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1 Introduction

Dam breach modelling still constitutes a challenge for the sci-
entific community at it is evidenced by the relative accuracy of
the simulation models (CADAM, 2000). The work from Andrey
L. Rozov is a very important and valuable contribution: the topic
and the numerical scheme presented can be a useful tool for prac-
tical and scientific purposes. The methodology is well structured
and is sustained by experimental results. Recently the discussers
(M.J. Franca and A.B. Almeida) were involved in a project on
dam breaching of rockfill dams, based on laboratory experiments
similar to the ones shown here (Franca and Almeida, 2002), and
developed a similar computational model, applicable to rockfill
dams (Franca and Almeida, 2004), where the breach simulation
is based on a modified Exner erosion equation applied only in one
breach cross-section. A later version of the model expanded its
application scope for embankment dam ruptures caused by over-
topping (Francaet al., 2004). The use of the Exner equation for
the breaching simulation seems to be very appropriated for use in
dam breaching lumped models (Singh, 1996). Its simple formu-
lation permits an easy implementation and small dependency on
empirical parameters; the erosion constants can be related with
the dam material allowing aquasi-rational approach of the prob-
lem. We allowed ourselves to comment A.L. Rozov’s work in
some points, hoping that this will contribute to improve further
improvements of the author’s work. We will divide our discus-
sion in four parts, which includes: general comments on the paper,
breach development, model application, and conclusions.

2 General comments

Several comments and questions showed up when reading
A.L. Rozov’s document.

1. It is referred that the initial breach has a width between one-
third of the dam height and the dam height value. Franca and
Almeida (2002) refers the formation of an initial breach in the
rockfill dam cases with the size of about the dam height. This

point should deserve a reflection: is it an input parameter or
not? Is it a random output?

2. It is not clear how each essay began. It seems that, when fill-
ing the reservoir, and until the beginning of the experiment,
some impervious structure was placed in the incipient breach
location, avoiding the beginning of the erosion process (Figs 4
and 5). If so, it should be very interesting to compare these
results with experiments where an incipient breach in the top
of the dam was induced (for instance a small channel in the
middle of the dam crest as made; Visser, 1998), letting the
breach develop laterally and also downwards. We think that
the non-consideration of the bottom breach erosion can induce
errors on the maximum discharge assessment and on the reser-
voir depletion simulation (see Section 3 of this discussion).
It is also not very clear if there was any kind of imperme-
able layer on the dam model or if the experiments were made
accounting only on the dam material non-permeability.

3. It would be interesting to present direct hydrograph taken from
one representative test and not what seems a smoothed graphic
showed on Fig. 3. It would be interesting to compare the time
simulation of a dam breach made with earth with the ones pre-
sented to rockfill cases by Franca andAlmeida (2002). In these
experiments the hydrographs obtained are characterized by the
occurrence of several discharge peaks. These ones correspond
to the occurrence of a cascade of rockslides or instabilities,
which induce the sudden enlargement of the breach area as
a consequence of the drop on the breach bottom and of the
widening of the breach width.

4. Finally, it seems that Table 6 has an error on the headers of
the columns, easily understandable and that does not hinder
the text comprehension.

3 Breach development

In our opinion, the most pertinent question to be posed about the
proposed model is the consideration of an incipient breach which
depth is equal to the total dam height. In fact, this assumption does
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not agree with several historical data and cannot be applied uni-
versally to any kind of embankment dam.As shown by Franca and
Almeida (2002) to rockfill dam breaching, the eroded material is
deposited immediately downstream of the dam base, restraining
the breach depth development to about 80% of the dam height.

The discussers also did not verify simply lateral breach erosion
in their experiments. It is our opinion that for earth and mixed dam
cases, one should not consider only exclusive lateral erosion in the
breach evolution simulation. Taking the historical data presented
by Singh (1996), in about one-third of the cases where there is
information, the breach does not reach the valley bottom. For the
calculation of the maximum discharge through the breach and of
the breach evolution time, the hypothesis made on the incipient
breach may induce important errors.

It seems pertinent to introduce the integrated reservoir–breach
response and the reservoir classification concept introduced by
Walder and O’Connor (1997). This concept applies to embank-
ment dams and allows the qualitative characterization of the
expected outflow hydrograph. The designation of small or large
reservoir does not relate with the reservoir absolute volume but
with the relation between the reservoir dynamic response and
the breach erosion rate. In fact the present methodology from
A.L. Rozov can be considered valid for the large reservoir case. In
this case the maximum discharge occurs when the breach reaches
its maximum wet surface, since the reservoir water level does not
change significantly along the breach evolution time (mostly one
can consider it constant). However, in the small reservoir cases,
the moment of the occurrence of the maximum discharge through
the breach is obtained from the analysis of the evolution of the
reservoir dynamic response and the breach erosion rate.

This can be shown taking the discharge equation (19) on
A.L. Rozov’s text, considering the hydraulic head equal to
H = NR−NB (NR is the reservoir water level andNB is the breach
bottom level) and applying the equation for the discharge control
section. ConsideringB, NR andNB time variables, knowing that
the maximum occurs todQ

dt
= 0, we have:

dQ

dt
= 0 ⇒ d

dt

(
cd

√
gB(NR − NB)1.5

) = 0 (1)

Consideringcd constant, and developing the last expression we
obtain:

dB

dt

1

B
= −1.5

d(NR − NB)

dt

1

(NR − NB)
(2)

The maximum discharge occurs when there is equality between
the relative breach width erosion rate and−1.5 times the relative
breach hydraulic head evolution rate. The breach hydraulic head
evolution rate accounts for the breach bottom erosion rate and
for the dynamic response of the upstream valley confining the
reservoir. This expression shows one general condition for the
determination of the maximum discharge. From expression (2),
the occurrence of the maximum discharge is conditioned also by
the breach bottom development, which means that it can occur
before the bottom erosion ends.

Franca and Almeida (2004) developed the RoDaB model with
an Exner erosion equation modified and adapted to simulate the

breach bottom and lateral erosion individually, and used the clas-
sical principle of the mass conservation in terms of water volume
flux for the reservoir routing:

dNB(t)

dt
= −Cs,b

Q
βs,b
B

A
βs,b
B

(3)

dB(t)

dt
= Cs,m

Q
βs,m
B

A
βs,m
B

(4)

λR(Qi − QB − QC) = dNR

dt
(5)

whereCs,b, Cs,m, βs,b, βs,m are bottom and lateral erosion con-
stants,AB the wet breach surface,QB, Qi, QC the breach, input
and over the crest discharges andλR the dynamic response
coefficient of the reservoir.

4 Model application

We analyse now the results for the Salles Oliveira dam accident
(Brazil) using the RoDaB model. In RoDaB, calibration is made
only on the erosion constants.

The Salles Oliveira earthen dam was overflowed for seven
hours (Ponce, 1982 cited by Singh, 1996) until a discharge peak
due to the upstream Euclides da Cunha dam breaking induced
the beginning of the breaching process. The breaching process
took about 2 h until it was finished. According to Singh (1996) a
discharge peak of 1.01×103 m3/s was released from the collapse
of the upstream dam. This value was used in the definition of the
inflow hydrograph upstream from the Salles Oliveira dam. The
general dam characteristics of the dam and the breach parameters
are given in Table D1:

Table D1 Application example—Salles Oliveira dam and breach char-
acteristics (Singh, 1996)

Dam Crest Reservoir Breach Breach Peak
height length volume width depth discharge
(m) (m) (m3) (m) (m) (m3/s)

35 167 2.6 × 107a 131b 35 7200

aThis value is different from the one considered in A.L. Rozov’s applications;
here we consider not the released volume but the reservoir volume.
bIn A.L. Rozov’s paper the final breach width referred is equal to the valley
width; anyway, as we will see, the breach final width does not affect the
maximum discharge value.

The RoDaB model was calibrated taking into account the time
of breach formation and the peak discharge released when the
dam collapse occurred. We consideredtB (breach time evolution)
the moment when the discharge is maxima. The trigger moment
for the beginning of the breaching process was the existence of an
overflow depth of 0.10 m on the dam crest. The breach discharge
coefficient considered in formula (19) from Rozov’s document is
cd

√
g = 1.30, which is in accordance with Colemanet al. (1997).

The calibrated values for the erosion constants areCs,b = Cs,m =
3.2 × 10−4 andβs,b = βs,m = 2. The following table shows the
comparison between our results, the ones from A.L. Rozov and
the historical data.
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Figure D1 Results from the RoDaB model to the Salles de Oliveira dam accident.

Table D2 Salles Oliveira dam accident: historical data (Singh, 1996);
A.L. Rozov’s results; RoDaB results

Historical data A.L. Rozov’s results RoDaB results

B Qmax tB B Qmax tB B Qmax tB

(m) (m3/s) (h) (m) (m3/s) (h) (m) (m3/s) (h)b

131 7200 2 120–147 14400 2.84 90a 7260 1.9

aAt the moment of the maximum discharge the breach width was 37 m.

Figure D1 shows the time evolution of several of the variables
simulated by the RoDaB.

In this case the breach lateral development is not conditioning
for the maximum discharge value. According to our results the
maximum discharge occurs when the breach reaches the dam
bottom, i.e. when the hydraulic head in the breach bottom is
maximum. From Figure D1, and according to RoDaB results, the
breach development can continue after the maximum discharge
until its final configuration. The non-consideration of the input
discharge by A.L. Rozov in his simulations may also justify the
differences on the example here presented. It would be interesting
to see his results considering now the inflow discharge into the
reservoir referred by Singh (1996) of 1.01× 103 m3/s.

5 Conclusions

As shown, the maximum discharge calculation, can be a func-
tion of: the final hydraulic head on the breach bottom or the
final breach wet surface, both for large reservoirs; or the balance
between the reservoir dynamic response and the breach lateral
and bottom erosion rates for small reservoir. In our opinion, the

consideration of the breach bottom evolution is of easy imple-
mentation on Rozov’s model and the additional computational
effort is not relevant.

Further improvements based mainly on experimental studies
must be made in this kind of models, A.L. Rozov’s and RoDaB,
in order to clarify some points: time variation of the discharge
coefficient accounting to the variation of the hydraulic head, the
influence of lateral and of tail water effects; better calibration of
the erosion parameters; better final breach geometry estimations.

Dam breaching depends on multiple factors and each case
must be considered as unique. The compound effect of the factors
has a random component. Monte Carlo and stochastic models can
be very useful in the context of a probabilistic analysis. In our
opinion, it will always be very difficult to predict each breach
event with full accuracy. This fact imposes the acceptance of
error margin and risk evaluation criteria.
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Reply by the Authors

The author would like to thank M.J. Franca and A.B. Almeida for
the very useful discussion of the paper. The discussers suggested
to examine extremely important subjects concern features of the
dam-breach development and the calculation of the maximum
discharge through the breach.

First, note that the discussers consider the presented methodol-
ogy valid for the large reservoir cases when “the reservoir water
level does not change significantly along the breach evolution
time”. Undoubtedly, it is a certain misunderstanding. According
to the model one has, for example

B ∝ Bk

2
, H ∝ 0.75H0 at t = tmax (1)

wheretmax is the time of maximum water discharge through the
breach,B and H are breach width at the critical section and
reservoir depth at the dam at the timet = tmax, respectively, and
H0 is initial reservoir depth at the dam.

The presented model assumes the formation of a compara-
tively small (B ∼ Hd/3 − Hd, whereHd is dam height) initial
breach with its bottom reaches the base of the dam and fur-
ther breach lateral development keeping a rectangular form. This
model is the result of the author’s experimental investigations.
Practically the same results were derived from experimental stud-
ies for earth dam cases by Tinney and Hsu (1961), Bechteler and
Broich (1991), Colemanet al. (1997) and for mixed and rock-
fill dam cases by Tinney and Hsu (1961). The same pattern of
dam-breach erosion is presented by Johnson and Illes (1976)
(based on approximately 100 historical dam failure cases) and

MacDonald and Langridge-Monopolis (1984) (based on 42 his-
torical dam failure cases). This physical pattern of the process
seems contradict some other historical data. Note should be taken
that historical data are often the result of the observations which
have been made some time after dam collapse, when the mate-
rial of the embankment might, to a certain extent, be crumbled.
Besides, flow velocities in the breach by the end of the reser-
voir depletion decrease to the value of sedimentation velocity
(especially for gravel, pebbles and crushed rock) that causes sed-
imentation in the breach. So, in the experiments by Bechteler
and Broich (1991) the depth of the sediment layer in the breach
was about 0.03 m; approximately the same sedimentation in the
breach was in the author’s experiments. But this stage of the reser-
voir depletion does not have an influence on dam-break wave
parameters. At the same time, historical data obtained during an
active stage of the breach development are the evidence of the
breach with its bottom reaching the base of the dam (Water, 1960)
(mixed and crushed rock). So are the data of the large-scale field
dam-breach washout experiment (Tinney and Hsu, 1961) (mixed
and crushed rock dam).

As the determination of the dam-break wave parameters
demands use of the breach which is being formed during its devel-
opment, then one should operate with the breach which bottom
reaches the base of the dam.

Analyse the results of the discussers’ experiments. In these
experiments maximum flow velocities in the breach can be
estimated as

ν ∝
√

2g

3
× H ∝

√
2g

3
× 0.3 ∝ 1.4 m/s (2)

where the hydraulic headH = NR − NB; NR, NB are reservoir
water and breach bottom levels, respectively;NR ∝ 0.4 m; NB ∝
0.1 m (Franca and Almeida, 2002, 2004).

The material of the dam wasd50 = 0.0189 m. The author
estimates the material characteristics as

νn ∝ 1 − 1.2 m/s; νm ∝ 2.8 − 3.4 m/s (3)

whereνn is non-eroding velocity andνm is critical flow velocity
(under this velocity the bottom layer with its thickness no less
thand50 comes to the motion).

In this experiments flow velocities in the breach were less
thanνm and did not satisfy the full-scale condition of the dam
washout process (Eq. 1; Rozov, 2004). Under such conditions
the material of the embankment crumbled during the process and
accumulated within some limits on the bottom of the breach.
In the result the depth of the breach was less than dam height.
Certainly, these experimental data are of a large value for dam-
breach washout investigations but they cannot be used for direct
recommendations for natural conditions.

Examine the discussers’ relation (2). The discussers con-
sider it proves the possibility of the occurrence of the maximum
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discharge through the breach before its bottom reaches the base
of the dam. One has

B,
dB

dt
, NR, NB, (NR − NB), −dNR

dt
, −dNB

dt
> 0 (4)

The left part of the discussers’Eq. (2) is positive. Hence, its right
part has to be positive too, that is the following relations have to
be satisfied:

dNR

dt
<

dNB

dt
,

∣∣∣∣dNR

dt

∣∣∣∣ >

∣∣∣∣dNB

dt

∣∣∣∣ (5)

But if (5) is realized from the very beginning of the overtop-
ping of the dam then the process will be soon finished and the dam
will be safe. Hence, dam failure needs realization the converse
condition from the outset of the process

dNR

dt
>

dNB

dt
,

∣∣∣∣dNR

dt

∣∣∣∣ <

∣∣∣∣dNB

dt

∣∣∣∣ (6)

Consequently, the transformation from (6) into (5) during dam
washout is the necessary condition for the occurrence of the max-
imum discharge through the breach. The discharge through the
breach is negligible and hence the value of|dNR/dt| is very little
till the bottom of the breach reaches the base of the dam as it
simultaneously means that the breach width is rather small [it
is validated by experimental and historical dam failure data (see
above)]. Therefore, one would expect that the transformation
from (6) to (5) is possible after the bottom of the breach reaches
the base of the dam.

Another type of dam failure cases, characterizing by uniform
washout of the whole length of the dam crest in consequence of
powerful overtopping, is very rare (Rozov, 2004). Certainly, this
type of dam washout deserves thorough examination because of
substantial discharge over the dam crest during its erosion.

Discussers suggested to analyze Salles Oliveira dam failure.
They presented related to this failure data unknown to the author.
Summarizing all known data concern this disaster one can come
to the following dam failure scenario. Due to the upstream
Eucldes da Cunha dam (with its reservoir volume and depth sub-
stantially larger than Salles Oliveira ones) breaking, overtopping
of the Salles Oliveira began. Dam crest erosion began some hours
later since, to all appearances, the dam had a protective covering.
According to MacDonald and Langridge-Monopolis (1984) the
difference between the reservoir water level and the dam crest
level was more than 3 m. Under such conditions after the protec-
tive covering was destroyed uniform erosion of the whole length
of the dam crest took place. In the result the whole length of
the dam with the exception of non-erosion parts (spillway, elec-
tric power station) was washed out. In consequence in this case
breach depth equaled dam height according to the all known his-
torical data. Thus, Salles Oliveira dam washout case falls outside
the limits of the applicability of both the author’s model and the
discussers’one because there was not lateral erosion of the breach
in this case; on estimating the maximum water discharge through
Salles Oliveira dam one has to take the length of the embankment
as the breach width.

The author can answer the discussers’ questions in the
following way:

1. The width of the initial breach was estimated on the basis
of known historical data. Especially on the data by Johnson
and Illes (1976) in which triangular form of initial breach was
replaced by a rectangular one keeping the water discharge
through the breach the same.

2. The hydrograph presented in the paper, in fact, was not
smoothed. During experiments discharge peaks were absent.

3. Until the beginning of the experiments measures were taken
to prevent both the reservoir water outflow through the breach
and water filtration into the embankment. There was not any
kind of impermeable layer on (or into) the dam because of
low filtration velocities, 10−4–5× 10−4 m/s, and rather little
duration of dam-breach development, 250–300 s.

The author fully agrees with the discussers that his model
needs for simulation of the process of formation of the initial
breach in the dam and, in particular, uniform washout of the
whole length of the dam crest in the case of powerful overtopping.
In a first approximation the simulation is presented in the work
(Rozov, 2004).

The author completely agrees with the discussers’ list of nec-
essary experimental investigations to clarify some aspects of the
problem in question and considers the discussers’ experimental
facility built at the CEHIDRO Laboratory (Franca and Almeida,
2002, 2004) has all necessary conveniences to execute them
properly provided due account of restrictions on embankment’s
material and carry out dam washout measurements.

The author agrees with the discussers that Monte Carlo and
stochastic models can be useful in the context of a probabilistic
analysis of some aspects of the problem in question concern, for
example, the probability of realization of conditions that lead to
dam failures. But calculations of the process of dam washout
should have a deterministic nature and call for use theoretical
models that fit the process adequately.
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