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Introduction
In order to mitigate the residual risk related with dams in the best possible way, Switzerland disposes of an
emergency concept and warning systems to inform and instruct the population living in the vicinity of the dam of the
behaviour to adopt in case of an uncontrolled flooding or even a dam failure. Among the possible hazard scenarios,
the case of an extreme flood event represents a situation to be considered. As floods can develop rapidly, it is
necessary to define in advance clear instructions for the operator. It is the so-called water alarm strategy.
Based on specific guidelines emitted by the federal authority in 1987, the water alarm strategy was implemented also
for the 220 m high Contra arch dam a few decades ago. The dam is equipped with two surface spillways consisting
of 12 fixed sills of 8 m width, positioned at both dam abutments as can be seen in Fig.1. In 1993 the discharge
capacity related to the 1,000 years flood was increased from 1,000 m3/s to 1,600 m3/s.

Fig. 1. Photographs of Contra dam in Ticino, Switzerland, during flood event: (left) view of dam, (right) view of spillway.

In 2004, new guidelines were emitted by the federal authorities. In particular, the reviewed emergency plan
anticipated the information to the population in comparison with the previous version. After some years, it was
verified that this new instruction presented a major inconvenience; sustained floods might exceed the first danger
levels established by the applicable water alarm strategy resulting in false-alarms in absence of a real danger for the
dam or the population living downstream. This situation was not acceptable because the emergency concept would
lose its reliability and credibility.

1. Description of the problem
According to the 2004 Swiss safety regulation [1] the emergency plan is composed of four different phases, ranging
from informing the local population by radio broadcast on the state of the dam to their evacuation. The measures are
put into action progressively depending on the water level of the reservoir and its rate of rise. They are, hence,
specific to each dam.

The different levels of the alarm system are defined by [1] as follow.


The Reinforced Surveillance (RS) phase consists in putting into place safeguard measures, to intensify the
monitoring of the reservoir, to continuously analyse the situation and to inform the authorities on the current
situation.



The Danger Level 1 (DL1) phase corresponds to a threat which be surely managed but for which the local
population has to be informed of.



The Danger Level 2 (DL2) phase is when the outcome of the event in uncertain. Sirens have to be activated
and the local population has to follow the instruction given by radio broadcast.



The Danger Level 3 (DL3) phase is when a partial or complete destruction of the dam with an uncontrolled
flow of water is expected. In such a case, the entire local population is evacuated.
Two levels of the emergency plan have already been activated for the Contra dam; these were RS and DL1.
However, the former dam safety regulation [2] consisted of a series of measures internal to the dam operating
company, only. The 2004 and 2015 safety regulations [1], [3] require now informing the local population of the
situation, though no apparent threat is foreseen. Fig. 2 shows the emergency plan thresholds considered prior to the
2004 regulation [1] as well as some major flood events. It can be seen that DL1 has been activated 6 times in the past
30 years and, according to the current regulations, the population will have had to be informed, though the water
levels were at least 3 m below the danger water level, defined as the water level at which the dam can sustain some
damage [1]. The consequence would be an over-estimation of the level of danger and a loss of confidence by the
local population in the alarm system. For instance, the 1993 flood event triggered DL1, despite a low rate of rise
corresponding to a peak inflow of 560 m3/s which is significantly lower than the 1,000 year return period flood
event. The 1987 flood event, which is a 100 year return period flood, also triggered DL1 but with a high rate of rise.

Fig. 2. Former thresholds alongside the water level and rate of rise for six major flood events.

There is a necessity to revise the danger water level in order to avoid alerting the local population by regularly
triggering the water alarm system. A first solution would be to consider constant rate of rise as shown in Fig. 3. This
is standard practice and corresponds to the method proposed in the regulations.
However, two major drawback exist and are as follow.


All the thresholds converge to the same single point. This implies that the different danger levels are very
closely for long-lasting flood events with a slow rate of rise (i.e. 1987 flood) leaving very little time
between each level in case of a subsequent inflow increasing.



The thresholds at the elevation of the spillway are too conservative which means that the alarm will be
triggered for many floods despite the water level being well below the crown and for which the safety of the
dam is not comprised in any way.

Fig. 3. Thresholds from regulations [1] and [2] alongside the water level and rate of rise for six major flood events.

The optimisation method for the water level danger limits is described in the following sections. It is based on a
detailed hydrological analysis in order to determine the peak flow for a 1,000 year return period flood.

2. Hydrological analysis
The aim of this analysis is to determine the real time of concentration of the catchment area in order to later
determine the required flood hydrographs. It is possible to determine the triangular unity hydrograph (Fig. 4) from
the 1,000 year return period hydrograph of Vogorno basin as recommended by the Soil Conservation Service (SCS
1972), relating to the same peak flow Qmax.

Fig. 4. Triangular unity hydrograph used for the flood analysis.

The SCS suggests calculating the rainfall-duration relationship for a 1,000 year return-period (HQ1000), as given in
Eq. 1, in order to determine the unity diagram.
𝑖 = 𝑎𝐷𝑏

(1)

where 𝑖 is the rainfall intensity in [mm], 𝐷 the duration of the rainfall in [hours], and 𝑎 and 𝑏 model parameters.
It is possible to calculate the maximum rainfall in the Vorgorno catchment basin for different return periods 𝑇𝑟 using
the Swiss Hydrological Atlas. Table 1 shows the results for a 1-hour and 24-hours duration rainfall event for return
periods of 2.33, 100 and 1,000 years. It is then possible to calculate the model parameters of Eq. 1. These are 𝑎 = 91
and 𝑏 = 0.40.

Table 1: Maximum rainfall in the Vogorno catchement basin.

𝑇𝑟 [years]

2.33 years 100 years 1,000 years

𝐷 = 1 hour

34 mm

𝐷 = 24 hours 140 mm

70 mm

91 mm

260 mm

328 mm

The concentration time for the Vorgorno catchment is estimated with the SCS method at around 3 hours. It is then
possible to calculate the rainfall intensity for different durations of HQ1000, for the unity hydrographs of a 100 year
return period flood and for the safety flood.

3. Flood Analysis
In order to define the maximum velocities of a flood event with a 1,000 year return period, it is necessary to consider
different events corresponding to a peak flow duration (𝑡𝑝 in Fig. 4). The flood events considered in this analysis are
shown in Table 2 and are used in the flood routing model of Contra dam.
Table 2: 1,000 year return period flood events at Contra dam for several durations.

𝑄𝑚𝑎𝑥 [m3/s] 𝑡𝑝 [hours] ℎ𝑚𝑎𝑥 [m.a.s.l.]
1,822
2,042
2,000
1,813

2.0
2.5
3.0
4.0

473.5
474.0
474.1
473.9

where 𝑄𝑚𝑎𝑥 is the peak outflow, 𝑡𝑝 the time and ℎ𝑚𝑎𝑥 the maximum reservoir elevation
The results of the flood routing, which were adjusted to the needs of analysis, are given in Fig. 5.

Fig. 5: Flood event envelops for 1,000 years return period for Contra dam and for different peak durations.

The calculations did not consider the water discharge of the bottom outlet or through the penstocks. The results show
that the maximum elevation of the water level is reached for a duration 𝑡𝑝 = 3 hours, corresponding to a peak inflow
𝑄𝑚𝑎𝑥 =2,000 m3/s, whereas the inflow HQ1000 is 2,042 m3/s for a duration 𝑡𝑝 = 2.5 hours. The initial elevation of
the water level was set at the elevation of the spillway and is 470 m.a.s.l. In order to determine the maximum rate of

rise of the water level, a sensitivity analysis was carried out by changing the initial elevation and keeping a
maximum outflow of 2,042 m3/s; the different cases are plotted with blue lines in Fig. 5. The analysis shows that for
shallow water levels in the spillway, the rate of increase of the water level can exceed 4 m/hour but without reaching
the danger water level. The envelop of the 1,000 return period flood events is also given in Fig. 5. Note that any
point located within the envelop may be used for design purposes.
The safety flood event corresponds to 1.5 times the 1,000 years return period flood. Table 3 gives the results of the
hydrological analysis for different peak outflows as well as the maximum elevation reached by the rising water level.
Fig. 6 shows the safety flood event envelop which is determined in the same way as the 1,000 years return period
flood event shown in Fig. 5. The maximum water level for a peak outflow of 3,065 m3/s is 475.4 m, neglecting the
discharge of the low level outlet and the penstocks, and is 10 cm lower than the danger water level.
Table 3: Peak outflows for safety flood event at Contra dam.
𝑄𝑚𝑎𝑥 [m3/s] 𝑡𝑝 [hours] ℎ𝑚𝑎𝑥 [m.a.s.l.]
2,340
3,065
3,000
2,724

2.0
2.6
3.0
4.0

474.7
475.4
475.3
474.7

Fig. 6: Flood event envelops for the safety flood event for Contra dam and for different peak durations.
The analysis 100 year return period flood events is of importance to define the threshold between the SR and DL1
phases and is given in Fig. 7 for Contra dam. The maximum rate of rise for such an event was found to be 3.5
m/hours allowing the water level to reach an elevation of 473.6 m.a.s.l.

4. Consequence of constant peak flows
None of the considered flood events reached the danger water level of Contra dam. The outflow of the spillways and
over-topping with a water level at the danger water level is 2,755 m3/s. A sensitivity analysis, based on the flood
routing with constant peak flows, was carried out in order to find the flood event which could reach this danger
water level. This is a very conservative approach as no historical flood event can sustain a constant peak flow. It is
statistically proven that the flow of floods decrease progressively after reaching the peak value, and this even for
exceptional events. However, this approach permits estimating the time for the water level to reach the danger water
level.

Fig. 7: Flood event envelops for 100 years return period for Contra dam and for different peak durations.
The results of the sensitivity analysis are given in Fig. 8. The constant inflows was set initially at 2,755 m3/s. Various
independent cases were considered by increasing the constant flow in steps of 100 m3/s. For each inflow, the rate-ofrise versus water-level-elevation was calculated with 15 minute intervals. The corresponding isochronal curves were
obtained using a computer code which took into account flood routing as shown in Fig. 8. The isochronal curves can
be obtained for any given duration to reach the danger water level. Fig. 8 only shows the 1 and 2-hour isochronal
curve; the 3-hour isochronal curve is located below the elevation of the spillway.

Fig. 8: Isochronal curves for constant outflows before reaching the danger water level of Contra dam.

5. Optimisation of the water level alarm system
Fig. 9 shows the envelops of the flood events with a return period of 100 and 1,000 years as well as the safety flood
event. It also shows the 1 and 2-hour isochronal curves. It is possible to define new danger thresholds for the alarm
system in compliance with the Swiss regulation [1], which states that the DL1 threshold must be at least 1 hour
before reached the DL2 threshold is reached, and that the DL2 threshold must be reached at least 2 hours before the
danger water level is reached. The thresholds are defined as follow.
- The DL1 threshold corresponds in practice to the 100 year return period envelop
- The DL3 threshold is defined by the 1-hour isochronal curve. This allows sufficient time for the population
to be evacuated for a safety flood event before the water level reaches the danger limit.
- The DL2 threshold is defined by an intermediate position but located slightly above the HQ1000 envelope
and lower than the 2-hour isochronal curve. In such a case, there is no need to activate the sirens.
Optimised thresholds can hence be defined and are shown in Fig. 9. Fig. 10 shows these optimised thresholds with
the history of flood events. It can be seen that the high water levels with frequent floods remain in the reinforced
surveillance zone (SR); this was not the case with the previous thresholds. Moreover, historical flood events, such as
1983 and 1987 events which induced a rapid rise of the water levels but for a low initial water level, also remain in
the reinforced surveillance zone (SR). In most cases, flood events correspond to a 100 year return period flood
event.

Fig. 9: Optimised thresholds for the alarm system of Contra dam alongside the isochronal curves.

Fig. 10: Optimised thresholds for the alarm system of Contra dam alongside major flood events.

6. Conclusions and Recommendations
The present paper gives a brief description of the method used at Contra dam to define the optimised danger water
level limit. Unlike the simplified approach proposed in the regulations [1] and [2], for which water level rise was
assumed to be constant, the new approach offers two major advantages.
1. The danger limits for slow rising water levels were reduced increasing the safety in this part of the chart.
2. For a low water head above the spillway crest, the new limits allow high rising water levels as these do not
present a threat.
In fact the assumption of a constant water level rise is not really suitable for fixed sill spillways. This implies that the
water discharge progressively increases even to unrealistic flow rates. With the alternative methodology presented in
this paper, it was possible to construct new limits respecting the dynamic of the system. The resulting water alarm
strategy combines properly the need to alert the population with sufficient time avoiding on the other hand false
alarms that would put in doubt the credibility of the emergency strategy.
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