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SYMPOSIUM HYDRO ENGINEERING - FOREWORD

The ATCOLD Symposium Hydro Engineering will pave the way for presentations and
discussions on specific issues of hydraulic structures serving for energy from renewable
resources, irrigation, drinking water supply and flood protection. Hydro Engineering
requires a wide range of knowledge and expertise. Therefore, many specific disciplines are
involved. Research effort is needed to give answers effectively to challenges during project
realization, operation and maintenance. Problem solutions should be sustainable and
economically feasible in a wide range. To present and discuss specific issues in the field
of hydro power production, this Symposium Hydro Engineering focus on the following
topics:

e CLIMATE CHANGES RESERVOIR OPERATION
e PERMISSION AND SAFETY ASSESSMENT

e DAM AND FOUNDATION SEALING

e CAVERNS AND POWER WATER WAYS

e  STABILITY OF RESERVOIR SLOPES

Additionally, two special seminars will be held about the following topics:

e OROVILLE DAM SPILLWAY INCIDENT

e HIGH STRENGTH STEEL IN HYDRO POWER PLANTS

To allow ICOLD Technical Committee’s to present and discuss their work, in
parallel to the Symposium Hydro Engineering “Technical Committee Workshops” are
organized. Especially Workshops are organized by the following Technical Committees:

e RESETTLEMENT DUE TO RESERVOIRS, EMBANKMENT DAMS AND DAM SAFETY
e  JOINT WORKSHOP

A - Committee on Computational Aspects of Analysis & Design of Dams
B - Committee on Seismic Aspects of Dam Design

As green meeting, we provide one printed book of extended abstracts containing,
the contents of the contributions and on 2 pages the abstract version of the contributions.
Full papers are published electronically and are available for downloading.

We thank all the authors for their efforts and contributions to the Symposium.
Based on reviews and authors preferences we selected 240 papers and posters from 55
countries for presentations in parallel sessions and during poster presentations.

We would like to express our deepest gratitude towards all the members of the
review panel for their effort, and to the organizing committee members especially - Harald
Breinhalter, Josef Schneider, Franz-Georg Pikl, Shervin Shahriari and Edwin Staudacher.

Yudlel g /101 /g

Gerald Zenz Helmut Knoblauch
President ATCOLD Secretary General
ICOLD Vice President — EUROPE ATCOLD
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EXTENDED ABSTRACT

Policies on energy and water resources all around the world poses an
increasing demand of clean energy and sustainable water resources. These
needs require both refurbishment programs of many old dams in those countries
where dam construction dates back at the beginning of the industrialization
process, such as Europe and USA, and the construction of new infrastructures
where the need of water resources and renewable energy is more pressing.

ICOLD in 1988 decided to appoint the Committee Computational Aspects
of Analysis and Design of Dams with the aim to contribute to the diffusion of
computer software in the field of dam engineering and to fill the gap existing
between the specialists of mathematical modelling and dam designers,
authorities, and managers. As a matter of fact, numerical modelling represents
nowadays a key tool for dam engineers to perform efficiently the design making
process, the construction stage as well as the whole operational dam life until the
possible decommissioning phase. The activities of the Committee have
contributed to make fully accepted the numerical models in the engineering
practice.

Today and future activities of the Committee are oriented towards:

v’ creating a stronger link between the observed dam behavior and the
modelling process with the aim to contribute to the preservation and
maintenance of existing dams;



v' promoting mathematical modelling improvements to approach safety-
related problems that cannot at present be properly analyzed;

v' issuing guidelines to be used for educational purposes in the current
practice. The Committee is strongly committed to contribute in the process
of a suitable transfer of experience, skill and knowledge across
generations.

The work done by the Committee during its long activity has given rise to
the issuing of three Technical Bulletins (N. 94, Computer software for dams.
Validation, 1994; N. 122, Computational procedures for dam engineering, 2001;
N. 155, Guidelines for use of numerical models in dam engineering, 2013).

Moreover, the Committee has promoted the organization of benchmark-
workshops (BWSs), with the aim to guide dam engineers in the correct use of
computer programs. The benchmarking program started in Bergamo (ltaly) in
1991 and continued up to 2017 with the 14" workshop held in Stockholm.
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Bergamo (ltaly), 1991-1992. Seismic analysis of Talvacchia dam: the dam seen
from the left abutment; the FE model; some results of the seismic analyses

The benchmarking activity represents a reference for the whole dam
community, and in particular for young engineers engaged in the challenging task
of dam safety assessment and design. To facilitate the accessibility and a critical
review of the proceedings related to the 14 BWSs held so far, a capitalization
activity of the tremendous amount of data at disposal has been recently started.

The preparation of a new Bulletin to provide a synthesis of the BWs results
and comments on the progresses achieved on the numerical modelling methods
and the strategies to be used to tackle most of the dam engineering problems is
foreseen for the end of 2019.
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EXTENDED ABSTRACT

The Committee on Seismic Aspects of Dam Design is one of ICOLD’s
oldest technical committees, which at present comprises dam and earthquake
experts from 34 different countries from all continents. The Committee was
created in 1968 and will celebrate its 50™ anniversary in 2018. Guidelines on (i)
different seismic hazards affecting storage dams, such as fault movements in the
footprint of dams, and reservoir-triggered seismicity, (ii) seismic design criteria,
(i) dynamic analysis of dams, (iv) conceptual guidelines for earthquake-resistant
design of dams and design of appurtenant structures, and (v) seismic monitoring
and inspection of dams after earthquakes, have been published. These
guidelines, listed below, represent the international state-of-the-art in the seismic
design, construction and safety assessment of large storage dams, i.e.

Bulletin 52 (1986): Earthquake analysis procedures for dams,

Bulletin 112 (1998): Neotectonics and dams,

Bulletin 113 (1999): Seismic observation of dams,

Bulletin 120 (2001): Design features of dams to resist seismic ground motion,

Bulletin 123 (2002): Earthquake design and evaluation of structures appurtenant
to dams,

Bulletin 137 (2011): Reservoirs and seismicity,

Bulletin 148 (2016): Selecting seismic parameters for large dams, and

Bulletin 166 (2016): Inspection of dams following earthquakes



Among these guidelines, Bulletin 137 provides information on reservoir-
triggered seismicity (RTS), a hazard unique to large storage dams, which is often
a key dam safety argument brought forward by opponents against new dams. For
properly designed and constructed dams, RTS is not a new safety concern for
dams. However, the publication with the greatest long-term impact on the seismic
design and safety assessment of existing dams is Bulletin 148, which includes
the concept of two earthquake levels for dams and safety-critical elements, i.e.
the Operating Basis Earthquake (OBE) and the Safety Evaluation Earthquake
(SEE). The safety-critical elements are the spillway and low level outlets, which
are needed to control the reservoir level after the SEE or for lowering for repair
works or for increasing the safety of a dam. This is new. Bulletin 120
complements Bulletin 148 as it includes conceptual features for the seismic
design of dams, which are extremely important, as it is well known that it will be
difficult to have a structure to perform well during an earthquake, when the basic
seismic design concepts are not observed.

Dams were the first structures designed against earthquakes, on a
worldwide basis, starting in the 1930s. At that time, the ground shaking was the
main seismic hazard and was represented by a seismic coefficient of typically
0.1, almost irrespective of the seismic hazard at the dam site, which was often
unknown. The seismic analysis was done with the pseudostatic method, ignoring
the dynamic characteristics of dams. Because of its simplicity, this method is still
in use today, although it has become clear that this method is obsolete following
the observations made during the 1971 San Fernando earthquake. The
pseudostatic method is also not compatible with current seismic guidelines
(Bulletin 148) and, therefore, this obsolete method shall no longer be used for the
safety checks of large storage dams. One of the main tasks of the Committee is
to promote good practice in dam engineering, which includes the dissemination of
the international state-of-the-art. Using the pseudostatic concept, the seismic
load case was very seldom the governing one. This has changed by using
today’s rational concepts for seismic hazard analyses and dynamic analyses of
dams. The earthquake load case has become the dominant one for most dams.

Since the formation of the seismic committee, the magnitude 8 Wenchuan
earthquake of May 12, 2008 that occurred in Sichuan province, China, was the
most important earthquake for dam engineers as it damaged some 1580 dams.
Most of them were small earth dams, but also some large dams were damaged.
The main lesson from this earthquake was that the seismic hazard is a multi-
hazard. Thousands of mass movements occurred in the mountainous epicentral
region. Mass movements that can be triggered by strong earthquakes are often
ignored or the hazard is assessed using criteria, which are different from those
used for the dam body. Based on the past experience, it is obvious that dams are
not inherently safe and can be damaged by strong earthquakes. The most
vulnerable dams are those, which are poorly constructed and/or designed. Still a
lot of work is required in order to ensure that all dams comply with modern
seismic safety criteria, which is the main concern of the Committee..
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NUMERICAL METHODS APPLIED AND INTERPRETED FOR SAFE DAM
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UNIVERSITY OF TECHNOLOGY

AUSTRIA

1. INTRODUCTION

Dams are designed to serve in a secure and safe way to our society under
any environmental and operational conditions throughout their lifetime. During
design and construction models are needed to be set up to account for the safety
approach. This models are based on practical experience gained from the
performance of existing structures and rely on models we assume for possible
failure modes. To set up and apply advanced numerical models and interpret their
results a detailed discussion within the engineering community is need. To show
the abilities and the meaningful interpretation of numerical investigations the
“Technical Committee on Numerical Analysis and Design of Dams” organizes
since 1991 benchmark workshops. These results are published in proceedings and
concluded in ICOLD Bulletins. Herein a short summary of the content of
investigations and a further step to disseminate the results is undertaken. It is to
emphasize the requirement to develop a model about the system behavior of dams
based on their foundation, reservoir slopes, catchment area and environment.
Numerical models and the interpretation of the gained results are one essential
part within this ICOLD network to guarantee for the safe dam operation.

International Benchmark Workshops on Numerical Analysis of Dams are
intended to provide an in-depth examination of the computational methods and
software used for dam analysis. It is an international forum to share the latest



information regarding state-of-the-art software and techniques available for the
analysis of dams’ behavior. For the community of Dam Engineers, a possibility is
given to discuss on assumptions, results and conclusions drawn by the help of
numerical analyses. The Benchmarks are organized by members of the ICOLD
“Technical Committee on Computational Aspects of Dam Analysis and Design”.
During a period now of 29 years the working group is active in discussing
computational aspects and concluding the major results in Bulletins. However, the
effort is based on the activities of their members, Vice-Chair and especially their
Chair as these are from the beginning: Olgierd Zienkiewics, Michele Fanelli,
Gabriella Giuseppetti, Alian Carrere, Ignacio Escuder and the current chair Guido
Mazza.

The results and outcome of benchmarks workshops result in working group
discussions; their work is being published in Bulletins ([1],[2],[3]). These Bulletins
aims to offer a support to dam engineers to choose the most suitable computational
strategies to cope with the engineering problems under examination in the best
possible way having in mind potentialities and possible shortcomings.

REFERENCES

[1] ICOLD - Bulletin 94 (1994): “Computer Software for Dams. Validation”.

[2] ICOLD - Bulletin 122 (2001): “Computational Procedures for Dam
Engineering”.

[3] ICOLD - Bulletin 155 (2013): “Guidelines for use of Numerical Models in
Dam Engineering”.
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SEISMIC ASPECTS IN THE DESIGN OF EMBANKMENT AND ROCKFILL
DAMS
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EXTENDED ABSTRACT

Historically, embankment dams have usually performed well during
earthquakes. However, earthquakes can undesirably affect embankment dams in
different ways. One of the most obvious way is by causing instability or large
deformations in the dam, due either to strong shaking, or to increases in pore
pressure and resulting decreases in strength (caused by cyclic loading). One of
the most well-known cases of liquefaction and instability of a dam during an
earthquake, is the Lower San Fernando Dam, where a portion of the embankment
liquefied during the 1971 San Fernando earthquake and slid, leaving only about 3
feet of freeboard remaining to contain the reservoir. Dams have also failed due to
erosion through cracks caused by an earthquake. Consequently, earthquakes may
induce instability in the slopes of the dam, differential settlements and cracks. The
assessment of the behavior of an embankment dam under seismic loading typically
includes the following aspects:

1. Identifying and characterizing potential sources of earthquake loading,
whether known faults or historic seismicity not associated with known faults.

2. Determining the appropriate loadings to apply in the analyses.

3. Determining the properties of the embankment and foundation materials,



4. Analyzing the post-earthquake stability of the embankment, including the
evaluation of a possible drastic loss of shear strength.

5. Estimating the extent of deformations resulting from earthquake shaking
and reduction in material strengths.

6. Determining the potential for dam failure by the overtopping of deformed
embankment, erosion through cracks in the embankment, or other
possible failure mechanisms.

7. Evaluating other structures, such as spillway walls adjacent to the
embankment, whose failure could cause failure of the embankment dam
by allowing overtopping or by creating unfiltered exit points for internal
erosion.

The presentation will focus on the different seismic aspects to consider in the
design of an embankment dam and some of the available humerical methods to
evaluate the different failure mechanisms of a dam under seismic conditions,
including, stability of the dam, deformation prediction and liquefaction potential.
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SCIENCE
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1. COLLAPSE AND RECONSTRUCTION OF IRRIGATION DAMS

A pair of old irrigation dams in Fukushima Prefecture collapsed by the 2011
Great East Japan Earthquake (Fig. 1a). The collapse was due to generally poor
soil compaction and the use of inadequate soil type (sandy soil) in the top layer
despite homogeneous type of the dam in addition to a prolonged strong seismic
motion. The new dams (Fig. 1b) were constructed to be much more stable by the
use of adequate type soils, good compaction and an adequate structure.
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Fig. 1. Fujinuma dam, Fukushima Pref. Japan: a) collapsed; & b) reconstructed.




In soil compaction, the target values of dry density and water content were
specified to be equal to the maximum dry density and the optimum water content
by Standard Proctor while controlling the degree of saturation to become the
optimum degree of saturation (i.e., Si= (Sr)opt) irrespective of variations in the soll
type and compaction energy in actual compaction. When Si= (S))op, the highest
dry density (so, the highest shear strength and stiffness) and sufficiently low
hydraulic conductivity of saturated soil is obtained under any given field condition.

2.  STABILITY AND DEFORMATION ANALYSIS

The collapse was successfully simulated by simplified practical analysis
incorporating the time histories of undrained stress-strain relation and peak
strength of saturated soil that degrade by cyclic undrained loading during an
earthquake (Figs. 2a & b). The residual slip evaluated by the Newmark method
and the residual deformation outside the slip layer by pseudo-static FEM, both
incorporating the time history of response acceleration, were summed up. No slip
with very small residual deformation of the new dam by the seismic load by which
the old dams collapsed was confirmed by analysis by this method. The effect of
compaction on the dam stability is tremendous. Fig. 2c shows the average drained
and undrained shear strengths mobilized along the critical slip circles in the top
zone of the old and new main dams (as shown in Fig. 2a). With the new dam, the
average degree of compaction (Standard Proctor) D¢ is equal to 101 %, thus the
undrained shear strength at the end of seismic loading is higher than the drained
strength while substantially higher than the value at D.= 87 % of the old dam.

10 m for residual  Settlement at crest=1.63m 10 m for residual Settlement at left end of crest
deformation (s/H=9.2%) deformation = 4.4m (s/H=25%)

~—

250 T T T T T

- New main dam
7 = o ltang ] Heol Notes:

1 1. These average shear strengths are
those along the critical slip circle in the

1 top zone of respective dams.

2. During an earthquake, undrained

J shear strength decreases from the initial

200 Initial undrained strength 8
Undrained strength -
150 atthe end of earthquake

95 kPa, 7, (kPa)

100+ Old main dam

e value to lower values due to degradation

}5 ol  Initial drained strength | | py cyclic undrained loading, while the

s o Z’?A’;egeztlze:fctzleraﬁon drained shear strength decreases from

§ 0 1 ) ) ) ) the initial value due to a decrease in the
85 90 95 100 105 normal stress along the slip circle by

Average shear strength along critical slip circle o

C) Degree of compaction (Standard Proctor), D _=p,/(p),nax X 100 %) | S€ismic inertia.
Fig. 2 a) & b) Residual deformation for two critical slip circles by numerical analysis
of the old dam; & b) average shear strengths mobilized in the upper zone.
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1. INTRODUCTION

Many earthquakes have hit Japan and informative data about seismic
behavior has recorded at dams during large earthquakes [1]. The report shows
some examples of dynamic analyses of existing dams with efforts in order to
reproduce seismic performances exactly. In this abstracts, outlines of an arch
dam case and an embankment dam case are briefly explained.

2. CASE OF ARCH DAM [2]

The earthquake record observed at the crest of Yagisawa Dam (dam height
of 131m, Fig.1) in Chuetsu Earthquake (Oct.23, 2004) was 656cm/s?. In the
reproduction analysis, modification of the foundation - reservoir coupling
conditions has been conducted as compared with generally used conditions in
Japan. By using the modified analysis, reproduced behavior of the dam in the
earthquake has higher precision than previous method as shown in Fig. 2.
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3. CASE OF EMBANKMENT DAM [3]

Due to the Iwate-Miyagi Nairiku Earthquake in 2008, settlement without
sliding deformation was observed at Isawa Dam (ECRD, Fig. 3). The dynamic
strength tests for construction materials and deformation analysis using
cumulative damage theory were conducted. Through the analysis, the settlement
can be reproduced accurately and it is important to consider
saturated/unsaturated conditions in dam body for accurate evaluation (see Fig.
4).

Elevation (m)

=><—unsaturated
(core)
=¥=saturated

(core)
—#—observed

00 02 04 06 0.8
settelement (m)

Fig. 3 Fig. 4
FEM element Vertical distributions of settlements
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EXTENDED ABSTRACT

The dynamic FEM analysis is currently the most effective tool to simulate
the seismic response of dams. However, as the seismic forces increase up to the
level of intensity typically corresponding to MCE, the complexity of the models
and the computation time increase dramatically, having to take into account the
non-linear behaviour of both materials and interfaces (joints and pre-existing
cracks). At the same time, the overall models uncertainty increases, which in
combination with the lack of information on the real response of dams when
subjected to strong earthquakes, makes models calibration and subsequent
seismic analysis a very challenging, expensive and often impractical task. To
cope with that, RSE adopted and further developed, a simplified dynamic method
- the Endurance Time Analysis method (ETA) - which allows drastic reductions of
the computational effort, to analyze the non-linear response of several large
concrete dams in Italy and to obtain their “capacity curves” ranging up to
collapse. In such way, even if the overall model uncertainty is still not properly
addressed and quantified, the comparison of such curves within the dams
portfolio allowed to develop simplified “risk indexes” to rank their relevant seismic
risk, so that resource allocation for safety assessment can be definitely
optimized.
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1. JCOLD-CFBR TECHNICAL EXCHANGE

The technical exchange between CFBR and Japan Commission on Large
Dams (JCOLD) has been conducted for the qualification of seismic dam analyses
in last five years since 2013. The first objective was the comparison between the
new French legislation and the current Japanese legislation, discussion about
their implementation, the performance of dams under strong motions and the
feedback from such performance on dam modeling. The second objective was
the validation of dynamic analysis by modeling the performance of some large
dams under strong motions earthquakes. The third objective was the calibration
of simplified methods according to the large seismic data gathered in Japan.
Therefore, the analytical procedure ranges from simplified methods for providing
preliminary assessment to sophisticated methods for simulating the nonlinear
deformation of dams during large earthquakes. Analyses of appurtenant
structures of dams are also included.

15



2. OUTCOME OF COLLABORATION

CFBR developed own analysis methods and focused on the verification of
them through the reproduction simulations of various dam types using the
seismic records that were monitored in large dams in Japan. The spillway gates
in French dams were roughly assessed for the seismic capability by comparing
the dimensional data with ones in Japan. JCOLD provided some cases of the
reproduction simulations of the concrete gravity dam, the arch dam and the
facing rockfill dams. In addition, state-of-the-art research on the seismic analysis
method and material characteristics of a largely deformed rockfill dam due to the
seismic impact was introduced. The technical discussion and exchange between
CFBR and JCOLD resulted in creative outcomes involving the adequate
verification of the methods and finding further technical issues addressed in the
future. These results are disseminated to many dam engineers in five workshops
and two international symposiums held in French and Japan. An e-book
compiling the above technical activity as 36 technical papers will be issued this
year as titled “Qualification of Seismic Dam Analyses and their equipment.”

The main topics of the book are the following:

Analysis on acceleration data of dams collected by JCOLD
Practical guide for selecting seismic parameters and numerical models
Material properties and performance of embankment dams -
Performance and analysis of AFRD and CFRD
Qualification of simplified analysis of embankment dams
Qualification of detailed analysis of embankment
Dynamic modeling, experimental and in-situ results of concrete dams
Effects of radiative boundary conditions and spatial variability of the seismic
ground motion
i. Dynamic behavior of concrete dam : lessons learned from the JCOLD
database
Characterization of the dynamic behavior of an arch dam by means of forced
vibration tests
Comparison between numerical analyses and seismic records on dams
Simplified analyses for gravity dam
. Displacement-Based Seismic Assessment of Concrete Dams
Comparison of design criteria of gates between Japan and France
Analysis of gates compared to field measurements

Se@ o oo0Tp

—

e=s3 -
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1. INTRODUCTION

Many earthfill embankment water storage dams have been constructed near
Seddon, New Zealand since 2004 for the purposes of irrigating grapes. They range
up to 26m in height. They were subject to very strong earthquake ground motion
from earthquakes in 2013 and 2016. Peak horizontal ground accelerations of close
to 0.75g were recorded at Seddon during the Mw6.6 Lake Grassmere earthquake
(16 August 2013) and the Mw7.8 Kaikoura earthquake (14 November 2016). The
performance of eleven water storage dams located near Seddon that were
subjected to these two earthquakes is summarized. The embankments were
generally designed in accordance with guidelines published by the New Zealand
Society on Large Dams (NZSOLD).

2. OBSERVATIONS

Observations of embankment performance are summarized in Table 1. In
general, there was minor to no damage to dams that were designed and
constructed to modern standards. Some dams were affected more by the Lake
Grassmere earthquake. This is explained by this earthquake being closer, even
though the Kaikoura earthquake had a much longer duration of strong shaking.
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Two dams (F and 1) that had deficiencies and were damaged in the 2013
earthquake were repaired and subsequently performed much better in the 2016
earthquake. Seiches were noted in some reservoirs in the 2016 earthquake with
heights estimated to be at least 1.2m and in one case overtopped a saddle dam.

Table 1
Summary of observations

Lake Grassmere Earthquake | Kaikoura Earthquake
Dam H' | Rup? | OBSERVATIONS Rwp | OBSERVATIONS

ID | (m) | (km) (km)

A 17 | 12.4 | Movement of riprap, 26 | Minor movement of
minor cracks riprap

B 19 | 14.1 | No damage 28 | No damage

C 13 | 14.1 | No damage 29 | No damage

D 26 | 17.0 | No damage 20 | No damage

E 17 | 13.7 | Deformation upstream | 20 | Additional deformation
shoulder, cracks in and cracks
crest

F 10 | 10.7 | Deformation upstream | 22 | No damage
shoulder, cracks in
crest

G 15 | 11.4 | No damage 22 | No damage

H 6 4.1 | No damage 20 | No damage

I 12 7.0 | Deformation of 22 | Minor cracks
upstream shoulder,
cracks in crest

J 8 15.0 | No damage 31 | No damage

K 11 6.1 | Not constructed 21 | Minor cracks upstream

side dam crest

'H = embankment height
’R.yp = closest distance to fault rupture

3. CONCLUSIONS

Earthfill embankments designed to modern standards and constructed to
high standards can withstand very high levels of ground motion with minor damage.
Embankments where the earthfill is not properly conditioned and poorly compacted
can be expected to deform with the potential for significant longitudinal cracking
and some potential for transverse cracking where the abutment profile is irregular
or stepped.
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EXTENDED ABSTRACT

From 2013, the author participated to several workshop dedicated to the
safety assessment of concrete dams under earthquakes:

- Several ICOLD benchmark on numerical analyses of arch dam:
o Graz 2013 on the fluid-structure interaction effect on arch dam
under earthquakes,
o Lausanne 2015 on the safety assessment of Luzzone arch dam
following the Swiss guidelines,
o Stockholm 2017 with increasing complex numerical analyses on
Janeh gravity-arch dam assessment under earthquake

- USSD workshops:

o in 2016 for a blind prediction with numerical analyses of the
recorded behavior of Monticello arch dam under M4.1
earthquake, 16km away from the dam

o in 2017 on the seismic analyses of concrete dams

- Several workshop from 2013 to 2016 during the collaboration between

Japanese and French committees on large dams, on seismic behavior
of dams.
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The presentation will summarized the main lessons learned by the author
from theses workshops.

First, the numerical modeling of concrete dams under earthquakes will
discussed: from commonly used simplified finite-element model using
Westergaard added masses and massless foundation to more complex humerical
analyses using advanced soil-fluid-structure interaction with fluid element and
viscous-spring foundation boundaries for example. Comparisons of finite-element
analyses with simplified and advanced methods will be presented.

Second, the qualification of the numerical methods with earthquakes records
on dams will be discussed: devices to records and save dam’s response under
earthquake are now easily available and such data can be used to evaluate and
improve numerical tools.

Finally, a software is currently under development by the author to go through
the Japanese database of records on dams and foundation. Such tool might prove
very useful to analyze the increasing number of dam’s response under earthquake
and to evaluate dynamic properties such as eigenfrequencies and damping values
during earthquake.
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EXTENDED ABSTRACT

Current ground motion models for western North America (WNA)
characterize site effects based on scaling with respect to Vsaso, the time-averaged
shear wave velocity (Vs) in the uppermost 30 metres. The upper limit on this Vsszo-
scaling in these models is in the range of 1100 to 1500 m/s and reflects the paucity
of earthquake recordings from rock sites with Vs3z > 800 m/s. A review of
earthquake recordings on hard-rock shows that shear wave velocity alone does
not fully explain observed trends and that another characteristic of the rock, kappa
(k), a measure of shallow crustal damping, is required to better capture or
reproduce the observations in the data. In general, kappa decreases as Vsao
increases but there is no explicit kappa scaling in available WNA ground motion
models and hence kappa is not directly included in seismic hazard analysis

Most hard-rock sites in British Columbia are glaciated and have Vs3 values
higher than 800 m/s, sometimes as much as three times higher. Hence, until such
time that the development of these models incorporates data from high Vszo sites,
seismic hazard analysis for hard-rock sites has to be performed in two stages.
First, a seismic hazard analysis is conducted for a reference rock with a known
Vsz0 (usually < 800 m/s) and a known inherent kappa. Secondly, relative
amplifications based on the site-specific Vszo and site-specific kappa are calculated
and applied to the computed reference hazard to derive the site-specific seismic
hazard. Figure 1 shows different response spectra (with kappa varying from .05 to
.01 seconds) for a structure on a hard-rock site that needs to safely resist a Mu6.5
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earthquake occurring about 25 km away. If the structure is a concrete dam or
supports safety-critical electromechanical equipment sensitive to short period (<
0.2 to 0.3 seconds) shaking, then kappa largely controls the spectral accelerations
in this range and the ground motion almost doubles or triples at certain periods. It
is therefore imperative that dam owners and their engineers know the values of
Vs30 and kappa for their hard-rock dam sites in order to reduce the uncertainty in
the ground motion estimates.
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Figure 1 Response Spectra and Shear Wave Velocity Variation with Kappa

At BC Hydro, relative site amplifications based on site-specific properties are
calculated and applied to probabilistic seismic hazard based on a reference rock
with a Vs of 760 m/s and a kappa of 0.040 seconds. Initial results show that
empirical amplifications from field data are generally consistent with analytical
amplifications using a hard-rock kappa of 0.015 seconds. The results also show
that computed ground motions generally decrease with higher Vsz at all
frequencies but tend to be significantly underestimated at high frequencies (> 5
Hz) if kappa and its uncertainty are not appropriately considered in the computation
of the amplifications. This finding has significant loading implications for high
frequency response dams and other safety-critical structures.

Also shown in Figure 1 is an approximate relationship between Kappa and
Vs30 from available global data (Al Atik et al, 2014). Due to the poor correlation, it
is preferable to obtain site-specific kappa values rather than rely on its dependency
on Vs. To measure kappa, one needs to deploy an energy source powerful enough
to excite the top 2-5 km of the earth’s crust (which is impractical even if possible)
or install strong motion accelerographs (SMAs) and patiently wait for an
earthquake to occur. Kappa can then be estimated from the slope of the high
frequency (5-20 Hz) portion of the Fourier amplitude spectrum (where it is linear in
log-linear space) of an earthquake recording if the event hypocenter is within 50
km or so. Data from the SMAs, if remotely accessible, can also be used to timely
inform decision-making on earthquake emergency response planning, further
underscoring the importance and urgency of installing SMAs on ‘significant’
consequence dam sites.
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1. INTRODUCTION

Oroville Dam is located on the Feather River in northern California (USA). At
234.7 m (770-ft) tall, this earth embankment is the tallest dam in the United States.
With its 4.3 billion m3 (3.5 million acre-feet) of storage, Lake Oroville is the second
largest reservoir in California, supplying water to cities as far south as Los Angeles.
The Oroville Dam, reservoir (Lake Oroville), and hydropower plant facility is the
flagship of the State Water Project (SWP), which is owned and operated by the
State of California, Department of Water Resources (DWR).

The 2016-2017 Winter Storms brought record breaking precipitation to the
Northern California Sierra mountains including the Feather River watershed. On
February 7, 2017, the Oroville Dam’s 54.5 m (179-ft) wide Flood Control Outlet
(FCO) Spillway chute (Fig. 1) was releasing water to control the Lake Oroville
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reservoir level in accordance with the prescribed operations plan. During this
operation, the FCO spillway suffered a catastrophic failure of the lower chute area
eventually resulting in the loss of approximately 427 m (1400 ft) of the lower chute,
including the scour of more than 1.2 million m*® (1.6 million yd3 of soil and rock
materials. On February 11, 2017, the Emergency Spillway (Fig. 1) was used for
the first time since the project was completed in 1968. During this operation,
significant erosion and scour caused by the Emergency Spillway overflow led
authorities to fear for the safety of the spillway structures, resulting in the activation
of the Emergency Action Plan and evacuation of about 188,000 persons from
downstream communities.

Flood Control
Outlet (FCO)

' |

Spillway

FCco Outlet (FCO)
Structure .

“' 2
Emergency / = Flood Control

SPILLWAY |

Fig. 1 Flood Control Outlet (FCO) Structure and
Emergency Spillway, March 2011
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This paper is part of a series developed by the State of California,
Department of Water Resources to present the results of warning and evacuation
related research, conducted for the United States Army Corp of Engineers
(USACE), on the Oroville Dam Spillway Incident. This investigation is part of the
USACE effort to collect and analyze data on:

1) the timing of the decisions to order public evacuation warnings including
the flow of information between engineers and engineering geologists
monitoring the hazard and local officials,

2)  the method and timing of the dissemination of those warnings including the
diffusion or warning by various communication channels, and

3) the interpretation and response by the public to those warnings, including
the timing of protective action decisions.

The findings from this effort will not only provide invaluable lessons learned
that can improve emergency management for this type of rare event, but they will
also be incorporated into the existing approaches used by USACE and others to
better understand evacuations and how their effectiveness impacts the risk
associated with flooding downstream from dams and levees.

2. BACKGROUND ON WARNING AND EVACUATION RESEARCH

2.1. PURPOSE OF RESEARCH EFFORT

Decisions within the USACE Dam and Levee Safety Programs follow a risk-
informed management process where life safety is paramount. Understanding and
making informed decisions related to life safety risk not only requires a clear
understanding of the engineering aspects of our flood defense infrastructure, but
also the human aspects. To that end, USACE engaged with well-respected social
scientists in the areas of warning and evacuation to better understand how flood
warnings spread through a community and what causes an individual to delay their
decision to take a protective action based on those warnings. This understanding
has not only allowed consequence specialists to better assess the existing life
safety risk associated with flood defense, but also provide important insights
regarding implementing or recommending efficient and effective risk reduction
measures.

The research, by Dr. Dennis Mileti and Dr. John Sorensen, both renowned
socials scientists in the areas of emergency warning and evacuation, covers the
warning and protective action initiation timeline, which is composed of three distinct
timeframes (illustrated in Fig. 2): warning delay time, warning diffusion time, and
protective action initiation time. Their research, which is a culmination of existing
social science research on the topic, details the primary factors that influence each
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aspect and provide guidance on how to develop inputs to our evacuation modeling
tools. Additionally, they developed a facilitator guide that describes how to
interview local emergency managers and gain an understanding of the existing
evacuation potential in their area in the event of a major flood event.

Threat Detected or

Protective Action
Initiated

Notification Received Warning Issued Waming Received

Warning Warning Protective Action
Delay Time Diffusion Time Initiation Time

e [ TIME ] ——

Fig. 2 Warning and Protective Action Initiation Timeline

Finally, and perhaps most importantly, they developed a document titled “A
Guide to Public Alerts & Warnings for Dam and Levee Emergencies” [1]. The
guidebook’s purpose is to assist those involved with emergency management in
issuing more timely and effective public alert and warning messages for flood
emergencies. It is based on findings from decades of research on disaster
warnings and presents best practices derived from these findings. While the
guidebook is targeted toward dam and levee safety emergencies, it can be used
to prepare a plan in such a way that allows successful implementation of
emergency message communication for a wide range of emergency events.

2.2. LIMITATIONS OF EXISTING RESEARCH

While the previous effort from Drs. Mileti and Sorensen was invaluable in
providing a better understanding of the factors that influence the effectiveness of
an evacuation, and established the basis for quantitative estimates for analyzing
such an event, the research had gaps.

Specifically, they pointed out that research is needed to fill the warning
issuance data gap. Due to the scarcity of data on warning issuance times and
delays, there is a distinct need to increase the number of data points to gain a
better grasp of the problem. Similarly, they stated that warning diffusion and
protective action initiation models could be improved by collecting more, recent,
and relevant empirical data on which to base the models.
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2.3. IMPROVING ON EXISTING RESEARCH

Given the limitations of the previous research, USACE, with the assistance
of Drs. Mileti and Sorensen, began monitoring the nation with the goal of gathering
the necessary additional information when the next large-scale emergency
evacuation inevitably occurred. On February 12, that scenario occurred
downstream of Oroville Dam.

3.  OROVILLE EVENT OVERVIEW

Based on discussions we had with locals in the Oroville area, it is clear that
prior to February 2017, the public generally did not consider the consequences of
an uncontrolled release of water from the Oroville Dam or its spillways. The dam
was simply part of the landscape of the community that had remained virtually
unchanged for nearly 50 years.

3.1. EVENT INITIATION AND EVOLUTION

During the winter of 2016-2017, Northern California experienced its wettest
winter in nearly a century. Record inflows from the Feather River into the Oroville
Reservoir during the month of January caused employees of the California
Department of Water Resources (DWR) to open the main spillway and release
water at rates up to 560 m3/s (20,000 ft3/s). The release of water down the spillway
was normal procedure during very wet rainy seasons and that rate of flow is far
below the designed capacity of the spillway chute and downstream channel.

On the afternoon of February 6, in anticipation of increased inflow from an
upcoming storm, the flow from the Flood Control Outlet (FCO) Spillway was
increased to 1,550 m®/s (55,000 ft¥/s). The following morning, an unusual flow
pattern within the FCO Spillway chute caused DWR employees to close the FCO
Spillway gates to allow for inspection. The halted water flow revealed a large area
of concrete slab failure and foundation erosion beneath the spillway chute.

DWR began consulting with the Federal Energy Regulatory Commission
(FERC) and other dam safety agencies the following day. Test flows were released
down the damaged FCO Spillway to verify how much flow the spillway chute could
bear. This information was important, as the area was still in the middle of a very
wet season and it was likely the FCO Spillway would be needed again in the
coming months. Further slab failure and foundation erosion within the spillway
chute was carefully monitored and an emergency operations center (EOC) was
established to oversee the spillway operations.
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Even though the Butte County Sheriff's office and others received an
electronic message from DWR to inform them that they were investigating the
damage at the flood control outlet of Oroville Dam, it was through social media that
the Sheriff learned of the hole in the FCO Spillway chute. After the initial
communication issues were cleared up, the Sheriff remained in continuous contact
with the EOC to ensure that public safety was the top priority. At this point, DWR
officials presumed that the remaining storage area within the reservoir was
sufficient to capture the expected flood flows from the rainfall during the rest of that
week without causing any threat to the dam or the public. It was the goal of the
dam operators to avoid using the emergency spillway while the flood flows were
contained, but to be prepared in case using the Emergency Spillway became
necessary. DWR and the Butte County Sheriff's Office kept the public informed
through their respective social media platforms.

On February 9, rainfall in excess of 32.5 cm (12.8 in) over the Feather River
Basin caused the inflows into Lake Oroville to exceed 5,380 m?®/s (190,000 ft%/s).
The peak inflow to the reservoir was significantly higher than originally forecasted.
The following morning, dam operators raised flows through the main service
spillway to 1,840 m®/s (65,000 ft¥s) and the hole within the spillway chute
continued to expand and erode portions of the adjacent mountainside. DWR
personnel decided to use the emergency spillway in an effort to minimize the
increasing erosion at the main spillway. They reduced flow through the main
service spillway to 1,550 m?®s (55,000 ft3/s) and water level within the reservoir
continued to rise.

It is important to note that debris deposited in the river downstream of the
dam from concrete slab failure and foundation erosion of the FCO Spillway chute
raised the tailwater on the Edward Hyatt Power Plant and threatened to flood it out.
DWR implemented emergency measures to flood proof the plant with the goal of
preserving power and water supply capabilities post event. Without that effort,
water supply for the region would have been in jeopardy. Although not an
evacuation issue, it was foremost on the minds of the officials during that critical
time.

The Emergency Spillway had not been used or tested since the dam was
constructed. A large amount of erosion was expected in the Emergency Spillway
and DWR employees prepared the face of the mountain by removing brush and
trees in the areas where the water was likely to go, trying to limit further impact to
the power plant. Due to the erosion concerns on the FCO Spillway chute and higher
than anticipated inflows, the water level in Lake Oroville reached the Emergency
Spillway crest early in the morning of February 11.
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3.2. DETERMINATION OF CRITICAL RISK

On Sunday morning, February 12, after more than 24 hours of water flowing
over the Emergency Spillway, work in the EOC was quiet. Water continued to spill
over the Emergency Spillway at a rate that posed no direct threat to the
downstream communities. Experts remained at the EOC and at the top of the dam
communicating with each other by traveling back and forth or through text
messaging with spotty cell reception. Later that morning, staff monitoring the
situation at the dam noticed deep erosion rills cutting back toward the emergency
spillway at a rate and size much larger than anticipated. At approximately 2:00
pm, the erosion began to concern engineering geologists about the safety of the
Emergency Spillway.

If the erosion continued and reached the base of the Emergency Spillway,
one of the concrete monoliths could be undermined and collapse. Engineers were
concerned that a failure of one monolith could result in a domino effect, causing
successive collapse of the adjacent monoliths. Engineering geologists estimated
that the erosion would reach the base of the Emergency Spillway in two hours.
Those monitoring the situation at the top of the dam discussed if the circumstances
constituted an emergency declaration, and who had the power to make that
decision.

Around the same time, at the Butte County Sheriff's Office, the Sheriff
believed the entire incident was nearly complete and decided to head home for the
rest of the day. Being unaware of the developing situation at the Emergency
Spillway, the Sheriff stopped by the EOC to thank the people for their hard work.

Meanwhile, staff monitoring the Emergency Spillway brought photographs of
the advancing erosion to the EOC and showed them to the Incident Commander.
The Incident Commander received the photos at approximately 3:00 pm and
received a briefing on the developing situation. He asked, “Does the Sheriff know
about this?”, unaware that the Sheriff had just arrived at the EOC and was standing
behind him. Seeing the elevated concern, the Sheriff asked what would happen if
the Emergency Spillway were to fail. DWR staff informed him that failure of the
Emergency Spillway could result in a 9-10 m (30 ft) wave of water flowing from the
breached spillway until the top 9-10 m (30 ft) of Lake Oroville had drained.

3.3. DECISION TO EVACUATE

At 3:30 pm, several dam managers, engineering geologists, and the Butte
County Sheriff were discussing how to address the situation developing at the
Emergency Spillway. The dam managers decided to allow a flow of 2,830 m?s
(100,000 ft¥/s) through the FCO Spillway chute to decrease the water level in the
reservoir below the Emergency Spillway crest as quickly as possible. All
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acknowledge that this would cause additional erosion along the FCO Spillway
chute, but would possibly alleviate the risk that the Emergency Spillway would fail.

During the discussion at the EOC, a DWR dam safety official entered the
room and estimated that erosion was moving toward the Emergency Spillway at a
rate of approximately 9-10 m (30 ft) per hour. At that moment, the erosion was
approximately 9-10 m (30 ft) from the base of the Emergency Spillway. The official
recommended an evacuation of the downstream communities in case the
Emergency Spillway was to fail. Everyone present began talking loudly amongst
themselves until the Sheriff took control of the room. He asked, “Can anyone here
give me a reason not to evacuate?” The room went silent. He made the decision
to evacuate at approximately 3:50 pm.

An Emergency Action Plan (EAP) had been prepared for Oroville Dam
shortly after it was built. An inundation map plan that showed the areas that would
be inundated if the entire dam were to fail was included as a part of the EAP.
However, a map estimating the flood extents of an Emergency Spillway failure did
not exist. The Sheriff, with the assistance of DWR dam safety officials, made a
conservative estimate on the areas to evacuate within Butte County based on the
available maps. The Sheriff also called the Sheriffs of Yuba and Sutter Counties
located downstream. He quickly related that he was evacuating the potential
inundation areas along the Feather River within Butte County and that they should
do the same in their respective counties.

3.4. COMMUNICATION OF EVACUATION DECISION TO SAFETY OFFICIALS

DWR communicated with a variety of organizations about the situation at
Oroville Dam beginning on February 8, 2017. They also distributed the following
evacuation decision message to 161 organizational contacts, including safety and
emergency managers (159 were reached), on February 12, 2017 at 4:10 pm. That
message stated: “This is an evacuation order. Immediate evacuation from the low
levels of Oroville and areas downstream is ordered. A hazardous situation is
developing with the Oroville Dam auxiliary spillway. Operation of the auxiliary
spillway had led to severe erosion that could lead to a failure of the structure.
Failure of the auxiliary spillway structure will result in an uncontrolled release of
floodwaters from Lake Oroville. In response to this developing situation, DWR is
increasing water releases to 100,000 cubic feet per second. Immediate evacuation
from low levels of Oroville and areas downstream is ordered. This is NOT A Dirill.
This is NOT A Drill. This is NOT A Dirill.”
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3.5. CHRONOLOGY OF FIRST PUBLIC EVACUATION MESSAGES

Five first public evacuation messages were subsequently issued to people in
different at risk geo-political areas. These were: (1) Butte County, which contains
the City of Oroville, (2) the National Weather Service to people in Butte, Sutter, and
Yuba Counties, (3) Sutter County, (4) Yuba City, which is the largest city in Sutter
County, and (5) Yuba County, which contains the City of Marysville. Fig. 3
illustrates the location of these communities in relation to Oroville Dam. We
catalogued first evacuation messages for different subpopulations because their
timing was central to our efforts to examine warning decision-making, diffusion,
and protective action initiation. The five first public evacuation messages follow.
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Fig. 3 Areas Receiving Evacuation Orders Downstream of Oroville Dam
(Source: United States Geological Service)

3.5.1. 4:21 pm: Butte County.

The Butte County Sheriff's Office sent the first public evacuation message to
the public of Butte County at 4:21 pm on February 12, 2017. It stated the following.
“This is an evacuation order. Immediate evacuation from the low levels of Oroville
and areas downstream is ordered. A hazardous situation is developing with the
Oroville Dam auxiliary spillway. Operation of the auxiliary spillway has lead to
severe erosion that could lead to a failure of the structure. Failure of the auxiliary
spillway structure will result in an uncontrolled release of floodwaters from Lake
Oroville. In response to this developing situation, DWR is increasing water releases
to 100,000 cubic feet per second. Immediate evacuation from the low levels of
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Oroville and areas downstream is ordered. This is NOT A Drill. This is NOT A Drill.
This is NOT A Dirill.

This message was disseminated using social media, local radio and
television, and the Blackboard notification system (described further in Section
4.2.1). The Sheriff also ordered the deputies in Butte County to go to the
neighborhoods at risk and announce the evacuation order over the public address
system in their police vehicles.

3.5.2.  4:35 pm: All Three Counties at Risk.

The National Weather Service in Sacramento released the following
statement at 4:35 pm on February 12, 2017 via Wireless Emergency Alerts (WEA)
to everyone in the entire three-county area at risk. “The National Weather Service
in Sacramento has issued a Flash Flood Warning for a dam failure in south central
Butte County in Northern California. Until 4:15pm PST Monday. At 4:19pm PST,
dam operators reported a hazardous situation is developing with the Oroville Dam
auxiliary spillway. Operation of the auxiliary spillway has led to severe erosion that
could lead to a failure of the structure. Failure of the auxiliary spillway structure will
result in an uncontrolled release of floodwaters from Lake Oroville. In response to
this developing situation, DWR is increasing water releases to 100,000 cubic feet
per second. Immediate evacuation from the low levels of Oroville areas
downstream is ordered. From Oroville to Gridley...low level areas around the
Feather River will experience rapid river rises. This is not a Drill. This is not a Drill.
Repeat this is not a drill. Locations impacted include Oroville, Palermo, Gridley,
Thermalito, South Oroville, Oroville Dam, Oroville East and Wyandotte. Turn
around, don't drown when encountering flooded roads. Most flood deaths occur in
vehicles. Move to higher ground now. Act quickly to protect your life.”

3.5.3. 5:33 pm: Yuba County.

The Yuba County Office of Emergency Services issued the following warning
message to people in Yuba County at 5:33 pm on February 12, 2017. “ALERT-
ALERT-ALERT — Yes, an evacuation has been ordered. All of Yuba County on
the valley floor. The auxiliary spillway is close to failing. Please travel safely.
Contact family and friends. Help the elderly. Take only routes to the east, south, or

Marysville Police Department confirmed that a mandatory evacuation for the City
of Marysville and Yuba County was in effect. Then at 6:08 pm it was stated that:
“Evacuation for Yuba includes Hallwood, Marysville, Olivehurst/Linda and Plumas
Lake due to potential failure of Oroville Dam spillway.”
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3.5.4. 6:03 pm: Sutter County.

At 6:03 pm on February 12, 2017, the Sutter County Office of Emergency
Management issued the following message to people in Sutter County. “Immediate
evacuation Live Oak, Yuba City, Nicholas and other communities along Feather
River ordered. Evacuate on Highway 99/70 south of Highway 20 west. Do not
evacuate north. A partial failure of the Oroville Dam is possible.” The county
followed this first evacuation message to people in Sutter County with a
subsequent message at 6:17 pm, which declared that the evacuation was ordered
(or mandatory). “Immediate evacuation ordered for Live Oak, Yuba City, Nicolaus
& all communities Feather River Yuba City basin. Evacuate West on Hwy 20 and/or
South on Hwy 99 and Hwy 70 toward Sacramento.”

3.5.5. 6:49 pm: Yuba City.

Another public evacuation message was issued which targeted the people in
Yuba City—located in Sutter County. It was distributed at 6:49 pm on February 12,
2017. It was the first message issued by city officials and it followed the mandatory
evacuation message distributed by the county. It contained a voluntary evacuation
recommendation, and was issued by local Yuba City government. It stated the
following. “City of Yuba City strongly recommends an evacuation of all residents
immediately. Travel options are as follows. South on Highway 99, West on
Highway 20, Highway 99 South to Highway 113, or South on George Washington
to Highway 113. Do not travel on Highway 20 or Bridge Street as the bridges are
closed. Do not travel North.”

3.6. PUBLIC RESPONSE

At the writing of this paper, response to the public survey that we created to
gather information on the response to the warnings described in previous sections
was in its final stages. Some preliminary findings are described below, but these
may change as the data undergo final analysis. Importantly, the survey was
conducted on a representative sample of the entire population in the evacuation
zone. Therefore, we have a statistical basis for generalizing the findings for people
not in the sample.

3.6.1. Protective Action Initiation Response Rate

Preliminary analysis of public survey responses suggests just under 70% of
the population in the targeted evacuation zone actually evacuated. Table 1 lists
the reasons why people did not evacuate. The primary reason for non-evacuation
(33%) was that even though they were in the evacuation zone, they felt that they
would be above the flood elevation. In effect, they felt they were not asked to
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evacuate as the evacuation order was targeted to those in “low lying areas”. The
next most common responses were that they did not think there would be a flood
(19%) or that they were not in an area told to evacuate (14%). Another common
response (13%) stated that traffic congestion kept them from evacuating, either
they tried and turned around or saw the congestion on the news and stayed home.

Table 1
Reasons for Non-evacuation

NON-EVACUATION REASON % of NON-EVACUEES
Not in area told to evacuate 14%
Not in low lying area or an area that would flood 33%
Stayed behind to protect my property 10%
Did not think there would be a flood 19%
Stayed behind to do my job 2%
Did not have the resources 6%
Physically unable to evacuate 3%
Other (Mostly traffic congestion related) 13%

3.6.2. Evacuation Timing

Preliminary data analysis suggests that about 10% evacuated prior to the
first evacuation order (either due to concerns with the dam or left for other reasons
and did not return). Approximately 40% of those that evacuated did so within 30
minutes of the first public evacuation order, which was issued at 4:21 PM on
February 12. Approximately 70% evacuated within an hour of the first evacuation
order, and 83% evacuated within 2 hours of the first evacuation order.

For those that evacuated, the amount of time they spent on the road was
significant. On average, it took 3 hours for people to reach their destination. For
context, most evacuees all traveled to destinations that would have normally taken
less than 1 hour. Table 2 shows the breakdown of travel times.
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Table 2
Evacuation Travel Times

TRAVEL TIME (HOURS) % of EVACUEES
<Y hour 14%
% hour — 1 hour 33%
1-2 hours 10%
2-3 hours 19%
3-4 hours 2%
4-5 hours 6%
5-10 hours 3%
> 10 hours 13%

4. LESSONS LEARNED

The Oroville emergency evacuations provided some new lessons, and
reinforced many existing lessons, for emergency managers. The list below is not
meant to be exhaustive, but highlights some of the more important ones in the view
of the authors. Many of the lessons reinforced by this event are describe by the
authors in previous work [1].

4.1. LACK OF INUNDATION MAPS

Perhaps the most important lesson learned, or in this case reinforced, was
the value of having inundation maps for a wide range of potential scenarios
available for emergency managers at a moment’s notice. As described above, the
situation on February 12 was relatively calm leading up to the emergency, and
nobody was concerned about a potential breach of the Emergency Spillway. Within
a couple hours of recognizing erosion that could impact the stability of the
Emergency Spillway, local emergency managers were sending out evacuation
notices with little understanding of the area at risk. Their only available information
was for a complete failure of the main dam embankment, which would have led to
flows that would be orders of magnitude higher than were expected from breach
of the Emergency Spillway. This short amount of time does not allow even the most
experienced hydraulic engineers to model properly the scenario in question.
Therefore, it is important to have inundation maps available covering a wide range
of potential breach and non-breach scenarios as part of the EAP.

DWR was already aware of the need for additional maps for Oroville and

other dams in their portfolio. They were already in the process of creating a library
of inundation maps to cover a wider range of breach and non-breach scenarios. If
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this emergency had occurred just a few months later, these additional inundation
maps would have been available, and the evacuation notice could have been
targeted to more specific areas.

4.2. MASS NOTIFICATION SYSTEM

The notification system used by DWR emergency managers, known as
Blackboard, and the large notification lists contained therein led to some
unforeseen issues and confusion during the incident.

42.1. Blackboard

Blackboard is an automated mass notification system that has many
capabilities, but in this case, was set up by DWR to sends messages to a roster of
emergency management and response agencies via email and telephone. For
telephone messages, it has the capacity to call three phone numbers at a time. It
works sequentially through the notification list until all contacts have answered the
phone, been left a voicemalil, or did not answer after several attempts.

The fact that the system can only call three numbers at a time resulted in a
significant delay in disseminating the evacuation notice to those relying on
telephone messaging. The initial evacuation message that was sent via
Blackboard at 4:10 pm did not reach all of the ~160 contacts on the notification list
until 4:44 pm. The follow up message, which indicated that the Emergency
Spillway could fail within the next 60 minutes and provided guidance on evacuation
routes, was sent at 4:34 pm and was not completely disseminated until 5:10 pm.
Because of this delay, many of the emergency management and law enforcement
agencies on the notification list found out about the emergency and evacuation via
social media prior to learning about it from the official Blackboard notification.

DWR had added various emergency managers to the Blackboard call down
list over the years, without understanding the impact that all those additional
numbers would have on the efficiency of the system. In that regard, it is important
that dam operators or anyone relying on these automated systems to provide
important emergency messages understand their limitations and test them
regularly.

4.2.2. Message Specificity and Warning Templates
Another lesson that was reinforced through the Oroville emergency was the
need for emergency messages, especially those ordering protective actions such

as evacuations, to be as specific as possible. The initial message that was sent
out started with “This is an evacuation order. Immediate evacuation from the low

37



levels of Oroville and areas downstream is ordered.” This message went out to all
emergency managers downstream of Oroville Dam, which includes the city of
Sacramento and surrounding areas about 100 km (70 miles) downstream. Some
emergency managers in those areas far downstream interpreted the message to
mean they should be preparing to evacuate, when in reality the concern for them
potentially being flooded was minimal. Emergency managers in those areas would
have been better served if the initial message contained more specific information
on the areas downstream from Oroville Dam that should evacuate. Emergency
managers downstream but not at risk of flooding could have been preparing to
receive evacuees rather than determining if they were really meant to be
evacuating their communities.

This re-emphasizes the need for warning templates and examples. Example
messages and templates serve a number of significant purposes for an emergency
manager. First, it is not reasonable to expect that all emergency managers are
familiar with the value of certain content (such as specificity of locations) or wording
in messaging, so templates and examples provide an effective starting point.
Second, messages cannot be written in advance for every emergency scenario.
Message templates provide the capability to create specific event messages much
more quickly. Example messages and templates are also useful to avoid hastily
written content. Finally, example messages and templates provide emergency
managers something to practice and hone their skills on.

4.3. COMMUNICATION ISSUES

A widely recognized issue within the emergency management community is
the need for trustworthy means of communication between the various agents
during and emergency event. In the case of Oroville, communication be