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It is also possible from the dynamic reservoir elevation plots to determine the conditional
reservoir level exceedance frequencies for the scenario — that is, the percentage of time
where the observed reservoir elevations for the scenario exceeded various levels. The daily
reservoir level values are recorded from each complete iteration (where all events occurred
and affected one another) and the percent of observations exceeding various reservoir
levels is calculated. Figure 4-21 contains the conditional reservoir level exceedance
frequencies for seed 301490, with the base case shown in red and the dam safety improved
case shown in blue. This graphic is an excellent indicator of the improvement made by the
dam safety improved case over the base case. The difference between the two lines is
indicative of the level of improvement gained by the system upgrades and operating

strategies employed in the dam safety improved case.

Figure 4-21: Conditional reservoir level exceedance frequencies for seed 301490

The second scenario involves debris blockage of the gate as well as a reservoir level sensor
error resulting from temperature fluctuations causing instrument decalibration (seed
386196). The results are shown in Figure 4-22, where the first row shows the reservoir
levels with the base case in the first column and the dam safety improved case in the second
column. For this scenario, results show similar mean and 90" percentile reservoir

elevations, with higher maximum levels observed in the base case. The higher maximum
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levels are a direct result of the increase in free overflow spill capacity, which helps to offset
the loss in capacity caused by debris buildup at the gates. There are some excursions below
the normal minimum (NMin) reservoir level in both cases as a result of the sensor errors.
The dam failed by overtopping in two scenarios for the base case and the average time to

failure was 146 days.

The second row shows the active flow conveyance capacities for the base case and dam
safety improved case in the first and second columns, respectively. The results are similar
for both cases, with average values that are almost equal. The debris blockage is
predetermined using the Monte Carlo randomization of scenario input parameters, however
the length of time for which the debris blockage remains depends on the system inflows.
When inflows fall below 65 m3/s, the simulation model assumes that debris can be removed
from the gate and capacity is restored.

In the third row, uncontrolled releases are presented for the base case and the dam safety
improved case in the first and second column. Again, uncontrolled releases involve any
free overflow spill, as well as dam breach flows and flows from penstock rupture or gate
collapse. In this case, the majority of observed uncontrolled release is due to overflow spill,
which may be through the overflow spillway but potentially can include dangerous
concrete and earthfill dam overtopping. In the base case, there are two spikes when the
uncontrolled releases exceed 1250 m?/s, at approximately day 120 and day 180. These
correspond to the iterations where dam breach occurred. Omitting these two scenarios, the
overall uncontrolled release observed in the dam safety improved case was slightly higher,

likely as a result of the increased free overflow spillway capacity at lower elevations.

Figure 4-23 contains the conditional reservoir level exceedance plots for seed 386196. The
plots for both the base case and the dam safety improved case are very similar, with the
only notable difference at the tail end of the curve where the maximum observed elevations
in the base case exceeded those observed in the dam safety improved case. This small
difference can be attributed primarily to the increased free overflow spillway capacity in
the dam safety improved case — the decrease in the exceedance line occurs just above the

level at which free overflow spill is initiated.
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Figure 4-22: Dynamic results for seed 386196
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Figure 4-23: Conditional reservoir level exceedance frequencies for seed 386196

The next scenario is one of the more extreme combinations of events that lead to the highest
combined scenario failure rate in the base case. This scenario involves failure of the gate
in place, failure of the gate closed and a penstock rupture (seed 403429). For the reservoir
elevations, a clear improvement is seen in the dam safety improved case in comparison
with the base case. The reservoir level 90" percentile is around El. 379 m for the dam safety
improved case, and El. 381.13 m in the base case. Because of the higher maximum
reservoir elevations in the base case, a large number of failures are observed (296) and the
failure frequency is quite high (17.3%). The average time to failure in the base case was
114 days. There are no failures in the dam safety improved case, partly due to the increased
free overflow spillway capacity, and partly due to the operator reducing the reservoir level

and operating more conservatively (if reservoir drawdown capacity is available).

The second row shows the available active flow conveyance capacity of the system. For
both cases, the available capacity drops to zero when both power and gated releases are
unavailable as a result of the penstock rupture. The 65 m®/s capacity of the power conduit
is seen at the top part of the figure where the gate capacity recovers but the penstock is still

unavailable. The results are similar between the dam safety improved and the base case.
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The third row shows the total uncontrolled releases for the base case and the dam safety
improved case in the first and second column, respectively. The total uncontrolled releases
include penstock rupture flows, free overflow, dam overtopping flows and dam breach
flows, so it can be somewhat difficult to decipher what the contributing factors are in a
scenario which could have all of these. Obviously, the dam breach flows significantly
increase the maximum values observed in the base case. The uncontrolled releases in the
dam safety improved case have a maximum of about 390 m®/s with the 90" percentile being
around 80 m?/s. For the base case, the 90" percentile values are around the same. The initial
spike in the mean uncontrolled release values can be attributed to penstock ruptures, which
may happen on day 1 of the simulation for about 1/3 of the simulated scenarios (based on
the random selection of initiating event). In the base case, the initial spike is near 100 m3/s,
and this is reduced to about 15 m?/s in the dam safety improved case since the intake gate

can be closed under rupture flows.

Figure 4-25 contains the conditional reservoir level exceedance frequencies for seed
403429. There is a relatively close agreement between the base case and the dam safety
improved case, with the latter actually exceeding the base case values for elevations less
than EIl. 378.5 m. This is somewhat surprising given the differences observed in the
dynamic reservoir elevation plots for the same scenario. One potential contributing factor
is that less water is released from uncontrolled penstock rupture flows in the dam safety
improved case (since the intake gate closes under rupture flows). This means the reservoir
level may be higher when gate failures initiate, or that the reservoir level does not decrease
by a substantial amount if the penstock failure is initiated after the gate failure. The result
is moderately higher reservoir elevations through parts of the curve up until free overflow
spill is initiated (El. 378.41 m). Above EI 378.5, the dam safety improved case drops off
below the base case curve, meaning the reservoir level did not reach the same maximum
levels. This is a result of the increased free overflow spillway capacity, which helps

maintain reservoir levels below El. 380 m.
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Figure 4-24: Dynamic results for seed 403429
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Figure 4-25: Conditional reservoir level exceedance frequencies for seed 403429

The next scenario involves a single component failure — a penstock rupture due to an
earthquake (seed 403440). The reservoir levels are shown in the first row, with the base
case in the first column and the dam safety improved case in the second column. The key
difference between the two plots is that the reservoir level drops significantly lower in the
base case. This is a direct result of the ability of the intake gate to close under rupture flows
in the dam safety improved case. This results in significantly smaller uncontrolled release
flows (see the figures in the third row). It is important to note that the flows recorded
represent the average daily flows, and that peak outflows may be significantly higher for
the dam safety improved case where the intake gate closes within an hour of rupture. The
loss in capacity observed is related to the inability to pass flows through the generating unit

while the penstock is being repaired.

Figure 4-27 contains the conditional reservoir level exceedance frequencies for the base
case (red) and the dam safety improved case (blue), respectively. The dam safety improved

case has a higher conditional reservoir level exceedance frequency in comparison with the
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base case, as a result of a smaller volume of water being lost through the penstock. This
means the reservoir remains at a higher elevation throughout the course of the scenario.
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Figure 4-26: Dynamic results for seed 403440
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Figure 4-27: Conditional reservoir level exceedance frequency, seed 403440

The final scenario selected for discussion is one of only two scenarios that resulted in an
overtopping failure in the dam safety improved case. This scenario involved a number of
events: the gate failing closed, a sensor error, delays in accessing the site and an outage of
the grid (seed 281617). Figure 4-28 contains the dynamic results for this scenario. The first
row of the figure shows the dynamic reservoir levels for the scenario. In the base case (first
column) many of the scenarios exceeded the water licensed maximum level and 21 dam
breaches occurred. The average time to failure in the base case was about 47 days. In the
dam safety improved case, there were excursions above the water licensed normal level,
however these tended to be less extreme than in the base case. This is in part due to a larger
free overflow spillway, and also because of the operating strategy to reduce the reservoir
elevation during outages affecting the gate. One failure is observed, occurring within three
days of the start of the scenario. In both cases, the capacity loss is similar, dropping down
to the turbine only being available during the gate outage. Uncontrolled releases are
generally similar between the two cases, with the more extreme spikes in the base case

corresponding with the dam failures. Figure 4-29 contains the reservoir level exceedance
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Figure 4-28: Dynamic results for seed 281617
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plots for seed 281617. There is a significant difference between the two curves, with the
dam safety improved case generally spending less time at higher reservoir elevations than

the base case.
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Figure 4-29: Conditional reservoir level exceedance frequency, seed 281617

Overall, the results from these individual example scenarios provide useful information
that can help to better understand the dynamic system response to individual scenarios.
Comparing the results between the two cases gives a good indication about the
improvements made by introducing refined operational strategies and improving
infrastructure. The conditional reservoir level exceedance frequencies provide an

additional indication of whether there are significant improvements between scenarios.

The summary of the results from each of the highlighted scenarios can be found in Table
4-14 and Table 4-15, respectively. These tables, along with the dynamic results and
reservoir time exceedance plots provide a good comparison between the two runs of the
model. Ultimately, there are a large number of scenarios to be discussed and only a very
small subset were analyzed in this thesis. However, the analysis of these scenarios provides

some indication of how the modifications to the system improve the performance in these
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extreme conditions. The dynamic analyses, as well as the tabular outputs from the
simulation (discussed in the previous section) are useful outputs that can help identify
vulnerable components of the system. Comparing the results between the different model
runs can help build a business case for upgrades to the system and may be helpful to guide

emergency planning activities.



Table 4-14: Summary of results from individual scenario outcomes, base case
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Seed Condition 5-day 5-day Minimum Maximum Maximum Number of Average time Components
Number | al Failure Inflow Inflow Discharge | Uncontrolled | Reservoir Simulation- to failure
Frequency | Threshold | Threshold | Capacity Release Level (m) years (days)
(%) (avg (max (m3/s) (m3/s)
daily) daily)
Access delay, grid failure,
301490 4.37 150 164 65 2026 383.65 1007 23.91 gate fails closed
Sensor error, gate opening
386196 0.10 350 582 383 1928 382.74 1992 145.50 blocked
Penstock rupture, gate fails
403440 0.00 NA NA 1590 316 377.94 2000 NA Penstock rupture
Access delay, sensor error,
281617 3.11 154 168 65 1671.01 382.33 676 46.76

grid failure, gate fails closed




Table 4-15: Summary of results from individual scenario outcomes, dam safety improved case
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Seed Conditional 5-day 5-day Minimum Maximum Maximum | Number | Average Components
Number Failure Inflow Inflow Discharge | Uncontrolled | Reservoir of time to
Frequency | Threshold | Threshold Capacity Release Level (m) | Simulati failure
(%) (avg (max (m3/s) (m3/s) on- (days)
daily) daily) years
301490 0 NA NA 65 620 379.92 NA 917 Access delay, grid failure,
gate fails closed
386196 0 NA NA 383 370 379.65 NA 1839 | Sensorerror, gate opening
blocked
403429 0 NA NA 0 400 379.52 NA 1691 | Penstock rupture, gate fails in
place, gate fails closed
403440 0 NA NA 1590 14 377.94 NA 2000 Penstock rupture
281617 0.17 83535 | 1588.17 65 1882.25 385.29 3 605 Access delay, sensor error,

grid failure, gate fails closed
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4.7 Summary

The methodology developed in this research was applied to the Cheakamus System, located
near Squamish, BC. First, a detailed representation of the Cheakamus System was created
within the components operating state database. Operating states, impacts and causal
factors were defined in the operating states database. The combinatorial procedure
developed in this research was applied to the outputs of the dataset. For the detailed
representation of Cheakamus, a total of 1.83 x 10?’ operating state combinations
(scenarios) were defined. This is a good indication of the dimensionality of the problem —

the number of potential scenarios increases exponentially with the level of detail.

A simplified proof-of-concept representation of Cheakamus was developed next, with a
single gate and a single turbine. This representation of the system returned 552,960
potential scenarios. A system dynamics simulation model representative of the simplified
system was developed and tested by comparing the results with historical operations data.
The simulation model was run 2000 times for each of the 552,960 scenarios, and for two
separate cases (a total of 2.2 Billion years of inflows were run through the simulation
model). The base case is representative of the simplified Cheakamus System with a smaller
free overflow spillway. The dam safety improved case represents the same system with a
free overflow spillway size that mimics the real system. The dam safety improved case also
included a number of operational improvements, including power flow intake gates that
could be closed under extreme flows, as well as improved communications redundancy
and more conservative operating rules that aim to prevent reservoir level excursions above
target levels. Each of the 2000 iterations for a scenario contained unique Monte Carlo-
varied parameters for timing, impact magnitude and inflows. Synthetic inflows outside of
the historically observed range were simulated using a stochastic weather generator and a
hydrological model. The Monte Carlo variation of inflows was done by randomly choosing
a day and year from the historical record and sampling the subsequent inflows. A
triangularly distributed variable was generated using the minimum, maximum and average
specified impact magnitude from the database for each adverse operating state simulated.
Timing of adverse operating states was done by shuffling the operating states and assigning

random times from within the first six months of the year long simulation.
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In terms of implementation, high-performance computing (HPC) resources are required for
implementation of this ambitious simulation exercise. In this research, there were 1.11
Billion years of daily simulations performed, with 2000 Monte-Carlo iterations for each of
the 552,960 Million scenarios. This was performed twice — once for a base case and once
for a dam safety improved case. The total of 2.22 Billion simulation-years was made
possible by development of a very efficient simulation model and use of a serial farming
approach that runs many simulations in parallel on HPC clusters. The simulations were
completed in a period of about three weeks, though results would vary depending on the
resources available and the HPC clusters utilized. The speed with which this large

simulation task was completed is considered to be a substantive achievement.

The results from the simulation were analyzed by sorting and filtering the lists of results
for each scenario. Scenarios with 1, 2 and 3 contributing components were filtered out and
discussed to gain insights about the most critical components that could contribute to
failure. The dam failures in the base case occurred in 1.3% of the total simulated years. For
the dam safety improved case, this was reduced to 2.47 x 107% of simulated years. These
failure rates are not to be confused with estimates of overtopping failure frequency for the
system as a whole — in order to compute that, operating state frequencies must be pre-
defined. The proportion of failures simulated does give some indication as to the level of
improvement made when the dam safety improved modifications are made to the system.
For the base case, loss of conveyance through both power and gate release facilities was
the most significant contributor to failure. For the dam safety improved case, only two
failures were observed — both of these corresponded with a loss of gate and power flow
capacity, sensor issues and the most extreme flood in the synthetic record. This is indicative
of a much more robust overflow spillway system in the dam safety improved version of

the model.

An assessment of some of the individual scenario results was also provided. Five scenarios
were selected and the dynamic reservoir elevations and performance measures were
plotted, along with the reservoir exceedance frequencies. These plots provided useful
indications of the difference between the base case and the dam safety improved case for a

given scenario, and could be used to better understand the system response to the scenarios.
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Because the case study and analyses in this work were representative of a very simplified
version of the Cheakamus System, they should not be interpreted as conclusions for the
existing Cheakamus Project. Comparing the base case results (with a smaller free overflow
spillway) to the dam safety results (with a free overflow spillway equal in size to the
Cheakamus Dam), showed that the free overflow spillway was, in all but two cases, able
to prevent reservoir elevations from reaching the level assumed to fail the dam. The
comparison of results between the two cases simulated shows how the methodology may
be useful in quantifying the improvements made by various system upgrades and
configurations. Results from the case study illustrated that the approach presented here
could be useful to assist dam safety emergency response decision making, by indicating
how critical a scenario is and roughly how long there is to regain control over the reservoir.
In addition, the results may be useful in operational decision making with respect to outages
and operating rules, and could help build a business case for capital improvements to the
system. The analysis was also useful in predicting potential combinations of event that
could lead to failure, and identifying the events (or component states) that were most likely

to result in significant safety impacts.
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5 Discussion and Conclusions

Dam systems are arrangements of physical and nonphysical components which act to store
and convey water for beneficial purposes such as power production, irrigation, water
supply and flood control. Dams can be thought of as open systems, where inflows, outflows
and disturbances cross the system boundary. Within the boundary of the system, feedbacks
act to monitor reservoir levels and inflows, and adjust controls to maintain reservoir levels
within target values, and meet desired outflow requirements, if possible. There are a wide
range of potential constraints which may impact the ability of the dam to achieve its desired
purpose for safe containment and conveyance of flows. The major research contributions
in this work are (a) the systematic definition of combinations of events which can influence
the ability to safely control flow in a dam system, and (b) the dynamic characterization of
the system performance in response to these events using a Deterministic Monte Carlo

simulation framework with a system dynamics simulation model.

The following paragraphs discuss the outcomes of this work as they pertain to the
objectives outlined in Chapter 1.

e The first objective was to investigate the use of systems analysis and risk
assessment concepts from within and outside of the dams industry in terms of their
ability to determine potential operating scenarios for dam systems and the impacts
scenarios have on system outcomes. This was achieved by looking at the relevant
literature and evaluating the various techniques with respect to their ability to

achieve the research requirements.

e The second objective was to develop an approach that helps define a more complete
range of potential operating scenarios (operating constraints) than is possible using
existing techniques alone. This was achieved through the use of a components
operating states database that details each component, their operating states,
operating state impacts and causal factors. Combinatorics was used to
automatically convert the database entries into an exhaustive list of potential
operating scenarios. The existing methodologies described in the literature review

rely on expert judgement to determine possible combinations of events — of which



