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but the spillway chute was only examined from the top of the FCO outlet structure, not up close
like in 2015. A reason for this is not specified.

In addition, a comparison of pictures of the spillway shortly before the February 6 hole was
discovered yield additional clues. Figure 5 is a comparison of two pictures of the main spillway chute,
taken shortly before the February incident. The first was taken on 11 January 2017 and the second on
27 January of the same year.

Figure 5. Views of the Oroville Dam main spillway chute. (a) taken on 11 January 2017, and (b) taken
on 27 January 2017. A red arrow points to the location of the initial chute failure [38,51].

While these pictures were only taken within 16 days of each other, there are significant differences
in the spillway chute. A center section of the chute’s concrete floor appears dry on the right-hand
picture, despite flows passing over the rest of the structure. This indicates possible irregularities
among the floor slabs. Furthermore, the fact that this dry patch is not visible in the photo taken earlier,
could possibly mean that a possible slab uplift occurred near the red arrow’s location, diverting small
water flows around it instead of over it.

Furthermore, by looking at the drain system more closely, two clues are revealed: First, water is
coming out of the drains under pressure, which is not according to design specifications, and secondly,
discharge from these drains significantly increased in a short time, once flows from the January flood
filled up the Oroville Dam reservoir. This is a telltale sign of a buildup of excess water occurring
beneath the spillway, which could apply significant forces to the concrete slabs from below and cause
them to uplift [40]. Additionally, the January 27 photograph shows the drains on the opposite wall
operating under pressure as well.

3.5. Possible Cavitation—1-D Water Surface Profile Analysis

One of the possible causes of the initial damage to the concrete chute floor is cavitation. In order
to better understand this cause, extensive examination of the USBR hydraulic model study of the
main spillway [29] is required. Furthermore, comparing this data to a simple mathematical model of
the main spillway chute could help find possible clues. A simple mathematical model is constructed
in a spreadsheet software which uses an iterative procedure to simulate 1-D steady open-channel
flow, known as the standard step method [52]. In order to construct this model, some additional
assumptions must be made, which are analyzed below.

Based on the USBR main spillway chute profile, its main rectangular concrete section is 54.46 m
wide, begins at Station +13 00 (past the beginning of the approach channel) and ends at Station +43 00,
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just before the terminal structure with the concrete chute blocks. As such, this main section is exactly
914.4 m in length, and only this part of the main spillway is modeled. To avoid confusions between
the USBR calculations and those of the model, the entire model is constructed using American unit
measurements (distance in feet, discharge in cfs, etc.).

To calculate flows, Manning’s n coefficient is additionally required. Unfortunately, there is no
mention of the specific coefficient used for the hydraulic calculations of the final chute in Reference [29].
However, a profile drawing of an earlier model describes a lined concrete channel with an 7 value of
0.013. Based on this and the HEC-RAS manual specifications, an n value of 0.014 was selected for the
model. Furthermore, in the interest of time and with the intent of keeping the mathematical model as
simple as possible, critical flow depth was assumed at the chute’s beginning for every discharge profile,
instead of the true depth which is partially controlled by the flood control outlet gates. However, as is
evident later, this did not have a significant impact on the results.

Four discharge profiles were created, in accordance with those of the USBR model study: 20,000 cfs
(566 m3/s); 50,000 cfs (1416 m®/s); 100,000 cfs (2832 m>/s); and finally 277,000 cfs (7484 m®/s), which
is the main spillway’s design capacity. A water surface profile view of the chute for the latter discharge
is plotted in Figure 6, with an additional data label at the exact point where the 2017 hole occurred
(Station +33 00). Figures for the other surface profiles can be found in Appendix B.

Main Spillway Chute Water Surface Profile, Discharge 277,000 cfs (7,484 m?/s)

—— Water Surface Elevation (ft.) Chute Invert Elevation (ft.) Top of Chute Wall Elev. (ft.)

Water Surface
Elevation (ft.) 581.83

Elevation (feet)

0 500 1000 1500 2000 2500 3000
Chute Length (feet)

Figure 6. Oroville Dam main spillway chute water surface profile, discharge 7484 m3/s.

From the chute flow analysis, it is clear that the initial assumption of critical flow depth at the
chute’s beginning does not negatively impact the results significantly, as due to the chute’s design,
flow depth quickly approaches normal depth with a standard S2 curve for supercritical flow [52].
For low discharge profiles, normal depth is reached fairly quickly, and only when the spillway is
running at maximum capacity, 7484 m3/s (277,000 cfs), does the flow reach normal depth close to the
chute’s end. No surface flow irregularities are immediately apparent from this analysis, indicating that
cavitation is probably not the initial cause of the of main spillway’s failure. However, as this model
assumes hydrostatic pressure, to confirm this assumption one could use the method recommended in
Reference [53], that allows for the detection of cavitation despite one-dimensional flow assumptions.
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A more thorough analysis was carried out as part of the Forensic study and noted that the
cavitation was not a contributor to the failure of the service spillway chute. In fact, following our
calculations (Appendix C) at the area of failure, one can make an estimate of cavitation number for
the 100,000 cfs release of February 12. The channel velocity was around 95.5 fps and the flow depth
around 5.9 ft providing a cavitation number around 0.275. This is much higher than 0.15-0.20 which
according to Figures 3-8 of Reference [53] could have caused damage after 100 h of operation.

3.6. Geological Conditions Beneath the Main Spillway Chute

The fact that the main spillway chute was built on rock that required blasting to excavate would
mean that the rock is suitably hard to serve as a foundation for the concrete chute sections. However,
pictures of the initial spillway failure reveal more information about this foundation rock.

Based on Figure 7, it appears that the foundation rock is indeed composed of the metavolcanic
materials mentioned previously. However, this particular section of bedrock appears highly fractured
and heterogeneous. There is a significant variance of color in the formations, indicating different
degrees of weathering. Furthermore, due to the orientation of the seams, the rock is expected to erode
away in large chunks, not in sheets. It is also possible that water was able to seep through cracks in the
weaker, more weathered sections of rock and undermine the chute from below.

Figure 7. 7 February 2017. Side view of the initial spillway chute failure [38].

3.7. Annual Maximum Rainfall Analysis—Results

After consulting the 24-h PMP index depth maps in Reference [30] and comparing them to
those specified in Reference [27] for the subareas of the Feather River Basin, it is possible to use
these distribution fits to estimate the annual daily maximum precipitation value with a 10,000 year
return period and find the return period of the stated probable maximum precipitation index depths.
The results of this analysis are summarized in Table 2.
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Table 2. 10,000-year annual daily maximum precipitation forecasts, compared to the 24-h PMP index
depths and their return periods, based on the GEV-Max distribution fit.

Available 10,000-year Daily HMR 59 Avg. GEV-Max Return
Station ID Daily Record Maximum PMP 24 h Index Period of PMP
(years) Precipitation (mm) Depth (mm) (years)

BRS 1986-2017 688.6 800.1 33,333
USC00041159 1959-2016 529.7 647.7 50,000
USC00044812 1913-1967 414.8 635.0 >100,000

QCY 1989-2017 481.1 431.8 4348

The PMP usually has a return period that is extraordinally high, which increases safety. However,
it would be an error to assume that designing with the PMP method removes risk entirely simply
because it generates large values. This is why assigning a return period to a design precipitation value
is better for representing the associated risks, which are inevitable in engineering.

Furthermore, the PMP method evidently does not always generate overly high values. In the
case of the Quincy station (QCY), the distribution of the annual maximum rainfall results in a daily
maximum precipitation value with a 10,000 year return period that is above the PMP 24-h index depth
for the same region. That same probable maximum value has a corresponding return period of only
4348 years, which, while still being very high, leads to the conclusion that the PMP method is not
risk-free as some would expect.

3.8. Flood Frequency Analysis

Instead of assuming a fixed “worst case scenario” flood that supposedly cannot be exceeded,
which is what the PMF suggests, it is possible to assign a return period to existing design floods by
using customary flood frequency analysis methods. The record of unregulated, annual maximum flow
data for the Feather River at Oroville station resulting from rainfall for a 1-day duration provided by
USGS [23] is an ideal input time series for this purpose, and further cross-examination with known
extreme floods such as the 1964, 1986 and 1997 events as mentioned above confirms its accuracy.
Using HYDROGNOMON, two distributions are fitted to the data, namely the Log-Pearson Il with the
method of maximum likelihood estimators and the GEV distribution using the L-Moments method,
according to References [13,54,55]. The results of the distribution fitting can be found in Appendix C.

From this analysis, it is possible to extract the 10,000 year floods for each of the distribution fits.
For the Log-Pearson III fit, the 10,000 year flood is estimated to be 32,000 m3/s and for the GEV fit,
the same value is 24,464 m3/s. Furthermore, it is possible to assign return periods to existing calculated
inflows such as the Standard Project Flood and various PMFs that can be found in References [19,22,27].
The results are documented in Table 3.

Table 3. Return periods in years for various floods, as generated by the distribution fitting process.

Flood Event Peak Inflow (m3/s)  Return Period LP3 Fit (years) =~ Return Period GEV Fit (years)
1986 Flood 6145 50 97
1997 Flood 8860 75 150
2017 Flood 5392 20 33
Standard Project Flood 12,459 250 610
PMF 1965 20,388 1360 4500
PMF 1983 33,046 >10,000 33,300
PMF 2003 (HMR 36) 25,202 3500 11,100
PMF 2003 (HMR 59) 20,530 1500 4800

The Standard Project Flood is mentioned to have a return period of 450 years [19], which is close
to the average of the two distribution fitting results. However, the return period of the probable
maximum flood is supposed to exceed 10,000 years, yet only the 1983 PMF achieved this for both
distribution fits. Notably, the most current PMF was calculated in 2003 based on HMR 59 [27,54],
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and its return period does not exceed 5000 years for both distributions. Furthermore, according to this
analysis, the return period of the 2017 flood is only 20 years for the LP3 fit and 33 years for the GEV fit.
It should be noted that these flood figures are overall peaks, whereas the input for the fit is the slightly
lower daily averages given by Reference [23], so these estimates are on the conservative side. In any
case, these return periods should be viewed more as guidelines than as exact results. Nevertheless,
lowering of the flood control elevation could allow Oroville Dam to still withstand these floods.

4. Discussion

Based on the above analysis, and after consulting dam inspection manuals [40] and reviewing the

on-site investigation report [56], the following points stand out:

From a structural standpoint, the main spillway chute appears to have initially failed due to uplift
of its concrete floor slabs, caused somewhere between Stations +33 00 and +33 50 (2000 and 2050
feet of its rectangular section length, respectively). This uplift appears to have been caused by
water accumulating below the chute floor, which was unable to be routed through the underdrains.
This is evidenced by photographs showing them operating under pressure, which should never
occur under design specifications. The authors findings agree with those of the Independent
Forensic Team memos released recently [47,56].

The rest of the damage to the main spillway was caused by high velocity flows due to the
large amount of water that had to be routed through it to avoid erosion downstream of the
emergency spillway.

The fact that the Lake Oroville’s surface elevation was at the nominal minimum flood control level,
which was above that during previous major flood events, resulted in more severe conditions,
even though the February 2017 inflows were not at a record high. Thus, a lowering of the
minimum flood control level to 255 m is recommended. FOR et al. [41] revealed that this actually
would not be a new requirement, but an adaptation to outdated assumptions made in the 1970
flood control manual [22]. Based on the main spillway rating curve [29], it would be feasible to
maintain the dam reservoir at this level during wet seasons. Further research into the Feather
River’s Environmental Flow Components could also reveal crucial details of how floods impact
the local ecosystem and how lowering the minimum flood control elevation might affect the
existing balance [4]. Future research may use the available inflow and outflow data for this
incident, as well as the most intense previous events to create spillway operation scenarios of
their own and develop a more robust strategy for flood control.

The current PMF value for Lake Oroville has a return period of less than 10,000 years based on the
above analysis. It is recommended to either calculate a new 10,000 year flood for Lake Oroville
using a probabilistic method, or use the 1983 PMF value which is suitably large. However, it is
important to assign a return period to any resulting flood, as the whole concept of “probable
maximum flood” is problematic [32] and its scientific content is disputed [31].

The California Department of Water Resources’ quick response to the incident and initiation of
a full scale repair and reconstruction of the Oroville Dam spillways are admirable. However,
under current design, the dam is only capable of withstanding the Standard Project Flood with a
return period of 500 years without sustaining significant damage. In order to withstand a flood
with a return period of 10,000 years without causing significant erosions to the downstream areas,
the emergency spillway needs to be redesigned and fully armored with concrete. This has been
repeatedly requested by local interest groups [41,43].

In the United States, many are using this incident as an example of severe issues the country
has with maintaining the gigantic number of high-risk structures it has built over the past
century [42,57]. Indeed, the Oroville Dam itself has been around for half a century. Until a major
problem occurs at a critical facility like this one, it is easy to get complacent and avoid or postpone
critical maintenance procedures like routine inspections and small repairs. Rven when larger
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problems or design flaws are pointed out [41], it is difficult to convince the authorities to fund
large-scale repair projects. However, one would argue that such repair projects actually conserve
money in the long run. The new Oroville Dam spillway is estimated to cost around $1.1 billion [58],
which is significantly more than what would have been required for a full concrete armoring of
the emergency spillway back in 2006.

In addition, the PMP-PMF analysis has several flaws. From a theoretical standpoint, the PMP
suggests that there exists a theoretical upper limit of precipitation, which is simply not true. Nature
is not bounded by numerical constraints, and the study of a brief history of available data cannot
generate a true possible maximum value of precipitation. According to Reference [45], the only merit
of the PMP value is that it is a large one. However, in some instances, this precipitation has been either
exceeded shortly after it was published, and in others it has been considered absurdly high upon
reexamination. On the other hand, constructing input timeseries of annual daily maxima from the
available daily precipitation data is not a foolproof method either. As the daily maximum precipitation
is a single value for each year, the resulting time series of annual maxima can be sensitive. For this
reason, Appendix D contains the annual daily maxima series used as input for the distribution fit to
promote further research and allow for cross-examination.

The concept of the Probable Maximum Flood is also highly controversial, for much of the same
reasons as the PMP. Indeed, the fact that over the years various PMF studies for Lake Oroville have
found largely varying values of probable maximum inflow and outflow does indicate that a true
mathematical upper flood limit does not exist. Therefore, even the PMF is again associated with a
certain degree of risk, however small. Especially due to the extent of the Feather River Basin and the
large number of smaller reservoirs within it above Oroville Dam, it is difficult to generate a reliable
design flood without taking multiple factors into account. At the very least, it is possible to assign a
return period to existing design floods by using customary flood frequency analysis method.

5. Conclusions

The Oroville Dam 2017 spillway incident presents an interesting case study, as it is a failure of a
dam’s key structure that occurred under standard operating conditions, yet at an unfortunate time.
It raises very interesting questions from a dam operator’s perspective: What does one do when a
spillway, a structure built to deal for emergency situations, fails just when it is needed? And in the
specific case of Oroville Dam, is the auxiliary spillway a feature, or a mark of a critical flaw in its
design? While it would indeed save the main dam from overtopping in the extraordinarily high
flood event, in doing so it would likely not be able to hold for long, while its failure would flood an
enormous area with more than 180,000 permanent residents. Furthermore, what has been thought of as
“probable maximum flood” seems more probable then presumed, and it is definitely not a maximum.

An independent forensic team tasked with determining the causes of the spillway incident recently
published summaries of their findings [47,56]. With the ability to conduct an on-site investigation,
they were able to confirm some of the causes mentioned in this study as well as outline new ones.
Namely, the redesign of chute’s underdrain system apparently led to an inconsistent thickness in the
concrete floor slabs, which resulted in cracks above the herringbone drains, allowing water to pass
through the slabs and also potentially led to concrete spalling. Furthermore, the anchorage of the
concrete to the foundation was in some places developed in weathered sections of rock, leading to
pullout strength lower than the intended design.

After the incident, the California Department of Water Resources seems to have taken a different
stand on the issue, being more open to suggestions about the construction of the new spillways [59].
Still, this response came at a rather late time and is being met with some criticism [42,43]. However,
their stance on providing free access data to the public and attempting to communicate and cooperate
with local residents and interest groups is definitely a step in the right direction. It must be stated that
this study would not be possible without the large amount of digital information available directly
from the Department of Water Resources and related websites.
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If there is a lesson that must be learned from this incident, it is that even when a critical structure
like Oroville Dam seems to operate up to standard, one small flaw can emerge at any time and result
in a severe failure due to the sheer scale of the facilities and the conditions they are expected to
consistently work under. While routine official inspections by the dam operators and independent
authorities are a necessity, they are simply not enough as time goes by. Informal inspections of all
related facilities must be conducted by dam operators on a weekly or bi-weekly basis, in accordance
with existing guidelines [40], not with the intent of writing official reports, but simply to detect the
telltale signs of imminent failure before the potentially worst outcome becomes a reality. If the dam
operators had noticed the differences in the main spillway chute’s floor slabs between mid and late
January they might have been able to repair it in time and avoid the incident from occurring entirely,
or at least mitigate its results.

Furthermore, this incident shows a possible lack of regulatory requirements based around the
prevention of failures that could occur during normal operating conditions such as what happened at
Oroville Dam. Even though no lives were lost as a result of the incident, some consequences on the
local environment, economy, and communities might be felt in the years to come. In the end, while it
takes a great amount of knowledge, research and responsibility to build a large dam, it takes much
more to consistently operate one and protect it from damage.
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Appendix A

USC0004 1415

Figure Al. Map of Oroville Dam catchment and selected precipitation measurement stations [34-36].
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Appendix B

L-Moments GEV-Max fit to annual precipitation maxima (mm)
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Figure A2. L-Moments GEV-Max distribution fit to annual daily maxima of precipitation measurements,
Brush Creek station (BRS).
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Figure A3. L-Moments GEV-Max distribution fit to annual daily maxima of precipitation measurements,
station USC00044812.

207



Geosciences 2019, 9, 37

L-Moments GEV-Max fit to annual precipitation maxima (mm)
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Figure A4. L-Moments GEV-Max distribution fit to annual daily maxima of precipitation measurements,
station USC00041159.
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Figure A5. L-Moments GEV-Max distribution fit to annual daily maxima of precipitation measurements,
Quincy station (QCY).
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Appendix C
Log-Pearson Il fit to annual maximum 1-day inflows at Oroville Dam (m3/s)
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Figure A6. Log-Pearson III distribution fit to annual unregulated maximum 1-day inflows at Oroville
Dam (m?3/s).

L-Moments GEV-Max fit to annual 1-day maximum inflows at Oroville Dam (m3/s)

Return Period (years)

1 10 100 1000
100000

10000

——L-Moments GEV Max

1000 ® Observed Data

Peak Inflow (m?3/s)

100

10

Figure A7. L-Moments GEV-Max distribution fit to annual unregulated maximum 1-day inflows at
Oroville Dam (m3/s).
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Appendix D
Table Al. Annual daily maximum precipitation (mm), Brush Creek (BRS) station.
Year Annual Daily Maximum (mm) Year  Annual Daily Maximum (mm)
1986 217.4 2002 211.8
1987 1219 2003 1224
1988 2004 113.8
1989 89.4 2005 162.8
1990 93.2 2006 1245
1991 1224 2007 109.5
1992 89.4 2008 100.8
1993 170.2 2009 86.4
1994 76.5 2010 206.5
1995 1415 2011 87.9
1996 179.1 2012 163.8
1997 285.2 2013 56.9
1998 115.1 2014 147.1
1999 94.5 2015 92.2
2000 130.3 2016 218.4
2001 108.0 2017 135.6
Table A2. Annual daily maximum precipitation (mm), station USC00044812.
Year Annual Daily Maximum (mm) Year  Annual Daily Maximum (mm)
1913 127 1941 116.8
1914 445 1942 114.3
1915 129.5 1943 162.1
1916 125.5 1944 88.9
1917 96.5 1945 92.7
1918 68.6 1946 61.5
1919 96.5 1947 113.8
1920 107.2 1948 64.3
1921 76.2 1949 70.4
1922 116.1 1950 144.8
1923 61.5 1951 95.3
1924 101.6 1952 104.1
1925 97.3 1953 115.8
1926 132.3 1954 109.2
1927 80.3 1955 189.2
1928 76.2 1956 125.5
1929 123.2 1957 119.9
1930 57.7 1958 89.7
1931 97.8 1959 775
1932 57.2 1960 66.8
1933 777 1961 79.5
1934 63.5 1962 239
1935 114.3 1963 133.9
1936 98 1964 156.2
1937 1915 1965 88.9
1938 85.1 1966 87.4
1939 81.8 1967 1349
1940 194.6
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Table A3. Annual daily maximum precipitation (mm), station USC00041159.

Year Annual Daily Maximum (mm) Year  Annual Daily Maximum (mm)
1959 98.8 1988 132.8
1960 168.4 1989 130.6
1961 96.8 1990 91.7
1962 271.8 1991 106.2
1963 125.5 1992 98.3
1964 254.5 1993 103.6
1965 117.9 1994 119.9
1966 109.2 1995 210.8
1967 142.5 1996 145.5
1968 97.3 1997 61.5
1969 121.9 1998 174
1970 115.1 1999 100.3
1971 100.3 2001 105.4
1972 50.8 2002 1194
1973 160.5 2003 101.6
1974 102.4 2004 102.4
1975 82 2005 153.4
1976 66.8 2006 94.5
1977 70.4 2007 57.4
1978 136.1 2008 106.9
1979 135.9 2009 86.6
1980 157.5 2010 85.3
1981 154.9 2011 95.5
1982 218.4 2012 119.9
1983 117.9 2013 37.8
1984 88.9 2014 1125
1985 86.6 2015 88.1
1986 1232 2016 66.8
1987 88.4

Table A4. Annual daily maxima of precipitation (mm), Quincy (QCY) station.

Year Annual Daily Maximum (mm) Year Annual Daily Maximum (mm)
1989 1219 2004 93.7
1990 80.3 2005 77.0
1991 95.5 2006 101.3
1992 38.6 2007 493
1993 201.7 2008 104.1
1994 43.7 2009 90.2
1995 2010 54.1
1996 239.8 2011 61.5
1997 86.4 2012 106.7
1998 96.5 2013 31.5
1999 46.2 2014 117.1
2000 65.5 2015 76.5
2001 63.5 2016 110.7
2002 110.5 2017 123.7
2003 747
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