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EVALUATION OF THE OVERFLOW FAILURE SCENARIO

AND HYDROGRAPH OF AN EMBANKMENT DAM WITH A

CONCRETE UPSTREAM SLOPE PROTECTION

Francois Chiganne, Claude Marche et Tew-Fik Mahdi

Département des génies civil, géologique et des mines
Ecole Polytechnique de Montréal

C.P. 6079, Succ. Centreville,

Montréal, Québec, Canada, H3C 3A7.

* Auteur correspondant: tewfik.mahdi@polymtl.ca, Tel: (514) 340-4711 ext. 5874.

Abstract : The standard procedure in Quebec, Canada, for evaluating the failure of an embankment dam, per the
Loi sur la sécurité des barrages, specifies a 30 minute long failure scenario with a breach width equal to four times
the maximal height of the dam. We demonstrate a new method for evaluating the flood overtopping failure scenario
for embankment dams with concrete upstream slope protection, using Toulnustouc Dam for example computations.
Our new methodology computes safety factors for a range of potential failure mechanisms taking into account
geotechnical, hydraulic, and structural factors. We compile the results of our investigations of the various dam
failure mechanisms and compare the corresponding dam failure hydrographs to the current hydrograph specified in
the standard analysis procedures. Our investigations tend to invalidate the current standard procedures for evaluating
the failure of rockfill dams with concrete upstream faces, by indicating that the current standard procedures
underestimate the peak failure discharge and overestimate the time to the peak discharge.

Key words: dam failure, overtopping, rockfill dam, failure hydrograh.
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1. Introduction

The oldest known dam is an earth-fill dam constructed in the Garawi Valley in Egypt about 3000 years ago.
Although our knowledge of dam construction techniques and reservoir operations has increased dramatically over
the years, the potential for dam failures still poses a significant threat to communities around the world. Dam
failures have been responsible for more than 8000 deaths and hundreds of millions of dollars in economic losses
since 1900 (Marche, 2008).

These failures were primary due to inadequate construction materials and/or design of the dam structure and the
corresponding spillway structure. In order to increase dam safety, standard procedures, regulations and models
have been established to diminish the risk of failure due to overtopping (i.e., establishment of minimal discharge
capacity etc.), and to better define the downstream flood hazard zone corresponding to a catastrophic dam failure.
These standard procedures and regulations are not intended to represent specific failure scenarios, they are based
on information from former failures. For embankment dams and overtopping failures, the standard procedures, in
Quebec, Canada, specify the formation, in 30 minutes, of a breach with a bottom width equal to four times the
maximum height of the dam (Marche, 2008). Given these specifications for the breach geometry, it is possible to
calculate a failure hydrograph and to delimit the corresponding flood hazard areas.

Masson (2009) compares the failure hydrographs of an embankment dam (dyke Moncouche) with a concrete
curtain calculated using the standard procedures specified in the current regulations with the results of a
methodology based on the calculation of structural safety factors, whose validities were confirmed by an
experimental model. The scale effect was taken into account in this work by adjusting erosion depths, overtopping
levels, breach discharges and the time scale, which strengthened the validity of the results. First, these results
highlighted that the duration of the dam failure, 30 minutes, may be overestimated (of about 15%). Then, it was
demonstrated that the current regulation doesn’t take into account dams’ specificities such as a rising of the dam
or the installation of a parapet, these measures security being able to increase the safety of the dam by increasing

failure’s duration and decreasing the peak discharge. Finally, the hypothesis that the discharge increases linearly
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is questioned. Structural elements, such as a concrete curtain, can indeed lead to several brutal increases of the
discharge. Our goal in this article is to highlight the differences between overtopping scenarios for an
embankment dam with a concrete upstream face corresponding to the current standard procedures with those

calculated based on different failure mechanisms not considered in the current regulations.

Since we use the Toulnustouc Dam to demonstrate our methodology, we first describe the key characteristics of
this dam. Next we describe our metholodologies for calculating a series of safety factors corresponding to the
following failure mechanisms: a) the landslide safety factor is calculated based on the "Multiple Wedge Analysis"
(U.S. Army Corps of Engineers, 1995); b) the safety factor for dam failure caused by the motion of the crest
material is evaluated using a seepage model for the dam and a study of the forces acting on a rock on the
downstream side of the crest; ¢) dam failure caused by the motion of the downstream bottom of the dam is linked
to the velocity and the hydraulic gradient of flow through the dam using the studies by Wilkins (1956); and d)
failure of the parapet and the upstream slope protection are evaluated using strength of material analyses.

To demonstrate our methodologies for calculating a series of safety factors corresponding to different failure
mechanisms, we provide example calculations corresponding to a specific flood scenario for Toulnustouc Dam.
We compare the results of these analyses, including the corresponding dam failure hydrograph, with those using

the standard procedures specified in current regulations.

2. Toulnustouc dam

The Toulnustouc dam is located in the Cote-Nord area, in Riviére-aux-Outardes. It’s an embankment dam with an
upstream concrete mask, 77 m high and 535 m long. The reservoir reaches a maximum depth of 72.3 m on the
upstream side of the dam. The dam is built with large stones (figure 1 and 2), types 8C, 8B, 8A and 7D. The 8A

and 7B layers (also called “mask”) are only used to stabilize the foundation of the upstream slope protection of
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the dam. Most of the rocks have a diameter of about 1 m. Figures 1 and 2 illustrate the overall geometry of the
dam and give details of the crest geometry.

The concrete upstream slope protection is 300 mm thick and has steel bars in each direction, which represent
between 0.4 and 0.6 % of the cross-section, depending of the distance from the peripheral seals. This framework
is located in the center of the upstream slope protection (Beauséjour, Bouzaiene, Hammamji, Bigras, & Bergeron,

2006).

3. Failure scenarios

3.1.Seepage

In order to describe the safety factors associated with various dam failure scenarios, we first need to describe the
characteristics of seepage through dams. The height of water above the parapet (W, defined in the equation [1])
governs the water seepage through the dam. H,.,, /4, and H 4 represent the height of water in the reservoir, the

height of the parapet and the height of the dam (figure 1).

1] W=H_—H, —h

dam "
The water height on the downstream side of the crest /4., depend on parameter W.
The overtopping wave is divided into several sections (figure 4) and /. is calculated by an iterative process for a
unit width, based on mass conservation, as follows.
1. A value of 4. is chosen to begin the process
2. The following equations (Egs. 2 through 6) are solved with this value of 4. to yield a corresponding value
of W
3. The value of 4. is systematically changed until convergence to the appropriate value of W. If the process
diverges (very small value of 4. leading to a very high value of W), the seepage length /) (defined as the
width of the crest were the seepage occurs) is smaller than the width L. of the crest. 4. being equal to /4y,

the iteration is then made on /; and 4. is equal to zero.
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In each iteration, equations [2] to [5], the spillway formula and the Torricelli formula (Bennis, 2007) are

solved.
[2] g, = my2gh’
[3] q',=C,\2¢hs,’
[4] Gin =99
, 2
) o = ()
myJ2g
[6] h, =W
Where
n: Number of sections which divide the overtopping wave
qi: horizontal discharge upstream of the i section (m*/s/m)
m: spillway coefficient (-)
g: gravitational acceleration (m.s™)
hi water level in the i section i (m)
q’i: vertical discharge in the i section (m*/s/m)
Ca: seepage coefficient taking into account turbulence and the horizontal velocity (-)
Sep seepage area for a unit width, depending on the porosity (m?*m)
qi+1: horizontal discharge upstream of the i+1 section (m?*/s/m)
hisi: water level in the i+1 section i (m)
3.2.Landslide

The pressure of the water on the upstream concrete slope protection could result in the landslide of part of the

dam. The “Multiple Wedge Analysis” method (U.S. Army Corps of Engineers, 1995) (figure 5), allows

calculation of the landslide safety factors associated with different overtopping heights. After having defined the
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fracture line, the safety factor is calculated based on the equilibrium of the shear strength and the applied stresses.
These stresses are calculated by dividing the dam into several blocks and by calculating the forces on each of
these blocks per unit width. The equation [5] gives the safety factor.

(W +V))cose, +(H,,— Hp)sine, +(P_, - P)sine, -U, Jtang + C L,

[7] FS1= ,
(HLi _HRi)Cosai +(PH —B)COS(ZI. _(W +Vi)SInai

Where

1: number defining the block (-)

(P_,—P) : sum of the horizontal forces applied on the block i (N.m™)

Wi total weight, combining the effects of water, rocks and concrete (N.m")
Vi: vertical force applied on the top of the block (N m™)

0; angle between the fracture line of the i block and the horizontal (°)

D;: internal angle of friction of the i block materials (°)

U : upward flow force applied on the bottom of the i block (N m™)

Hy;: horizontal force applied on the left of the i block (N m™)

Hp;: horizontal force applied on the right of the i block (N m™!)

Li: length of the fracture line of the i block (m)

Ci: cohesion of the materials of the i block (Pa)

FS1: landslide safety factor (-)

The equations [8] and [9], once solved, give the landslide safety factor for the dam.

(8] 2 (B,=F)=0
Where
[9]
[ +V )cosa. ~U, +(H, —H,)sina ] "% _(H —H, ycosa +(W +V)sina, +—S— L
i i i i Li Ri i FSll Li Ri i i i i FSll i

(P, ~P)= —
. ®,

(cosa; —sing, -)

FS1,

1




145 3.3.Motion of the crest materials

146  In this study of the failure scenarios, we consider that some of the overtopping water infiltrates into the dam from
147  the crest. However, the overtopping flow rate can be high enough that this flow does not entirely infiltrate into the
148  dam. In this case, the overtopping can lead to the motion of the rock on the downstream side of the crest. The
149  horizontal velocity of the flow is responsible for a horizontal drag force on the rocks, balanced by the friction
150  forces from the materials below, depending on the weight of the rock and the buoyancy force. Our goal here is to
151  compare the drag force and the friction force by calculating a safety factor, equal to the friction force/drag force
152  ratio, to determine if the friction force is important enough to prevent the rock from moving.

153  From the study of the seepage through the crest, we know the level of water on the downstream side of the crest
154  for each value of W. Then, the forces acting on the rock are calculated (figure 6) : the weight P, the buoyancy 4,
155  the vertical reaction of the dam R, the drag force D (Etienne Guyon & Hulin, 2001), and the friction force T

156  (Lancellota, 2009). Finally, the safety factor can be determined with Eq. 15.

157 [10] P=y V

158  [11] A=y, .V

159  [12] R=P—-4

160  [13] D=C,pV’? ‘;e

161  [14] T=(P—-A)tang

162 [15] FS2 = %

163 Where

164 Yroc: unit weight of the rock (N.m™)
165 Ywai: unit weight of the water (N.m™)
166 P: stone weight (N)

167 A: buoyancy (N)

168 R: vertical reaction of the dam (N)
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V. overflow velocity (m.s™)

D: drag force (N)

V,: rock volume (m?)

Ae: vertical surface of the rock (m?)
T: friction force (N)

D internal angle of friction (°)
FS2: safety factor (-)

3.4.Motion on the downstream face bottom

Wilkins (1956) investigations, led to the discovery of a limit gradient equal to 1. That is, rocks are put in motion
when the hydraulic gradient is greater than the limit gradient (this theory can also be found in (Lafleur, 1991)).
Using the geotechnical properties of the rock fill, our goal is to estimate the water velocity in the area where the
water leaves the dam, which is not only where the velocity is the greatest, but also where the rocks are more likely
to start moving by the action of water. Wilkins (1956) proposed a method for estimating the depth flow exiting
the downstream face of the dam, based on assuming critical flow depth corresponding to a Froude Number of 1.

Equation [16] gives this depth of flow or water level.

[16] h, = (97 ()
‘ g e
Where
q: seepage discharge in the dam per unit width (m*/s/m)
e: rock fill void ratio (-)
hy : water level where the water leaves the dam (m)

An empirical formula which links the water velocity in the voids ¥ (m.s"') and the hydraulic gradient i (-) for
turbulent flows (flow through rockfill dams being high Reynolds number flows) is then used. Several formula

exist in the literature ((Ergun, 1952), (Martins, 1990), (Mc Corquodale, Hannoura, & Nasser, 1978), (Stephenson,
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1979), (Wilkins, 1956)). In all of these equations, g is the gravity acceleration (m.s?), d is the rocks diameter (m),
v the cinematic viscosity (m2.s™), e the void ratio (-) and n the porosity (-).

e Ergun (1952)

o 1=-n_150v(Q—-n)V 1.751?
T e e i L )
n gd gd
e Martins (1990)
C2a
[18] u V?

[=————
2n°K,ged
C, is a uniformity coefficient (C, =d,, / d,, ) and a an empirical coefficient (a = 0,26). Ky is the empirical

coefficient of Martins, equal to 0,56 for angular materials
o  Wilkins (1956)

L 7

[19] = "% (Wn

)] .85

0495 51y in the international system of units and m is the hydraulic

W is an empirical coefficient equal to 5,243 (m
radius (m).

e McCorquodale et al (1978)

;_Tovr 0.54¥V?

20
[20] gt g m
[P
21 Y=—(1+2
[21] 2(+f0)

fe and f; are friction factors of Darcy-Weisbach. f; is the friction factor of the rocks and the permeameter, without
considering the wall-effect which could have an impact on the value of the hydraulic radius (Devendra mehta &
Hawley, 2002), f, is the friction factor of an hydraulically smooth surface for the same Reynolds number.
According to McCorquodale, for coarse rockfill, the f./f, ratio is about 1,5.

e Stephenson (1979)
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K
[22] i= y?

- gdn’
K, is an empirical coefficient of Stephenson whose value is about 1,4.
e Ergun-Reichelt (1990)

. 1=n 214M*v(1-n)V 1.57MV*
23] i=(—X A=nl ,
n gd gd

)

2d

[24] M=1+——
3D(1-n)

D is the diameter of the permeameter.

Experiments have been conducted at the University of Ottawa(Hansen, Garga, & Townsend, 1995). 1D hydraulic
tests have been performed in a packed-column apparatus on various type of rocks and experimental results were
compared to the results obtained by applying the previous equations (figure 7). The Stephenson (1979) and
Wilkins (1956) performed the best and for high gradient and bulk velocity, the Wilkins equation appeared to be
the more accurate. Consequently this formula has been chosen for our investigations.

The velocity in the voids ¥, (m/s) is given by Equation 25 as a function of discharge per unit with g (m?/s/m), the

flow depth exiting the dam face 4, (m) and porosity 7.

[25] y =

The safety factor FS3 is defined as the limit gradient/actual gradient ratio:

[26] Fs3=1

1

Once the safety factor reaches the value of 1, the most-downstream rock is put in motion and leaves the dam;
consequently, another rock on the downstream face takes its place without any change of the hydraulic gradient.

This continues until the complete disappearance of the upper layer of the downstream face of the dam. At the end

10
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of this process, the crest width has decreased. Consequently, the downstream layer of the dam is considered to be

lost once the safety factor reaches the value of 1.

3.4.Parapet and concrete slope protection failure

In case of overtopping, the concrete mask and the parapet on the upstream side of the crest are subjected to
external loads, caused by the active water pressure and the passive embankment pressure, which can lead to the
failure of the structural elements of the dam. The weight of these elements is also responsible for internal loads.
These loads are rectangular and triangular and depend on parameters Hya» (dam height) (m), L, (mask length), 4,
(parapet height) (m), W(overflow height) (m), 7, (concrete mask thickness) (m), K, (passive earth pressure
coefficient) (-), § (downstream face of the dam angle with the horizontal plane) (°) and the water, concrete and
rocks weights (N.m?) (figures 7 and 8).

The calculation of shear forces 7 (N) and bending moments M (N.m) in the upstream slope protection and the
parapet is followed by the calculation of shear stresses 7 and bending stresses in the structural elements. In theory,
the 3 dimensions of stress should be taken into account, but one dimension can be excluded. Forces are
symmetrical in the axial direction of the dam, consequently the system is a plane stress situation.

The x-axis is parallel to the downstream slope protection and to the parapet and most of the stress is parallel to
this axis. The y-axis is perpendicular to the x-axis and the stress in this direction is very low and considered to be
equal to zero in this calculation. In addition, shear stress Ty is equal to Tyx.

The shear stress is calculated in the center of the cross-section and the bending stress is calculated in the
downstream and upstream ends of the cross-section (figures 10 and 11). Once the distribution of stresses is known
in the structural elements, safety factors can be calculated. Both of the safety factors presented in this section are
calculated in the middle and in the downstream and upstream ends of the structural elements.

Stresses per unit width are calculated with the equations [27] to [34] for the upstream slope protection. The
equations for the parapet are not shown explicitly herein but can be defined with the same methodology as that
used to define the stresses for the upstream slope protection (equations [27] to [34] , equations [35] and [36]).)
Where

11
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[27] foupstream = Gacfivefwaterf pressure + Gpass[vefsoilf pressure + Gmaskfwe[ght = _fodownstream et O-xfcenter =0

tm}/wat *((h W) * (Lm —X)2 H * (Lm -)C)3
[2 8] O-activefwaterf pressure 2] (( 94 + ) 2 + barr 6 L )

‘m
3
t (L, —x)
—__m % % * % m
[29] Gpassivefsoilfpressure - K P H dam Y soil
21 6L,
— % * —
[3 0] O-nuzsk—weight =COS ﬁ Y concrete (Lm ‘x)
[3 1] Txyfrmzslfmiddle = Tactivefwaterf pressure + Tpassivefsoilf pressure + Tmaskfweight et Txyfends = O
37wat ES h %k L H E3 (Lm - x)z
[3 2] Tactivefwaterf pressure - 2 ¢ (( P + W) ( m X) + dam 2 L )
m 'm

3*K x[ % *(Lm-x)z
[3 3 ] z-activefwaterf pressure P dam v soil

2 21,
[34) = 256i0() * Yo * (L, - 1)

Tmaskfweight - 2 7/ concrete m X

And in the parapet :
[35]
O_xf parapet—upstream = O-activefwaterf pressure + o-passivefwaterf pressure + o_parapetfweight = _o-xf parapet—downstream ct Txyf parapet—ends =0
[36] O-x—parapet—middle = O Txy = z-xy—parapet—mz’ddle

From the triplet (ox ; Oy ; Txy), the principal stresses o and o3 are calculated (by convention 6; > 63) using the

properties of the Mohr’s circle (figure 11) (André Bazergui, Bui-Quoc Thang, & André Biron, 2002).

o _+0 o _+0O
37 o =——2+ (L)Y +1,}
[ ] 1 2 \/( B ) Xy
o _+0O O .—0O
38 o, =——2— (L)Y +1°
[ ] 3 2 \/( 2 ) xy

Then the safety factor defined by (Masson, 2009) is used :

12
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T,
[39] FS4=-1"
T

f
¢ is the stress tangential to the fracture surface (kN/m?) and 1 is the stress tangential to the fracture surface when
the fracture occurs (kN/m?). The knowledge of the Mohr’s circle radius R and the distance P between the center of
the circle and the origin enable calculation of these two parameters.

Stresses (or ; Tr ) are obtained by drawing a line perpendicular to the Coulomb line which cuts the center of the

Mohr’s circle. Then, the fracture shear stress 1ty is calculated with a normal stress of or (figure 10).

With Oconcrete and Ceoncrete being the internal angle of friction and the cohesion of concrete:

[40] Tf = R Cos q)concrete
[4 1] O-f = P - R Sin ®concrete
[42] T ﬁ" 1 = Gf * ta’n q)concrete + Cconcrete

Masson (2009) also proposes a second safety factor FS4’ defined as the Rp/R ratio

With :
Rp: distance between the center of the Mohr’s circle and the Coulomb line
[43] FS4' — sz — cconcrete*cosq)concrete + P * Sin (Dc‘oncrete
R o, — U3|
2

3.5.Hydrographs determination

The calculation of the safety factors defined in the previous sections in each step of the dam failure allows
determination of the failure scenario and the corresponding hydrograph for different conditions of overtopping.

The corresponding hydrograph is then compared to the hydrograph obtained by using the standard procedure.

3.5.1. Standard procedure’s hydrograph
The standard procedure specifies 30 minutes long failure scenario with a breach of trapezoidal cross section

having 45 degrees banks and a bottom width of four times the maximal height of the dam. The standard

13
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procedure’s hydrograph is obtained by calculating the breach discharge at each time step of 30 s, considering a

linear volume/elevation law and the evacuation law of a broad-crested trapezoidal weir (Marche, 2008):

[44] 0, = ¢k [1,7191 (h = k)" +1,26z(h - h, )“}
Where

v correction coefficient of the approach velocity (m®3.s™!)

ks : correction coefficient of the overtopping (-)

b;: instantaneous width of the bottom of the breach (m)

hy instantaneous water level downstream (m)

h: water level upstream (m)

hy bottom of the breach level (m) :

z: breach walls slope (-)

451 k, :1—27.8(}2_;2’)3 if hf__hb >0.67

b
k. =1 ifnot

3.5.2. Hydrograph from the safety factors methodology
The iterative procedure described in the figure 13 allows the identification of the failure scenario via the
calculations of the different safety factors and by taking into account changes of the dam geometry (Hsoi is the
height of the materials behind the mask and Hmask the height of the mask, these parameters are used in the
calculation of the safety factors) . The methodology of the procedure is based on the following principles:

e The initial dam geometry and hydraulic conditions are defined for the first iteration

e At each iteration, the safety factors are calculated

1. FS1:ifFS1 is less than 1, the dam fails and the procedure ends.

14
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2. FS2 and FS3 : less than 1 values of this safety factors lead to a new geometry of the dam and
potential loss of the fractured part of the upstream slope protection if the crest is lower than the
top of the mask

3. FS4:if FS4 is less than 1, a fracture occurs in the mask

4. Application of the methodology

The flood scenario used to demonstrate our methodology is a gradual increase of the water level in the reservoir.
The flood discharge is the MPF discharge (5630 m?/s) and this discharge remains constant during the failure (the
hypothesis of a changing discharge would not modify the methodology but would add a calculation step in order
to take into account the variations in discharge). In our example scenario, we consider the spillway capacity to be
reduced from 2400 m?/s to 1000 m?/s. With a flood discharge of 5630 m*/s and a spillway discharge of 1000 m?/s,
the reservoir is filled with a discharge of Q; = 4630 m’/s.

In the case of a gradual increase of the water level in the reservoir, at t=0 the water level reaches the maximum
level of operation, Hop = 74.9 meters. When the overtopping reaches 1.7 m over the crest (about 40 h after the
beginning of the flood), the downstream slope protection fails, from the crest to the bottom. Nevertheless, the
mask and the parapet stay static. The seepage discharges are assumed to be negligible compared to the flood
discharge and consequently the water level still rises. The next critical overtopping level, 2.15 m, which occurs
6h20 after the slope protection has failed (which is the time needed for the water level to reach a 2.15 m
overtopping in this conditions of discharge for a linear volume/elevation relation of the reservoir), leads to the
failure of the parapet.

The failure of the parapet on the whole length of the dam instantly releases a 2.50 m high overtopping flow
corresponding to a discharge Q; of 3180 m>/s. The filling of the reservoir continues with a discharge of Q,-Q; =
1450 m?/s. The effect of this discharge is considered to have no impact on the water level during the failures of
the downstream face and the crest which are quick mechanisms (similar to landslides). When the first fragment of

the upstream concrete slope protection is gone, this releases a 6.75 m high overtopping. The safety factor linked to
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the motion of the crest materials decreases, less than 1 (0.65). The dam failure goes faster as the failure
mechanisms build up.

The failure hydrograph starts when the parapet breaks, about 46 h after the beginning of the rising of the water
level in the reservoir. The discharge at t=0 starts at 3180 m?/s. It suddenly reaches 17 700 m*/s when the first
piece of the mask is taken away. It keeps increasing per stage each time another piece of the mask disappears.
Considering that the failure mechanisms involved are fast (as landslides), the hypothesis of a 10 min long failure
is taken here, with a linear increase of the discharge until the dam has totally disappeared. The drawdown is then

calculated with the spillway formula.

The corresponding failure hydrograph is compared to the standard procedure hydrograph.

5. Discussion

5.1.Comparaison with the standard procedure

This section compares the standard procedure of dam breach used in Quebec, Canada, to our methodology
described in this paper, by describing the physical mechanisms involved in the dam failure. In the case of dam
overtopping, the standard procedure assumes a failure by erosion which starts with the dam overtopping. The
breach develops in 30 min and its final bottom width reaches 4 times the maximal dam height. For earth dams
during overtopping, this well describes the failure scenario. The failure indeed begins in the low point of the crest
almost as soon as the overtopping occurs (depending on the materials) and the flow energy is then responsible for
the formation and development of the breach.

The methodology described in this article leads to a different conclusion for a rockfill dam with an upstream
concrete slope protection. A minimal overtopping level of several meters is necessary for the failure to occur,
because of the concrete protection. In addition, the failure no longer begins in the low point, but can concern the
whole width of the dam, which leads to a maximum discharge higher than calculated with the standard’s
hypothesis. Moreover, this maximum discharge is also reached faster because the mechanisms involved are faster

than erosion mechanisms.
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5.2.Comparison with literature results

When the whole theoretical process of failure can’t be described yet, laboratory tests results gave several
conclusions regarding the final geometry of the breach and the failure duration (Franca and Almeida, 2002).
These experimental studies used a Froud Number similarity to take into account the scale effect. Some of the
results defend the hypothesis and conclusions of the present paper and some others qualify them. Concerning the
initial width breach, the experiments conclude on a large initial breach, contrary to the earthfill initial breaches, of
about 1 times the dam height. In our methodology, the assumption of a large initial breach has also been made,
but on the whole width of the dam, as a pessimist hypothesis.

The total failure time observed in the models was about 450 and 1200 s, which correspond to time between 1 and
2 hour and a half for a 25 m high dam. This total failure time of the dam is one of the most important parameters
in the model and also the most difficult to adjust. While experimental models (Franca and Almeida, 2002)
conclude on a total time failure of more than an hour, some historical data from rockfill dam failure due to
overtopping only give total time failure of less than 30 min (Goose Greek dam, (Sing ans Scarlatos, 1988)). For
the hypothesis of the model presented in this paper, the total time failure has been taken equal to 10 minutes. This
choice has been based on the minimum time observed in historical data (less than 30 minutes) and by considering
the parapet in the Toulnustouc dam. This parapet induces indeed an initial level of water much higher than in a

parapet-free dam and consequently the hydraulic conditions are worse.

5.3. Limitations of the methodology

It is obvious from the historical data, experimental results and theoretical calculation that the failure of rockfill
dams isn’t well understood. Actual models usually don’t take into account all the details of rockfill dam breaches
and previous studies estimate the uncertainty of about 50% in the estimate of the maximum discharge with the
actual models (CADAM, 2000). The model of our methodology allows considering more details and phenomenon

of the dam breach but some aspects could be improved.
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Further verifications could be necessary in order to confirm the validity of some formulas. These formulas are
used here in conditions which can be different from the conditions for which they have been validated. For
example the Wilkins formula is a 1D formula and is used here in a 2D application.

Hypothesis about the breach width and total time failure had to be made and are based partially on experimental
and historical data. Improvements such as investigations on the initial width of the breach linked to the initial
water level, rock sizes or the downstream dam slope would complete the analysis of the dam failure.

Finally, sensitivity analysis of the safety factors in our methodology was conducted with the following
conclusions: When changing the values of the parameters (such as the drag force coefficient, the prorosity etc.),
the calculation of the critical overflow level leading to the failure of the dam gives different results, but the orders
of magnitude remains the same, as for the overall failure scenarios. Consequently, the unavoidable

approximations of some parameters doesn’t question the validity of the results.

6. Conclusion

The methodologies we present in this article permit the consideration of several failure mechanisms, but these
mechanisms can also be linked to obtain a failure scenario which takes into account all of them. It also leads to
the determination of a failure hydrograph, depending on the scenario for the rising water level.

In addition, it highlights the role of the impermeable upstream concrete slope protection which allows using an
embankment with large voids (associated with large rock sizes) and is resistant to the effects of overtopping, wind
and rain. The effect of the upstream concrete slope protection is that it inhibits the seepage rate through the dam.
On another hand, the framework minimizes the size of the splits in the slope protection and the importance of the
seepage.

This study tends to question the applicability of the standard procedures for assessing dam failures to rockfill
dams with upstream concrete slope protection. Due to the erosional resistance characteristics of the materials, the

overtopping scenario does not necessarily lead to the failure of the dam, but can also lead to more hazardous
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scenario and more important consequences than predicted by the standard procedure, as much higher peak flow
rate and shorter time-to- The results are validated by the solidity of the formula and concepts used to develop it,

the consistency of the results and the physical analysis of the earth and rockfill dam’s failures.

The methodology could be extended to other rockfill dams with upstream concrete slope protection and crest
structures such as parapets, to confirm the conclusions of the article and add precisions on the total failure time
and initial failure width parameters. Laboratory experiments could also be realized in order to include the
influence of pre-failure overtopping duration in this methodology. The confirmation of the conclusions of this
article would highlight the need to reconsider safety measures in case of overtopping of embankment dam with an

upstream concrete slope protection.
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