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Abstract: Rockfill dams are hydraulic structures of major importance. They can be exposed to
extreme flood events, in turn leading to overtopping. These phenomena erode and affect structural
and geotechnical integrity, which in turn can cause dam breach. Ripraps are broadly used for rockfill
dam protection against such erosion processes. For steep slopes, as the one considered in this
study (S = 1:1.5, vertical: horizontal), understanding the riprap behavior during overtopping is an
important issue to improve dam design and reinforcement techniques. In this work, datasets are
obtained from five experimental models of placed riprap built on a rock filter layer in a flume, at
the hydraulic laboratory of the Norwegian University of Science and Technology, Trondheim. The
riprap stones were placed in an interlocking pattern with a metallic support at the toe. The models
were subjected to successive and incremental overtopping discharges until their complete failure. A
laser traverse system was used to measure the coordinates (3D) of individual marked riprap stones
between each discharge increase. Six load cells located at the toe measured the imposed loads during
the entire procedure. From the total load values, two different types of load contributions could be
distinguished: the self-weight of the stones and the hydraulic load depending on the discharge level
of the overflow. This article highlights the strong relation in each of the five tests between riprap stone
displacements, axial reaction load values measured at the toe and overtopping discharges. Moreover,
as demonstrated in previous works, a buckling deformation of the riprap layer was observed and
described. The results demonstrate that as the hydraulic load induces 2D deformations of the riprap,
a larger part of the riprap weight is supported at the toe. Thus, the measured axial load during
overtopping arises both from the hydraulic load and from the load imparted due to the compaction
of the riprap layer. This compaction effect induces an even greater load than the one imposed
due to the hydraulic contribution. The results from this study are finally put into perspective with
the Norwegian Water Resources and Energy Directorate recommendations for full scale dams and
suggest the great resistance of supported riprap at the toe.

Keywords: rockfill dams; dam safety; riprap; physical modelling; toe support

1. Introduction

Ripraps are commonly used to protect various civil engineering structures such as
dams, levees, spillways, bridge piers, channel beds [1–5]. They are protection structures
against erosion and scouring composed of large quantity of rocks. In Norway, understand-
ing riprap stability in the context of rockfill dams is a major issue. Specifically, ripraps
are used on downstream slopes to resist against overtopping phenomena, responsible for
external erosion processes. Being able to detail and understand the rupture mechanisms of
the exposed riprap to overtopping is of importance since these events are responsible for
most structural failure cases [6]. Moreover, a better understanding could help improving
the construction and reinforcement techniques of ripraps.
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In the field, two main types of riprap structures can be encountered on rockfill dams:
dumped riprap and placed riprap. The difference between these two structures lies in the
construction technique. While dumped riprap are composed of stones placed randomly on
the dam shoulder, placed riprap correspond to an arrangement of stones that follow an
interlocking pattern. Owing to this specific arrangement, placed riprap is more resistant
against overtopping events [2,7] even though setting up such structures remains more
expensive than dumped riprap from an economic standpoint.

Abt and Thornton [8] detailed the advances in research on riprap design for overtop-
ping, mentioning important authors and works such as [5,9–12], and many more. Moreover,
Najafzadeh and Oliveto [13] used experimental datasets from many authors to assess the
performance of artificial intelligence techniques to predict critical overtopping discharge
values for riprap failure. Their results demonstrate that the stone-related Froude number is
mainly controlled by the dam slope. However, most of these works only display research
on dumped riprap on moderate slopes (S < 0.5). As detailed in Ravindra [14], failure mech-
anisms differ a lot from dumped to placed riprap exposed to overtopping, especially if they
are supported at the toe. Therefore, it is important to also consider scientific publications
on placed riprap design with toe support such as [2,15–20].

In the hydraulic laboratory of the Norwegian University of Science and Technology
(NTNU), Trondheim, experimental models have been set up to study the failure mech-
anisms of placed riprap on a steep downstream slope. First, Hiller et al. [2] described
the 1D failure process of placed riprap stones on a ramp, exposed to successive overtop-
ping, and with a support at the toe section. Then, Ravindra et al. [20] investigated the
displacement of riprap stones (2D) according to the overtopping water discharge level.
They displayed the existence of a deformation of such riprap layer that could be compared
to the buckling deformation of a slender-long column, free at one end and maintained
at the other. Ravindra et al. [7] also investigated the sliding failure mechanism of ripraps
unsupported at the toe.

In this new research work, five similar models as the ones built in Hiller et al. [2]
and Ravindra et al. [20] are set up and the same experimental procedure of overtopping
is considered. Although, in addition to the laser system used to record the displacement
of individual stones, six load cells were added on the metallic toe support structure to
measure axial load values during the construction and the experimental testing phases. In
this article, one of the objectives is to understand the relation between axial loads measured
at the toe, 2D riprap stone displacements, and overtopping water discharge levels on a
placed riprap model with toe support. Another goal is to explain the different contributions
of the total loads measured at the toe, from the water contribution and from the self-weight
of the riprap stones. To do so, the experimental model structure, the followed overtopping
procedure and the acquisition methods are first introduced. Then, the axial load values
recorded during the building of the riprap layer as well as their values during overtopping
testing are displayed. Moreover, their relationship with discharge values and individual
riprap stone displacements are presented. Before discussing the results and comparing
them to the previous study from Ravindra et al. [20], a scaling of water discharge and axial
load values is proposed to put into perspectives these results with the recommendations
from the Norwegian Water Resources and Energy Directorate [21] for full-scale dams.

2. Experimental Set-Up and Methodology
2.1. Model

The experimental set-up considered in this research article is nearly the same as the
ones used in Hiller et al. [2] and in Ravindra et al. [20]. Thus, for the reader eager to get
more details, complement of information can be found in these previous published works.
Still, an overview of the set-up and experimental procedure is introduced in this section.
The experimental tests were carried out at the hydraulic laboratory of NTNU, Trondheim
in a horizontal flume (25 m long, 2 m high and 1 m wide). The considered model is a
1:10 scale model of a single riprap layer on the downstream section of a dam designed
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by Hiller et al. [2], constructed assuming Froude similarity. The riprap layer is built on a
filter layer placed on a ramp inclined at 1:1.5 (vertical: horizontal, S = 0.67, Figure 1). The
elements of the model are placed across the total width of the flume (1 m) and with a total
chute length of Ls = 1.75 m. The chute length has been slightly shortened compared to
previous models [2,20] to accommodate the load cells at the bottom of the riprap layer. The
horizontal crest length remains the same with 0.55 m. A metallic sheet perpendicular to
the chute was fixed at the toe section to support the riprap and the complete model was
elevated from the bottom of the flume to avoid backwater effects. Indeed, the aim of this
study is only to focus on erosion and rupture of riprap when exposed to overtopping events.
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Figure 1. Representation of the experimental set-up with positions of marked riprap stones (MS 0–5)
and lengths, adapted from Ravindra et al. [20].

Five tests (A, B, C, D, and E) were carried out with placed ripraps placed on a filter
layer composed of a geotextile and a layer (0.1 m thick) of angular stones with nominal
diameter of d50,F = 0.025 m and density of ρs,F = 3050 kg.m−3. The nominal diameter
being d = (abc)1/3 [22], with a, b, and c respectively standing for the longest, intermediate,
and shortest axes. The riprap layer consisted of rhyolite stones with nominal diameter of
d50 = 0.053 m (a = 0.088 m, b = 0.049 m, and c = 0.036 m) and density of ρs = 2710 kg.m−3.
The riprap layer was built by manually placing approximately 1100 stones from the toe
section to the crest in an interlocking fashion. The riprap stones on the slope were placed
with an inclination of β ≈ 60◦ (Figure 1) between the a-axis and the chute bottom while
the crest stones were placed with β ≈ 90◦ [23]. The dimensioning of the stones comprising
the riprap and the filter layers were carried out in accordance with the Norwegian Water
Resources and Energy Directorate guidelines [21]. Six riprap stones were selected and
marked for each test. They were located in the center of the model (with a distance of 0.5 m
to both sides of the flume) at the following positions of x = 0, 0.35, 0.75, 1.15, 1.55, and
1.75 m and were identified as MS0, MS1, MS2, MS3, MS4, and MS5 respectively (Figure 1).
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As proposed in previous works from Hiller et al. [2] and Ravindra et al. [20], the
packing factor parameter defined by Olivier [9] can be considered as:

Pc =
1

N d502 (1)

With N defining the quantity of riprap stones per m2 and d50 the median stone
dimension. Pc provides information on the density of the placement of riprap stones, so
that low Pc values indicate densely packed stones while higher values stand for loosely
packed stones. The Pc values for each of the five tests are displayed in Table 1.

Table 1. Discharge range, critical discharge, and packing factor values for each of the five tests.

Test qi (l.s−1) Pc qc (l.s−1)

A 50–225 0.58 225
B 50–325 0.56 325
C 50–200 0.53 200
D 65–350 0.53 350
E 50–150 0.56 150

2.2. Overtopping Procedure

The experimental models were exposed to successive overtopping events (Figure 2),
starting at an initial discharge ranging between 50 and 65 l.s−1. The pumps supplying
discharge to the flume had a combined maximum delivery capacity of q = 400 l.s−1. The
models were located far enough from the inflow section to guarantee calm flow conditions
upstream. Under overtopping conditions, the models are inundated with laminar flow on
the crest and by turbulent surface flow on the downstream slope (Figure 2). After the initial
load period, the discharge level q was successively increased with a range of q = 25–40 l.s−1

and maintained constant for a fixed time interval (∆t = 1800 s) until ultimate rupture of
the model was achieved. The water flow was stopped between each discharge increment
to measure the 3D positions of the marked riprap stones. The critical discharge value
qc corresponds to the value for which a complete failure of the riprap occurs. For each of
the five tests, qc values are displayed in Table 1 and varied over the range qc = 150–350 l.s−1.
These values can vary according to placement of stones as well as to the skills of the workers.
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2.3. Measuring Devices and Data Acquisition

Position of the specific marked riprap stones were recorded by employing an auto-
mated 3D-traverse laser placed above the model. It allowed their precise positioning in
a 3D Cartesian coordinate system with x-axis parallel to the chute and pointing in the
upstream direction (Figure 1) and with z-axis perpendicular to the chute. The origin of the
system was located at the toe section and the accuracy of the measurements were about
0.1 mm in x direction and 1 mm in z-direction. The displacements were only considered
along x and z axes but not in the y-direction. Recording of the positions were completed
before each discharge increment.

In this work, the use of 6 load cells (S9M force transducer manufactured by HBM) to
record axial load values, Fi, is completely new. These cells were placed at the toe section
of the model (Figure 1) and the sensors had a combined capacity of 3 × 103 N. They were
positioned between two metallic frames (one fixed and one movable) so that the riprap
layer could be directly placed on them and to take into account only the load from riprap
stones and not the one from the filter layer (Figure 3). The recording of the data was
made possible during the riprap construction and throughout the five tests (between each
overtopping and while the water was flowing). The value for which a complete failure of
the riprap occurs is called the critical load value, Fc.
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Figure 3. Load cell positioning against the riprap layer between two metallic frames with dimensions
in centimeters.

3. Data Analysis
3.1. Axial Reaction Loads at Riprap Toe

The axial reaction loads at the toe were monitored while the riprap model was being
built, recorded after placement of every 50 stones. These measured values are displayed
for each test, according to the length from the toe, in Figure 4. These data highlight that
the reaction axial load increases rapidly during the first 0.5 m but then stabilizes to a load
value between 100 and 130 N, with test A displaying the greatest axial load values. These
data suggest that the weight of the stones have no influence on the axial load at the toe
once a certain threshold length is reached.



Water 2022, 14, 1581 6 of 17

Water 2022, 14, x FOR PEER REVIEW 6 of 17 
 

 

the reaction axial load increases rapidly during the first 0.5 m but then stabilizes to a load 
value between 100 and 130 N, with test A displaying the greatest axial load values. These 
data suggest that the weight of the stones have no influence on the axial load at the toe 
once a certain threshold length is reached. 

Figure 4. Measured axial load at the toe section of the experimental models during riprap layer 
building. 

After the construction stage and the opening of the pumps, the water flow overtops 
the model and generates a load increase at the toe section. An example of the load data 
and discharge values from the pumps for test D is displayed in Figure 5. During overtop-
ping stages, the axial reaction load value Fi was recorded for each test and is displayed in 
Figure 6 according to discharge value. That axial load then decreases (Figure 5a) when the 
water flow is stopped between each discharge incrementation (Figure 5b), the stable value 
reached after cutting off the overtopping flow corresponds to the axial load contribution 
from the compaction of the riprap, FRi (Figure 7).  

Figure 4. Measured axial load at the toe section of the experimental models during riprap layer building.

After the construction stage and the opening of the pumps, the water flow overtops
the model and generates a load increase at the toe section. An example of the load data and
discharge values from the pumps for test D is displayed in Figure 5. During overtopping
stages, the axial reaction load value Fi was recorded for each test and is displayed in
Figure 6 according to discharge value. That axial load then decreases (Figure 5a) when the
water flow is stopped between each discharge incrementation (Figure 5b), the stable value
reached after cutting off the overtopping flow corresponds to the axial load contribution
from the compaction of the riprap, FRi (Figure 7).
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Figure 6 highlights the strong linear relation existing between axial loads at the toe
section and discharge values for individual testing (Nash–Sutcliffe coefficients R2 close to
(1), but also for the complete dataset (R2 = 0.95) (Figure 6f). A relation (Equation (2)) can
thus be proposed to describe the relation between these two parameters:

Fi
Fc

= 0.77
qi
qc

+ 0.226 (2)
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Even though the axial load at the toe increases along with the discharge rates (Figure 6),
Figure 7 displays an increase of the compaction load contribution FRi (in yellow) between
each discharge step break, when no water is flowing over the model. These loads increase
after each discharge step and do not come back to their primary value. These data suggest
that stone displacement and riprap compaction, imputed to overtopping, induce an increase
of the axial load at the toe section. The waterflow contribution FWi (in blue, Figure 7) appears
to have less impact on the axial load at the toe than the compaction load contribution. From
Figure 7, it can be observed that Fi = FRi + FWi.

3.2. 1D Stone Displacements According to Axial Reaction Loads

The displacements of the riprap stones alongside x-axis can be plotted according to
axial load values, as it was done by Hiller et al. [2] and Ravindra et al. [20] as a function of
the applied discharge level. The displacement of individual stones is normalized according
to [16] as ∆xmLm

−1 where Lm = xm − x0, with m denoting the position of a marked riprap
stone along x-axis. The displacement ∆xm corresponds to the difference in stone positions
with their initial position before the first overtopping. In Figure 8, the 1D stone displace-
ments were analyzed according to the critical unit load (Fi Fc

−1). As in [20], the stone
displacements were considered according to the position of the riprap stone identified
as MS0. Indeed, this stone undergoes a moderate displacement since it is maintained by
the fixed toe support. The displayed results suggest a good exponential relationship (R2

ranging from 0.78 to 0.91) between these two parameters, for each test. The respective fitting
curves are displayed in black in Figure 8. The stone displacements along x-axis increase
along with the axial load measured at the toe. As a comparison, using the relation between
∆xmLm

−1 and qi qc
−1 proposed in [20] (cf Equation (6) of that article), the respective fitting

curve is displayed in red (Figure 8f). This relation was adapted considering the previous
relation from Equation (2). It appears that the fitting of this exponential curve is not optimal
and the corresponding equation from these data sets (black dotted curve, Figure 8f) should
rather be: (

∆xm

d50

)
i
= 0.0029 e(2.86 Fi

Fc ) (3)

3.3. 2D Stone Displacements According to Axial Reaction Loads

Owing to the laser measurements, 2D displacements of marked riprap stones could
also be computed according to the axial load values measured at the toe of the model. The
results from test B data are displayed in Figure 9, with the vertical axis ∆zmd50

−1 standing
for the stone displacements along the z-axis (Figure 1) over the nominal stone diameter and
the horizontal axis standing for Lm normalized over the total riprap length Ls. They display
a progressive displacement in both x and z directions such as the axial load increases.
The marked riprap stones tend to go downstream in the x-direction but also to elevate
themselves in the z-direction. These displacements are directly related to the magnitude of
axial load measured at the toe section. These results are in agreements with the findings
from [2,20]. It appears that the magnitude of elevation in the z-direction depends on the
position of the riprap stone, suggesting a buckling process. The compaction of the riprap
layer provokes the creation of a gap at the upstream part of the model. This mechanism
combined with the buckling leads to the complete breakage of the structure.

Results from cumulative analysis with data from tests A, B, C, D, and E are displayed
in Figure 10, with uncertainty in displacements being shown as 95% confidence intervals.
The represented data points are average values for specific FiF−1

c intervals (0.2–0.4, 0.4–0.6,
0.6–0.8 and 0.8–1). These results attest the ones obtained from Figure 9 (Test B) and echo
the one from [20].

From Figure 11, these cumulative results can be compared to the predictive curves
obtained by the buckling equation issued from [20]:(

∆zm

d50

)
i
= A

qi
qc

sin
(

kπ f
(

Lm

Ls

)
i

)
(4)
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along x-axis and z-axis according to normalized axial load values at the toe section.
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With k standing for the buckling mode (k = 1), and A and f parameters for calibration
(with respectively A = 0.3 and f = 0.7). Here, Equation (4) is adapted owing to the established
relation between axial load and discharge in Equation (2), so that one gets the buckling
equation displayed in Equation (5):

(
∆zm

d50

)
i
=

(
∆zm

d50

)
MS0

+ A

( Fi
Fc
− 0.225

0.74

)
sin
(

kπ f
(

Lm

Ls

)
i

)
(5)

With
(

∆zm
d50

)
MS0

the mean relative elevation value of the marked riprap stone MS0,
equal to 0.0707 in this work. The displayed results are consistent with the ones from [20]. It
also appears that the fitting of the data is not optimal for smaller loads.
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3.4. Scaling for Full Scale Dam According to NVE Recommendations

Generally accepted principles to evaluate and model the flow through and over a
riprap on steep slopes are not yet formulated. Due to high turbulence and a free water
surface, Froude’s model law can be used. To compare the different studies, a stone-related
Froude number Frs, introduced in Equation (6), is used. The critical discharge and the stone
diameter are respectively qc and ds while the gravity acceleration is noted as g = 9.81 m.s−2.

Frs =
qc√
g·d3

s

(6)

In these tests, the riprap stone diameter ds = d50 = 0.053 m is considered and the
stone-related Froude number for each test is displayed in Table 2.

Table 2. Critical discharge, critical load and stone-related Froude number values for each experimental test.

Test A Test B Test C Test D Test E

qc (l.s−1) 225 325 200 350 150

Frs 5.89 8.5 5.23 9.16 3.93

Fc(N) 755 924 645 1040 812

For the 4 dam classes defined by the NVE, specific recommendations [21] are proposed
for the sizing of riprap stones used as erosion protection on the downstream slopes of
embankment dams in Norway. Placed ripraps need to be constructed on rockfill dam slopes
with stones of volume of minimum 0.15 m3 (Dmin = 0.64 m) for dams classified within
consequence class 4. To determine the stone size for dams in class 3 and 2, Equation (7) can
be used assuming a minimum unit discharge q of 0.5 m3.s−1 for Class 3 and Class 2 and
0.3 m3.s−1 for Class 1 (Table 3).

Dmin = S0.43·q0.78 (7)

Table 3. Computed minimum riprap size values for each consequence class dam.

Class 1 Class 2 Class 3 Class 4

Design discharge (m3.s−1.m−1) 0.3 0.5 0.5 0.7

Dmin (m) (NVE) 0.33 0.49 0.49 0.64

Sf 15.53 28.11 28.11 41.96

With the slope value S = 0.67 in the tests and Dmin the riprap size for full scale dams.
Dmin values for each dam class and associated discharge scaling factor, Sf, are displayed in
Table 3 such as:

S f =

√(
Dmin
d50

)3
(8)

From Equation (6), with these Dmin (Table 3) values and stone-related Froude numbers
(Table 2), the critical discharge values scaled for each consequence class dam from the
experimental tests can be computed and are displayed in Table 4.

As a comparison, from the previous study with placed riprap unsupported at the
toe [7], the associated critical discharge values obtained were 0.84 m3.s−1 for consequence
class 1, 1.51 m3.s−1 for consequence class 2 and 3, 2.26 m3.s−1 for consequence class 4.
Safety factors (Table 5) can be computed as ratios of the scaled discharge levels (Table 4)
and the NVE recommended design discharge magnitudes (Table 3). The safety factors
enhance to evaluate the critical discharges against the recommendations proposed by
the NVE (Table 3). The scaled discharges for all 4 dam consequence classes from the
5 tested models were found to exceed the NVE recommended design discharge values
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and display a resistance almost five times superior to the resistance of unsupported placed
riprap (Table 5).

Table 4. Critical discharge values (m3.s−1) per meter, from each individual test corresponding to
the four consequence class dams using Froude scaling law, with associated mean and standard
deviation values.

Test A (qc) Test B (qc) Test C (qc) Test D (qc) Test E (qc) qc σqc

Class 1 3.48 5.03 3.09 5.41 2.32 3.87 1.17

Class 2 6.33 9.14 5.62 9.84 4.22 7.03 2.13

Class 3 6.33 9.14 5.62 9.84 4.22 7.03 2.13

Class 4 9.44 13.64 8.39 14.69 6.29 10.49 3.18

Table 5. Details of safety factors computations for 4 consequence classes for placed riprap with toe
support and unsupported at the toe [7].

Class 1 Class 2 Class 3 Class 4

Placed riprap with fixed toe support 12.89 14.06 14.06 14.99

Placed riprap unsupported at the toe [7] 2.8 3 3 3.2

From the critical axial load values acquired on the model and displayed in Table 2, it
is also possible to estimate the critical load values that would correspond to full scale dams
of different classes from the experimental tests. Considering the scaling law expressed in
Equation (9), the critical axial load values (N) are displayed in Table 6.

Fc,prototype = Fc,model

(
Dmin
d50

)3
(9)

Table 6. Critical axial load values (N) from each individual test corresponding to the four consequence
class dams after scaling, with associated mean and standard deviation values.

Test A (Fc) Test B (Fc) Test C (Fc) Test D (Fc) Test E (Fc) Fc σFc

Class 1 181 × 103 221 × 103 154 × 103 249 × 103 194 × 103 200 × 103 33 × 103

Class 2 598 × 103 731 × 103 510 × 103 823 × 103 643 × 103 661 × 103 108 × 103

Class 3 598 × 103 731 × 103 510 × 103 823 × 103 643 × 103 661 × 103 108 × 103

Class 4 1329 × 103 1627 × 103 1136 × 103 1831 × 103 1430 × 103 1471 × 103 240 × 103

Considering that the model built in the flume is a 1:10 scale model of a dam, it is also
possible to compute the qi (l.s−1) and Fi (N) values from the scaling laws introduced above,
Equation (9). Such values for a full-scale dam are ten times bigger than the experimental
model (considering d50,fullscale dam= 0.53 m), as displayed in Figure 12.
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4. Discussion
4.1. Axial Reaction Loads at Riprap Toe

First, from all the axial load values measured at the toe section in this study, it is
important to point out that a stabilization of these values is observed (Figure 4) quite soon
during the building of the riprap layer (around 0.5 m from the toe). Such behavior could be
explained by the compensation of the self-weight of the riprap stones by both the friction
with the filter layer and the interlocking pattern of the placed riprap. Indeed, Hiller et al. [2]
depicted that the interlocking of the riprap stones induces the transfer of longitudinal forces
within the whole layer. Once a threshold value of building length is reached for the riprap
layer, adding more stones has no significative impact on the measured axial load at the toe.
Such value is a function of the considered interlocking pattern and can vary according to
the configuration of the stones at the toe. For example, Khor [24] specifically displays the
variability of the mechanical and structural properties of different interlocking patterns.
Moreover, from studies on experimental model without toe support [7], the specificity of
the pattern of placed riprap explains why it can resist up to 1.5 times greater discharge
values than dumped riprap.

Further, the results display a very strong linear relation between critical water dis-
charge and critical axial load values measured at the toe. This relation can be observed for
each individual test (Figure 6a–e) but also for the global dataset (Figure 6f). It is important
to highlight the fact that even though the building and testing procedures were supposed
to be similar, the five experimental models underwent a breakage for different critical
discharge and axial load values (Table 2). The variability of values can be imputed to the
variability in the construction stage where axial load values are already slightly different
from one test to another (Figure 4). Still, the relation described in Equation (2) between
the two physical parameters appears pertinent when used for the buckling deformation
analogy (Equation (5)). However, this relation must be put into perspective with the
multiple contributions of axial load. Figure 7 points out that even though the discharge
level plays an important role in the total axial load measured at the toe, the load increase
imputed to the deformation of the riprap layer, FRi, is greater than the contribution from
the waterflow, FWi. Indeed, between each discharge step when the waterflow is stopped,
the measured axial load does not come back to its initial value (Figure 5a). This means that
both the compression (Figure 8) and the elevation (Figure 9) of the riprap stones induce an
additional load.
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4.2. Deformation Behavior Related to Buckling Process

As Ravindra et al. [20] demonstrated the relation between overtopping discharge level
and deformation of the riprap layer, the results displayed in this study demonstrate a very
strong relation between axial load at the toe section and deformation of the placed riprap.
The deformation of the riprap layer can be observed in 2D owing to the measurement of
specific riprap stone positions. It appears that the rocks undergo a compression along
the x-axis (Figure 8) that can be imputed to both the gravity as well as to the hydraulic
drag and lift forces during the successive overtopping events. The stones also undergo a
progressive elevation (Figures 9 and 10) because of the hydraulic lift forces that tend to
elevate the stones along the z-axis. However, the interlocking forces tend to counter that
effect vertically and generate a bearing structure that can resist important loads owing to
the possible deformation of the whole riprap layer. The compression in the x-direction of
the layer can be related to the axial load values (Equation (3)), as it was previously done
by Ravindra et al. [20] for discharge values. The exponential increase of the horizontal
compaction according to axial load values is common to all tests but quite important
differences can be observed between each test. Furthermore, the dispersion of the dataset
around the exponential regression curve (Figure 8f) implies to carefully consider the relation
(Equation (3)) between these two parameters. Still, the relation between discharge value
and displacement in x-direction established by Ravindra et al. [20], once adapted from
Equation (2), is quite close to the results.

Ravindra et al. [20] first pointed out a buckling analogy for 2D deformation of placed
riprap supported at the toe when exposed to overtopping. Considering a similar exper-
imental procedure, a buckling process can also be observed from the results displayed
in Figures 9 and 10. The buckling analogy consists in comparing the riprap layer to a
slender-long column, free at one end and maintained at the other. Here, the free end
would correspond to the top part of the riprap layer while the pinned end would be the
stones lying on the metallic support at the toe. The riprap stones located in the center
of the riprap layer globally undergo a relative elevation greater than the one undergone
by the stones at both ends of the layer (Figures 9 and 10). In this work, the buckling
process can also be observed when the displacement values are put in perspective with
axial load values and not only discharge values. When organized together, regarding load
intervals from each of the five tests, the displacement of riprap stones can be characterized
using Equation (5) (Figure 11). This relation was made possible from the relation defined
by Ravindra et al. [20] and by the relation between axial load and discharge values from
Equation (2). The fitting of the data is not optimal for smaller loads (Figure 11) as it was
observed in Ravindra et al. [20]. This can be explained by the gaps present in the structure
because of some loosely placed stones. The initial displacements of the riprap stones during
the initial overtopping are then more complicated to predict. It achieves a stable buckling
profile at higher discharges.

These displacement data and this buckling observation make this study consistent
with previous research works but also enables the understanding of the load contribution,
FRi, from Figure 7. Indeed, the relative elevation of the riprap stones from the center of the
structure compared to the riprap stones from the toe (Figure 10) corresponds to an increase
in the slope of the riprap column. Moreover, the elevation of riprap stones induces less
friction with the filter layer. These two processes together result in that a larger of the riprap
weight (component parallel to the slope) is carried by the support as well as compaction
of the riprap against the toe support, and thus induce an increase of the axial load in the
x-direction, perpendicular to the metallic toe support, where the load cells are located.

4.3. Recommendations and Limitations

The placed riprap slope supported at the toe, withstands, the design discharge values
given by the NVE regulations [21] for sizing of riprap (Table 3) with Equation (7), with a
high safety factor of 14.0 on the average (Table 5), while unsupported riprap have a factor of
safety of 3.0 on the average (Table 5). The scaling of axial load values (Table 6 and Figure 12)
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enables to understand the axial load that the respective consequence classes dams could
withstand before breakage if supported at the toe. However, it is worth noting that from a
field survey carried out by Ravindra et al. [25], most Norwegian dams are not supported at
the toe. Such information may be useful to establish new recommendations for the future.

Owing to the five experimental tests carried out, the good repeatability of the results
can be discussed. The range of critical discharge values goes from 150 to 350 l.s−1, which
is quite comparable to the range of critical discharge values Ravindra et al. [20] display
in their previous study (120 to 300 l.s−1). The range of critical axial load values goes
from 645 to 1040 N. The variability of Fi values (Figures 4 and 6) between each test shows
that even though the building procedure is the same, the perfect repeatability of each
experiment cannot be granted. The construction of the model cannot be repeated the
same way according to the experience of the builder and to the exact arrangement of the
materials. Thus, the position of individual placed riprap stone is different from one model
to another. Even though the riprap shoulder is built so as riprap stones are interlocked as
well as possible, it is more likely that if some stones are locally badly interlocked together
in a model, they can collapse at middle discharge levels. Then, a part of the dam is left
unprotected, generating the sliding of the riprap stones above and the complete failure
of the work. Nonetheless, it is important to indicate than no relation can be established
between the packing factor values (Table 1) and the critical discharge values. But even
though each model is slightly different, the relation described between the studied physical
parameter displays the same trends (Figures 4, 6–8 and 11).

In future research, it could be pertinent to change some of the experimental parameters
such as the slope value and the nature of the stones to understand the limitations of the
studied structural behavior. Adding a rockfill dam shoulder below the filter layer instead of
a solid ramp would also be of great interest to understand the impact of the throughflow on
the relation between riprap stone displacement and axial load values. Such study could be a
valuable contribution to the recent work from Kiplesund et al. [26] focused on throughflow
properties of rockfill dams, using particle image velocimetry and pore pressure values.

5. Conclusions

In this paper, to enhance the understanding of placed riprap failure mechanism, five
experimental models built in the hydraulic laboratory of the Norwegian University of
Science and Technology are introduced. These models consist of a placed riprap layer
supported at the toe by a metallic support and lying on a rock filter layer built on a ramp
with steep slope (S = 0.67). The models were then exposed to successive and increasing
overtopping water discharge until complete failure of the structure, while measuring the
axial load at the toe section and the displacement (2D) of individual marked riprap stones.

The results and their interpretation demonstrated a strong relation in each test between
axial loads measured at the toe, individual riprap stone displacements and water discharge
level. When discriminating the contribution of load from the water and from the riprap
stones, it also appeared that the contribution of the load induced by the deformation of
the riprap layer is greater than the contribution from the hydraulic load. Furthermore, the
deformation qualified as a buckling by Ravindra et al. [20] has also been observed. This
phenomenon tends to increase the axial load measured at the toe after every overtopping
stage. Moreover, the interlocking pattern of the placed riprap stones acts as a bearing
structure and induced a stabilization of the axial load measured at the toe during the
building stage.

These results were also put into perspective with NVE recommendations for full scale
dams. They suggest that all consequence class dams could resist the overtopping discharge
level requested by the texts, except consequence class 3 for a 1 m width overtopping or
leakage. However, these results still must be considered carefully since the experiments
only rely on testing on a riprap layer lying on a ramp and not on a complete rockfill
dam shoulder.
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These results and associated scientific discussion, when corroborated by additional
data on complementary tests, could be valuable to improve the understanding of riprap
stability on rockfill dams as well as to provide suggestions for dam design and reinforce-
ment techniques.
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