechanisms such as the stability in terms of the criti-
cal stone-related Froude number. The chute length L, as well as
the packing density affect the potential compaction of the riprap
stones and hence the development of a gap as sore point within
the riprap. Riprap stones located at the developing gap lost
gradually their interlocking, and the riprap failed in the present
study when the maximum displacement exceeded the longest
axes of the riprap stones. The displacements relative to the dis-
tance to the downstream fixed point developed quantitatively in
the same way over the slope. Their development was related
to the relative water volume, which had passed over the riprap
layer. A regression formula was derived and combined with a
maximum allowable displacement Axp,x corresponding to the
length of the a-axis of the riprap stones. This resulted in a stabil-
ity criteria of a/L; > 0.056 = Axpax/Ls based on the data from
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the present study. Additional data from independent studies are
needed to evaluate and quantify the effect of the discharge mag-
nitude as well as the time-dependency in the form of the passed
water volume on the development of the displacements. More-
over, the slope, packing and chute length will also influence
the development of the displacements but the aforementioned
design criteria for the displacements is only dependent on the
chute length.

Further investigations should also focus on the effect of
aeration as well as flow development on displacements. Spa-
tial characteristics of displacements should be considered as
well as the stability at exposed locations such as the down-
stream end of the riprap and abutments, e.g. along the typical
trapezoidal geometry of the downstream slopes of embankment
dams. It is worth mentioning that advanced measuring equip-
ment can allow for direct monitoring of riprap compaction in
both the field and laboratory. For example, intelligent sensors
with accelerometers and positioning systems as described by
Gronz et al. (2016) may be used to directly monitor the move-
ment of individual riprap stones over longer time-periods. Such
information can subsequently be used to assess the quality of the
riprap over time.
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Notation

a, b, c = main axes of a stone (longest, intermediate,
shortest) (m)

d = stone size (m)

d; = stone diameter of grain size distribution corre-
sponding to i% finer (m)

dy = equivalent stone diameter (m)

F = Froude number (—)

Fs = stone-related Froude number (—)
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Fsc = critical stone-related Froude number at riprap
failure (—)

Fss = stone-related Froude number at erosion of first
stone (—)

g = gravitational acceleration (9.81 ms~2)

h = water depth (m)

L; = distance to the downstream fixed point (m)

Ly = slope length (m)

m = stone mass (kg)

n = number of steps (—)

N = number of stones per unit area (m~2)

P. = packing factor (—)

q = unit discharge (m?s~")

qe = critical unit discharge (m?s~")

qs = unit discharge at erosion of the first stone
(m?s7)

S = tan(x) = slope (—)

t, At = time, time step (s)

v = flow velocity (ms™")

Ve = critical flow velocity (ms™')

w = Weber number (—)

xyz, x'y'7 = coordinates, x and x" in flow direction (m)

o = slope angle (°)

B = angle between the a-axis of a stone and the
slope (°)

Ax, Ay, Az = displacement in x, y and resp. z-direction (m)

P = density of water (kgm™3)

Ds = density of stone (kgm™3)

o = surface tension (Nm™")

] = packing factor (—) (Knauss, 1979)
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