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FOREWORD

This Seismic Deformation Analysis was prepared by AMEC under subcontract with IRG, the
main contractor for the Litani River Basin Management Support (LRBMS) Program, a USAID-
funded program in Lebanon (Contract EPP-I-00-04-00024-00 Task Order No. 7 under the
Integrated Water and Coastal Resources Management Indefinite Quantity Contract (IQC) II).
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EXECUTIVE SUMMARY

Qaraoun Dam is a 60 m high concrete-faced rockfill embankment built in 1960 and located at the southern
end of the Bekaa valley in central Lebanon. Lebanon, which is situated near the tectonic boundary of the
African and Arabian plates, is within a seismically-active region of the Dead Sea fault system that includes
many complex fault structures with a history of producing high levels of earthquake shaking in the region.
Large earthquake events that tend to occur in Lebanon, typically every few hundred years, have the potential
to cause significant and possibly catastrophic damage to man-made structures not designed for such high
levels of ground shaking. Therefore, it is important to evaluate the response of such structures, particularly
ones whose integrity is critical to the prevention of loss of life and property, to these frequent (and less
frequent, more damaging) earthquakes.

The scope of this study includes:

1. estimating the level of shaking at the Qaraoun Dam site from potential seismic sources in the
vicinity, and developing representative earthquake ground motions, and

2. performing analyses to estimate the seismic response and deformation of the dam embankment
resulting from the postulated earthquake shaking.

Probabilistic Seismic Hazard Analysis

The process by which the ground shaking levels were estimated at the dam site is known as a probabilistic
seismic hazard analysis (PSHA). The results of the PSHA are presented in terms of peak ground acceleration
and response spectral values for various specified annual frequencies of exceedance, or return periods. The
return period, in years, is defined as the inverse of the annual frequency of exceedance.

A PSHA begins with a detailed study of the tectonic setting and historical seismicity of the region where all
known earthquakes have occurred. Sources of those earthquakes are identified as either: a) active crustal faults
(i.e., well-defined fault structures that have generated earthquakes within the past 35,000 years and that are
manifested at the ground by surface rupture); or b) areal seismic source zones (i.e., regions where earthquakes
have been observed to originate that are not attributed to a specific mapped fault). Each of the fault sources
was characterized by its proximity to the site, type of faulting, maximum length of faulting, maximum
thickness of rupture, dip, annual slip rate, and maximum potential for energy release (Mnax). Each of the
areal seismic zones is characterized by its proximity to the site, type of faulting, maximum thickness of
rupture, dip, and Mmax. Once all sources are identified and characterized, subjective weighting factors are
applied to each characteristic value to represent the probability of occurrence for that particular value. A
probabilistic model is then developed to represent a finite number of individual earthquake scenarios in the
vicinity of the analyzed site. For Qaraoun Dam, six active crustal faults, and eight areal seismic source zones
were identified as potential seismic sources.

All 14 seismic sources were considered to contribute to the seismic hazard at the dam with varying levels of
activity and maximum energy release. The Yammouneh fault, located approximately 2.4 km west of
Qaraoun Dam, was calculated to contribute the most to the seismic hazard due to its close proximity to the
dam and its relatively high annual slip rate. However, for the development of the overall seismic hazard, each
source was evaluated for its potential to release an amount of energy that would lead to a specific level of
shaking (measured as acceleration) at the dam site. The overall annual probability of the dam to experience
(or exceed) a particular level of acceleration is the sum of the annual probabilities from all seismic sources to
that level of acceleration.
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Development of Earthquake Ground Motions

The scope of work for this study required the development of ground shaking levels for 100-year, and
10,000-year return period “scenario earthquakes.” A ground shaking level for the 100-year return period has a
one percent chance of being exceeded in one year, or about a 40 percent chance of being exceeded in 50
years. The 10,000-year return period ground motion has approximately 0.5 percent chance of being exceeded
in 50 years. Ground motions were also developed for a two percent chance of being exceeded in 50 years to
be consistent with estimates of ground motions from a maximum magnitude earthquake on the nearby active
Yammouneh fault. The two percent chance of being exceeded in 50 years corresponds to a 2,475-year return

petiod.

The results of this study indicate that the peak ground acceleration at the dam site for the 100-year
return period is about 0.15g (where g is the acceleration due to gravity). This level of computed acceleration
may be considered similar to what might have been experienced in the vicinity of the epicentral region of the
magnitude 5.8 earthquake that occurred in the area in 1956. The estimated peak ground acceleration for
the 2,475-year return period is about 0.78g. The dominant source for this level of shaking is a magnitude
7.0 to 7.5 earthquake on the Yammouneh fault about 2.4 km from the dam site. This level of ground shaking
is considered similar to what might have been experienced in the epicentral region of the magnitude 7.4
earthquake that occurred in the Bekaa Valley in 1759. The estimated peak ground acceleration for the
10,000-year return period is about 1.2g.

Uniform hazard response spectra, UHRS, (spectral accelerations at various structural periods of vibration)
were developed from the PSHA to represent the frequency content and level of shaking for the 100-year,
475-year, 975-year, 2475-year, and 10,000-year return period earthquake scenarios. The UHRS were then used
to develop scenario acceleration time histories for the 100-year and 10,000-year events using the following
approach:

1. select a recorded (seed) acceleration time history from the historical record that closely
represents the distance to rupture, magnitude of the scenatio earthquake, and the foundation
conditions at the site,

2. scale the entire seed time history to match the peak ground acceleration (PGA) of the UHRS of
interest, and

3. modify the frequency content of the scaled time history so that it loosely matches the target
UHRS.

Two sets of horizontal and vertical acceleration time histories were developed for each of the two scenario
earthquakes.

Following the development of the 100-year and 10,000-year return period earthquake scenarios and
associated acceleration time histories, project team members from AMEC and IRG discussed the basis for
the selection of ground motions that would be most appropriate for analyzing the seismic response and
deformation of Qaraoun dam. The California Department of Water Resources, Division of Safety of Dams
(DSOD) recommends that an 84™-percentile (median plus one standard deviation) deterministic ground
motion be used for evaluating the seismic stability of dams that have “high consequences of failure”.
Following the DSOD guidelines, the team agreed that ground motions for the 2,475-year return period
scenario earthquake, which are similar to the 84% percentile ground motions from the Yammouneh fault,
would be appropriate for the deformation analysis of the dam, in lieu of the 10,000-year return period
motions.

Deformation Analyses

The dynamic response and seismic deformation analysis of Qaraoun Dam was performed with the computer
program FLAC2D. This approach involves two-dimensional, finite-difference analyses to evaluate the non-
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linear dynamic response and permanent deformation of the maximum cross section of the embankment
during the postulated seismic shaking at the dam site. Two different soil models for the rockfill were used to
estimate the permanent deformation of the dam: a fully nonlinear “bounding surface hypo-plasticity” model,
and a more traditional (and conservative) Moht-Coulomb bi-linear constitutive model.

The dam was modeled as an unsaturated dumped rockfill embankment with an upstream concrete panel
facing and concrete drainage gallery at the upstream toe. Properties of the rockfill material were selected
based on a review of published literature on similar materials. Both hotizontal (in the upstream/downstream
direction) and vertical components of input earthquake motions were applied at the bedrock foundation
underlying the dam. Analyses were performed using earthquake motions for the 100-year and 2,475-year
scenario earthquakes. Preliminary analyses were performed to simulate the reservoir’s hydrodynamic loads.
The results of these analyses indicate that the effects of hydrodynamic loads acting on this sloping-face
rockfill dam are not significant. This finding is consistent with results of similar studies described in the
literature. Accordingly, analyses were performed without including the reservoir effects.

The results of the deformation analyses indicate that shaking from the 100-year earthquake scenario, having a
peak horizontal bedrock acceleration of 0.15g, will cause an insignificant amount (i.e., less than 0.03 m) of
permanent deformation at the crest and upstream and downstream toes of the dam. It is our judgment that
these estimated deformations will not have a significant impact on the seismic performance of the dam.

Using the bounding surface hypo-plasticity model, shaking from the 2,475-year event, with peak bedrock
acceleration of 0.8g, is expected to cause about 0.44 m of vertical and 0.45 m of horizontal permanent
deformation at the crest of the dam, and about 0.03 m of horizontal permanent displacement at the
upstream toe of the dam near the connection of the concrete facing to the drainage gallery. The estimated
maximum differential displacements at the interface between the concrete face slab and the inspection
galley is less than 0.05 m. Using the more conservative Mohr Coulomb constitutive model, the computed
crest settlement was about 2.5 m, and the permanent horizontal deformation was about 2.9 m. Because of
uncertainties in the analytical procedures, and based on the observed performance of similarly constructed
dams shaken with large magnitude earthquakes, it is the authors’ judgment that the amount of
deformation anticipated at the crest of the dam for this level of shaking will be in the range of about
Imto 1.5 m.

Since the crest of the dam is at Elev. 861.0 m, the top of the concrete parapet wall is at Elev. 863.0 m, and the
normal maximum water level is at Elev. 858.0 m, the available freeboard to the top of the parapet wall is 5.0
m. The range of estimated earthquake-induced deformation and settlement of the embankment during the
2,475-year ground shaking (i.e., 1 to 1.5 m) is less than the available freeboard, and overtopping of the dam
is not expected. The estimated deformations likely will cause:

e damage to the concrete parapet wall at the dam crest,
e sloughing of the rockfill on the dam’s downstream face, and

e possible cracking of the concrete facing leading to increased leakage through the rockfill.

However, such effects are considered unlikely to impact the overall stability of the dam, or cause an
uncontrolled release of reservoir water.

Comparisons with Case Histories

The predicted deformations of Qaraoun Dam for the 2,475-year scenario earthquake were compared to the
documented performance of similar concrete-faced rockfill dams. Ishibuchi Dam in Japan, and Zipingpu
Dam in China, were shaken by earthquakes of magnitudes of 6.9 and 7.9, respectively, with peak bedrock
accelerations of 0.5g and 0.7g. Ishibuchi Dam settled 0.6 m and experienced cracking at the dam crest;
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however, the concrete face slab on the upstream slope was reportedly undamaged. At Zipingpu Dam, the
crest settled about 1 m, and the earthquake-induced deformations resulted in partial dislocation of several
concrete slabs at the construction joints, with maximum outward bulging of 0.15 m. Portions of the parapet
wall at the crest also collapsed, and open cracks (up to 3 cm wide) were observed between the downstream
side of the crest road and the rock slope protection. Despite this damage, the dam remained stable and
maintained its reservoir impounding capacity. The observed settlements at these two dams are of the same
order of magnitude as those estimated for Qaraoun Dam, and help support the conclusion that the dam
should perform adequately during the postulated 2,475-year scenario earthquake considered in this study.

Recommendations for Inspections Following a Seismic Event

While the analyses and evaluations described above indicate the dam should perform adequately, it is
recommended that a detailed inspection of the dam be performed immediately following all earthquakes
occurring within 50 km of the dam site and having a magnitude of 5.0 or greater. The inspection should
include:

e draw down of the reservoir level,
e asurvey of the settlement monuments on the crest and concrete facing,

e a careful review of the parapet wall and the concrete facing, including horizontal and vertical
construction joints and water stops,

e confirming the integrity of the inspection gallery,
e monitoring the piezometers for evidence of an increasing phreatic surface within the dam, and

e frequent monitoring of the leakage weirs for increased flow and evidence of silt deposits.

Any damage to the dam resulting from earthquake shaking must be repaired prior to raising the reservoir to
its normal operating level.
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1. INTRODUCTION

This report presents the results of a site-specific probabilistic seismic hazard assessment and seismic
deformation analysis performed for Qaraoun Dam by AMEC Environment & Infrastructure, Inc. (AMEC)
for International Resources Group (IRG) under the U.S. Agency for International Development/Litani River
Basin Management Support Program (LRBMSP) for the Litani River Authority (LRA) of Lebanon. The work
presented in this report was performed as part of IRG Contract No. EEP-I1-00-04-00024-00, Task Order

No. 7, dated May 23, 2011.

1.1. PURPOSE

The purpose of this study is to perform a probabilistic seismic hazard analysis (PSHA) for the project site,
develop site-specific earthquake response spectra, develop earthquake time histories consistent with the target
spectra, and use selected acceleration time histories to analyze the seismic deformation potential for Qaraoun
Dam.

Our scope of services to accomplish the above-stated purposes is outlined in our proposal dated April 8,
2010. The primary tasks performed for this evaluation included:

e Performing data collection and review of available sources;
e Performing a Probabilistic Seismic Hazard Analysis (PSHA);

e Developing Uniform Hazard Response Spectra (UHRS) corresponding to return periods of 100 and 10,000
years (and later amended to include a 2,475 year return period) for representative bedrock outcrop
conditions at the dam site;

e Identifying, selecting, and spectrally matching two sets of horizontal orthogonal-component and vertical-
component time histories, based on the major contributors to the hazard and deaggregation results, for
100- and 10,000-year return period ground shaking levels(and later amended to develop time histories for
the 2,475-year return period in lieu of the 10,000-year return period);

e Performing a two-dimensional finite-difference deformation analysis of the maximum section of the dam
for two earthquake scenarios; and

e Preparation of this report.

1.2. REPORT ORGANIZATION

A brief project description is presented in Section 2.0. Section 3.0 details the probabilistic seismic hazard
analysis and discusses the ground motion selection approach. The seismic deformation analyses ate presented
in Section 4.0. Section 5.0 summaries the general findings and conclusions of the PSHA and deformation
analyses. The basis for our analyses and conclusions is presented in Section 6.0. References cited are compiled
in Section 7.0.

This report includes three appendices. Appendix A presents rates of seismicity for the seismic source zones in
the site region. Appendix B includes plots of the acceleration, velocity and displacement time histories and
response spectra for the 100-year, 2,475-year, and 10,000-year return period ground motion levels,
respectively. The electronic files of acceleration time histories are provided on a CD included in Appendix C.
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2. PROJECT AND FACILITY
DESCRIPTION

Qaraoun Dam is located on the Litani River in the Bekaa Valley approximately 80 kilometers southeast of the
Lebanese capital city of Beirut. The dam provides storage for the production of electricity and irrigation water
for the Bekaa Valley. The dam structure is a concrete-faced rockfill embankment with a maximum height of
60 meters and a length of 1,100 meters.

The dam was constructed in the early to mid 1960s in two successive stages to allow for early filling of the
reservoir (Halwani, et al., 1964). The first stage was completed in 1962 when the reservoir was allowed to
store water up to an elevation of 838.0 meters. The second stage was completed in 1965 which brought the
crest elevation to 861.0 meters and allowed the reservoir to store water up to an elevation of 858.0 meters. A
2-meter-high parapet wall was also installed along the crest to increase freeboard.

The abutment slopes are relatively gentle (about 8H:1V) along most of the longitudinal section of the dam
until they abruptly drop into the valley formed by the Litani River. The main (maximum height) center
section of the dam is located approximately halfway between the abutments as shown on Figure 2-1.

The main embankment is comprised of dumped rockfill placed in 10-meter thick lifts and then hydraulically
washed with water. The upstream face of the embankment rockfill was constructed as a stratified zone where
individual boulders were placed in a more dense state than the adjacent dumped rockfill. The thickness of this
zone tapers from 5 meters at the toe to about 3 meters at the crest. The stratified rockfill slope is faced with a
bituminous liner and covered with reinforced concrete slab panels. The concrete panels range from 0.5 meter
thick near the toe, to 0.3 meter near the crest, with joints spaced about 14 meters horizontally, and typically
12 meters vertically. Horizontal joints are more frequent near the toe of the dam where higher differential
displacements are expected. At the toe of the dam, the water stop joint installed between the concrete panels
continues along the top of the inspection gallery until it meets the top of the bedrock on the upstream side of
the gallery. The finished upstream face slopes at about 1.2H:1V near the toe, and gradually steepens to
0.9H:1V near the crest. The downstream face slopes at about 1.35H:1V and has a 6-meter wide access road
berm at elevation 832.0 meters (Figure 2-2).

Infrequent measurements of survey monuments installed in the concrete slabs near the crest and the mid-
height of the dam indicate that the crest had experienced post-construction settlement of up to 0.2 meters
between its completion in 1965 and 1968. By the time of the next available documented survey, in 1990, the
dam had experienced an additional 2.3 m of settlement. Subsequent surveys in 1993 and 2001 indicate very
little (less than 0.1 m) settlement. As a result of these deformations, the concrete panel facing has experienced
distress and cracking and has required patching events in 1979 and 2010. While there is no explicit
information immediately available about the age of the existing parapet wall, it is understood to have
originally been built sometime in 1967. However, the wall has recently been observed to be intact and in very
good condition, indicating that it was built (or at the very least re-built or repaired) after the majority of the
post-construction settlement had occurred.

The dam was outfitted with a reinforced-concrete drainage and inspection gallery at the upstream toe across
most of the middle section of the dam as shown in Figures 2-1 and 2-2. The gallery is typically constructed in
bedrock and has a 3.1-meter diameter circular opening; large enough for personnel access for inspection of
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the drainage facilities. A grout curtain was installed below the inspection gallery (both vertical and inclined at
an angle towards the reservoir) to control under seepage.

The reservoir is controlled either through a low-level intake on the right abutment that diverts water into a
tunnel for hydropower generation downstream, or through a mid-level intake tower on the left abutment that
passes water underneath the dam and directly into the Litani River downstream of the toe (Figure 2-1).
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3. PROBABILISTIC SEISMIC
HAZARD ANALYSIS

3.1. TECHTONIC SETTING AND SEISMICITY

An understanding of the regional tectonics, Quaternary geologic history, and seismicity of an area (i.e., the
seismotectonic setting) facilitates the identification of geologic structures that should be modeled as seismic
sources. It also provides context for developing tectonic models of crustal deformation that can be used in
evaluating the tectonic role of individual geologic structures. Figure 3-1 shows the location of the Qaraoun
Dam project site within the regional tectonic setting of the area. The following sections describe the regional
tectonic setting and seismicity surrounding the site.

3.1.1. TECTONIC SETTING

The Qaraoun Dam site is located in a region of complex tectonic plate interaction along the Dead Sea fault
system, which is a 1000-kilometer-long left-lateral transform fault system that forms the northwestern part of
the boundary between the African plate on the west and the Arabian plate on the east (Figure 3-1). The Dead
Sea fault system stretches between the Gulf of Aqaba, at the northern edge of the Red Sea, to the Taurus
Mountains in southern Turkey. The southern and northern portions of the fault system are primarily
expressed as prominent north-northeast-trending transform faults connected by a series of fault-bounded
depressions (Garfunkel, 1981). The portion of the Dead Sea fault system located within Lebanon is often
referred to as the Levant fault system. In the central portion of the Dead Sea fault system the Lebanese
restraining bend, approximately 150 km long, is composed of left-lateral faults trending about N25E (Figure
3-2). Compression within the restraining bend is accommodated by northwest and southeast-dipping reverse
faults that have formed the ranges that host Mount Lebanon, Mount Hermon, and the Anti-Lebanon hills
(Carton et al., 2009). To the east of the restraining bend, the northeast-trending Palmyrides fold belt
accommodates internal Arabian plate deformation (Carton et al., 2009). The Qaraoun Dam site is located in
the southern part of the Lebanese restraining bend, to the east of the main left-lateral strike-slip fault of the
Dead Sea fault system (Figure 3-2).

Several geologic studies indicate that activity on the Dead Sea fault system began during the mid-Miocene
between about 14 and 6 million years ago (Bayer et al., 1988; Mimran et al. 1987; Garfunkel, 1981; Bartov et
al., 1980).

Total displacement on the Dead Sea fault system has been determined to be 105 to 110 km based on detailed
mapping south of the Sea of Galilee (Garfunkel, 1981; Quennell, 1984; Zaza et al., 1996). North of Lebanon,
the total displacement on the transform, often termed the Ghab fault system, is about 30 km (Zaza et al.,
1996). Detailed studies of offset geologic markers across the Dead Sea fault system indicate a long-term slip
rate between 7 and 10 mm/yr during the past 4 to 5 million years (Gatrfunkel, 1981). A block model by
ArRajehi et al. (2010) using GPS velocities across the Dead Sea fault region calculate a slip rate of
approximately 4.3 to 4.9 mm/yr, with a minor extensional component, for the Dead Sea fault south of the
restraining bend. Other block models utilizing GPS measurements in the region estimate slip rate values of
about 3 to 6 mm/yr across the Dead Sea fault system south of the restraining bend (Reilinger et al., 2006;
Vigny et al., 2006; Wdowinski et al., 2004). In Syria, north of the restraining bend, slip rates across the
Aftican-Arabian plate boundaty atre estimated at 4 to 5 mm/yr based on an elastic block model by Gomez et
al. (2007).
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3.1.2. SEISMICITY

The Dead Sea region of the eastern Mediterranean has been affected by numerous moderate to large
magnitude earthquakes. These events are related primarily to activity along the tectonic plate boundary
between the African and Arabian plates. The regional seismicity for the period between 2150 B.C. and A.D.
2011 is shown on Figure 3-3 (based on the U.S. National Geophysical Data Center NGDC) 2011 Seismicity
Catalog, described in detail in Section 3.3.1 of this report).

Numerous moderate to large magnitude earthquakes have caused damage to buildings in the region near the
Qaraoun Dam site. A magnitude 7.4 earthquake occurred in the Bekaa Valley on November 25, 1759 with a
shaking duration of about 50 seconds and a Modified Mercalli Intensity (MMI) of approximately XIII likely
telt in the vicinity of Qaraoun Dam (Ambraseys and Barazangi, 1989). A magnitude 6.4 or larger earthquake
on January 1, 1837 was felt in towns near the site, and aftershocks were felt for at least three months
following the main shock (Ambraseys, 1997). At the location of the dam within Bekaa Valley, ground shaking
intensity has been estimated to be a MMI of approximately VI to VII for the January 1837 event (Ben-
Menahem, 1981).

The NGDC maintains a worldwide catalog of significant earthquakes that meet at least one of the following
criteria: a) produced approximately $1 million (USD) in damage (or more); b) caused 10 or more deaths; c)
had a magnitude of 7.5 or greater; had a MMI of X or greater; and/or e) generated a tsunami. The following
list identifies significant earthquakes within 300 km (epicentral distance) of the site NGDC, 2011) that
caused regional damage between 2150 B.C. and A.D. 2011 with known magnitude or estimated magnitude
based on MMI.
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Significant Earthquakes within 300 Kilometers of the Qaraoun Dam Site

Depth Closest Distance
Year Month Day (km) Magnitude to Site (km)
-2150 0 0 -t 7.3 272
-1250 0 0 6.5 173
-31 9 2 7.0 173
115 12 13 7.5 286
362 5 24 6.4 249
746 1 18 7.0 173
1151 0 0 6.2 141
1160 0 0 6.1 173
1182 0 0 6.7 141
1202 5 20 7.6 29
1546 1 14 7.0 173
1759 10 30 6.4 63
1759 11 25 - 7.4 26
1834 5 23 6.3 249
1837 1 1 6.4 63
1872 4 3 7.3 298
1903 3 29 5.7 154
1927 7 11 33 6.3 173
1956 3 16 5.8 42
2004 2 11 27 5.3 208
2008 2 15 10 5.0 43

Note:

L« Indicates that the value is unknown.

3.2. SOURCE CHARACTERIZATION

The seismic hazard model for the study region includes the characterization of the soutces of potential future
earthquakes and the ground motions that they may produce. An important component of the seismic hazard
model is the characterization of the uncertainties in identifying seismic sources and defining their parameters.
A logic tree formulation is used to represent these uncertainties in the hazard model.

3.2.1. SOURCE CHARACTERIZATION
Two types of shallow crustal seismic sources are identified and characterized for the evaluation of earthquake
hazard at the Qaraoun Dam site. The first type includes shallow crustal faults within about 100 km of the site
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(Figure 3-4, Table 3-1). The second type includes areal seismic source zones (Figure 3-5). These seismic
source zones characterize the distributed crustal seismicity in the site region that is not attributed to known or
well characterized fault sources.

3.2.1.1. ACTIVE CRUSTAL FAULT SOURCES

Active crustal faults generally are defined as those that have been active during the Quaternary period (i.e.,
from 1.6 million years before present [Ma] to the present) and are likely to be active in the future. The six
active crustal fault sources considered in this hazard analysis are recognized Quaternary faults that extend to
within about 100 km of the site (Table 3-1, Figure 3-4). Faults included in the hazard analysis are judged to be
active and capable of generating moderate magnitude (M 5 to 6) or larger earthquakes based on association
with historical seismicity, and/or stratigraphic and/or geomorphic evidence of Quaternary activity (e.g.,
Gomez et al., 2003; Daéron et al., 2004; Carton et al., 2009). The key source characteristics used to develop
input parameters for the PSHA are summarized in Table 3-1, along with uncertainties or probabilities
identified for each fault parameter. The key source parameters include: style of faulting/sense of slip,
geometry, fault length, depth of seismogenic rupture, segmentation, and slip rate.

Fault sources in this study are modeled as individual faults. Discontinuous faults or fault zones are
generalized as a single continuous trace consisting of one or more straight line segments, so that the source-
to-site distance and total length of the modeled fault are consistent with the mapped fault.

Long-term neotectonic and/or Quaternary slip rates for active faults considered in this analysis are reported
in the available publications (e.g., Gomez et al., 2003; Daéron et al., 2004; Carton et al., 2009; ArRajehi et al.,
2010). Information on displacement during the most recent event and recurrence time between earthquakes,
when available, is used to supplement and constrain the values and probabilities of slip rates used to
characterize each fault. Table 3-1 shows the slip rates and their uncertainties (expressed as relative
probabilities in brackets) for crustal fault sources.

3.2.1.1.1. YAMMOUNEH FAULT

The Yammouneh fault is an approximately 297-km-long, vertical strike-slip fault located about 2.4 km west of
the site. The southern end of the fault extends along the western side of the Sea of Galilee, where an
extensional basin marks the boundary between the Yammouneh fault and Jordan Valley fault to the south.
The Yammouneh fault makes up a majority of the Lebanese Restraining Bend in the Dead Sea fault system
and accommodates a large portion of the transpressional motion in Lebanon as the African plate moves
south with respect to the Arabian plate. Paleoseismicity studies of the Yammouneh fault, summarized by
Klinger (2010), determined that the May 20, 1202 magnitude 7.6 earthquake occurred on the fault and that
the fault has a recurrence period of approximately 800 years between large events. The slip rate on the
Yammouneh faultis 5 + 1 mm/yr (Gomez et al., 2007) or 3.8 to 6.4 mm/yr (Daéron et al., 2004).

3.2.1.1.2. ROUM FAULT

The Roum fault is an approximately 55-km-long normal fault located approximately 18 km southwest of the
site. The fault displays primarily left-lateral strike-slip displacement, with little or no significant reverse
displacement recognized (Carton et al., 2009; Gomez et al., 2006). The slip rate is estimated at approximately
1 mm/yr from a geomorphology and paleoseismicity study by Nemer and Meghroui (2006) and was
estimated at 0.7 to 1.4 mm/yr by USAID (2007) for a seismic hazard study, based on an inferred rate of
cumulative seismicity.

3.2.1.1.3. RACHAYA FAULT

The Rachaya fault is an approximately 51-km-long, southeast-dipping strike-slip fault that bounds the
northwestern side of Mount Hermon, approximately 14 km southeast of the site. Slip rate on the Rachaya
fault is estimated to be approximately 1 to 1.5 mm/yr based on a paleoseismic study by Gomez et al. (2003).
The Rachaya and Serghaya faults have been considered potentially linked faults considered to rupture
coseismically (Klinger, 2010; Nemer et al., 2008); however, the large distance between the two fault traces
does not allow for these faults to be connected at the surface or at depth (see Figure 3-4 and Table 3-1). The
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October 30, 1759 magnitude 6.4 earthquake was reportedly generated by either the Rachaya or Serghaya fault
(Klinger, 2010).

3.2.1.1.4. SERGHAYA FAULT

The Serghaya fault is an approximately 122-km-long, left-lateral strike-slip fault that is located approximately
28 km east of the site. The slip rate is estimated at between 1 and 2 mm/yr of left-lateral strike-slip
displacement based on studies by Gomez et al. (2003) and Gomez et al. (2001). Fault displacements during
earthquake events are estimated at 1.8 to 2.6 meters and 60 to 90 km rupture lengths are estimated for the
Serghaya fault (Gomez et al., 2001).

3.2.1.1.5. MOUNT LEBANON FAULT

The Mount Lebanon fault is an east-dipping reverse fault located approximately 32 km west of the site. The
fault is mapped with an arcuate shape extending from the northern portion of the Roum fault for
approximately 138 km offshore to the west of Beirut, and returning onshore near the city of Tripoli in
northern Lebanon. The Mount Lebanon thrust accommodates a majority of the compressional motion that is
caused by the stresses that have formed the Lebanese Restraining Bend. The fault has a dip of approximately
45 degrees within the seismogenic crust based on analyses of geophysics by Elias et al. (2007). The slip rate
for the Mount Lebanon fault is estimated at between 1 and 4 mm/yr of reverse motion (Elias et al., 2007;
Klinger, 2010).

3.2.1.1.6. JORDAN VALLEY FAULT

The Jordan Valley fault is the portion of the Dead Sea fault system that extends south of the Sea of Galilee. It
is the major north-south trending, vertical structure that accommodates left-lateral strike-slip displacement
between the African and Arabian tectonic plates. The Jordan Valley fault is estimated to accommodate a slip
rate of approximately 2 to 6 mm/yr (ArRajehi et al., 2010; Klinger, 2010; Jaafar, 2008; Reilinger et al., 2006;
Vigny et al., 2000).

3.2.1.2. AREAL SEISMIC SOURCE ZONES

The shallow (less than 35 km deep) earthquakes that cannot be spatially attributed to the mapped active fault
zones shown on Figure 3-4 are modeled as separate areal source zones, shown as polygons on Figure 3-5.
The size and extent of the areal source zones were delineated based on prominent geologic structures and
consistent patterns of seismicity. In general, the boundaries between these morphostructural regions
correspond to changes in the spatial pattern and magnitude distribution of earthquakes, such that zones are
inferred to exhibit uniform seismicity.

The seismicity in the combined earthquake catalog (see Section 3.3.1 and Figure 3-3) is used to estimate the
earthquake recurrence parameters for each of the areal source zones. Eight crustal areal seismic source zones
that lie within about 300 km of the site (Figure 3-5) were modeled in the PSHA. The eight areal source zones
are: Lebanese Restraining Bend, Jordan Valley Zone, Levantine Basin, Cyprus Zone, Cyprus Transform, Sinai
Peninsula Zone, Sytia Zone, and Arabian Shelf.

Earthquakes in the seismic source zones are modeled as occurring on planar fault sources distributed
throughout the source area. Parameters used to characterize the areal source zones, and their weighted
uncertainties, are listed in Table 3-2.

3.2.1.2.1. LEBANESE RESTRAINING BEND

The Lebanese Restraining Bend crustal areal source zone delineates an area of moderate seismicity in the
crust along the plate boundary zone between the African and Arabian plates. The area encompasses the
Lebanese restraining bend, a series of left-lateral faults trending about N25E that accommodate transform
displacement resulting from the northwest-southeast-trending stresses of the region. Compression is
accommodated by northwest- and southeast-dipping reverse faults throughout the zone. In the eastern part
of the zone, the northeast-trending Palmyrides fold belt accommodates additional compression.

ameco LEBANON LRBMS PROGRAM — SEISMIC DEFORMATION ANALYSIS OF QARAOUN DAM ~ 3-5



Major earthquakes within the restraining bend are primarily attributed to the major plate boundary faults,
which are characterized as individual seismic fault sources (Section 3.2.1.1). The largest earthquake recorded
in this zone not associated with a seismic fault source occurred in 1991 and had an approximate moment
magnitude of My 4.9, as reported by available earthquake catalogs described in Section 3.3.1.

3.2.1.2.2. JORDAN VALLEY ZONE

The Jordan Valley crustal areal source zone delineates an area surrounding the extension of the Jordan Valley
fault south of the step over and pull-apart basin at the Sea of Galilee. The zone is characterized by moderate
magnitude (M 5-6) seismicity in the crust along the plate boundary zone between the African and Arabian
plates that is oriented approximately north-south (Figure 3-5). The largest earthquake reported in this zone
had an approximate magnitude of My 6.4 and occurred in the year A.D. 362, as reported by available
earthquake catalogs described in Section 3.3.1. Because the zone has been built to incorporate the major plate
boundary south of the Sea of Galilee, we believe it is likely that the maximum earthquake magnitude potential
in the zone is similar to that of the Jordan Valley fault to the north (see Table 3-1 and Table 3-2).

3.2.1.2.3. LEVANTINE BASIN

The Levantine Basin source zone delineates an area of low to moderate seismicity in the oceanic crust
underlying the Mediterranean Sea. The tectonic structure trend within the Levantine Basin is not well-
constrained and is therefore assigned random orientation within the model. The largest earthquakes reported
in this zone had an estimated magnitude of My 5.0 and occurred in 1970 and 1984, as reported by available
earthquake catalogs described in Section 3.3.1.

3.2.1.2.4. CYPRUS ZONE

The Cyprus crustal areal source zone delineates an area of moderate to high seismicity to the northwest of the
site (Figure 3-5). Tectonic stresses in the region are oriented northeast-southwest and have resulted in
subduction of the African plate beneath the Eurasian plate to the southwest of the island of Cyprus. The
same orientation of stresses to the east of Cyprus has resulted in primarily strike-slip displacements along the
plate-bounding faults (Wdowinski et al., 2006). The tectonic structures within the Cyprus Zone have been
assigned orientations trending primarily east-west and northeast-southwest, similar to the major faulting
structures within the zone. The largest earthquake reported in this zone had an estimated magnitude of My
6.7 and occurred in 1996, as reported by available earthquake catalogs described in Section 3.3.1.

3.2.1.2.5. CYPRUS TRANSFORM ZONE

The Cyprus Transform crustal areal source zone delineates an area of moderate seismicity that includes the
plate-bounding transform faults between the African and Eurasian plates to the north and northwest of the
site (Figure 3-5). The general tectonic structure orientation assigned to the Cyprus Transform Zone is
trending primarily northeast-southwest. The largest earthquake reported in this zone had an estimated
magnitude of My 7.5 and occurred in the year A.D. 115, as reported by available earthquake catalogs
described in Section 3.3.1.

3.2.1.2.6. SINAI PENINSULA ZONE

The Sinai Peninsula crustal areal source zone delineates an area of moderate to low seismicity in the crust of
the African plate to the southwest of the site. The source zone is located immediately west of the plate-
bounding faults between the African and Arabian plates (Figure 3-5) with assigned structural orientations
trending approximately northeast-southwest and east-west. The largest earthquake reported in this zone, likely
not associated with the plate boundary faults, was a magnitude My 5.7 event in 1903, as reported by available
earthquake catalogs described in Section 3.3.1.

3.2.1.2.7. SYRIA ZONE

The Syria crustal areal source zone delineates an area of low seismicity in the stable continental crustal region
of the Arabian Platform. The assigned structural trend is oriented approximately northeast-southwest. The
largest earthquake reported in this zone was a magnitude My 5.2 event in 1996, as reported by available
earthquake catalogs described in Section 3.3.1.
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3.2.1.2.8. ARABIAN SHELF ZONE

The Arabian Shelf crustal areal source zone delineates an area of low seismicity in the stable continental
crustal region of the Arabian Shield. The trend of tectonic structures within the Arabian Shelf zone is not
well-constrained and is therefore assigned random orientations within the model. The largest earthquake
reported in this zone was a magnitude My 6.7 event in 1182, as reported by available earthquake catalogs
described in Section 3.3.1.

3.3. EARTHQUAKE GROUND MOTIONS

The probabilistic seismic hazard analysis (PSHA) was performed to characterize earthquake ground shaking
that may occur at the project site during future seismic events in the region. The PSHA was conducted using
seismic hazard codes (software programs) developed by AMEC Geomatrix'. The PSHA was conducted to
estimate the probability of exceedance of peak ground acceleration (PGA) and response spectral accelerations
(Saat specified structural periods) at the site during selected exposure times. The seismic hazard and response
spectra were developed for a rock outcrop foundation having a shear wave velocity in the upper 30 meters
[Vss0] equal to 1,100 m/s. The site-specific seismic hazard analysis was performed to develop design response
spectra that represent 100-year, 2,475-year, and 10,000-year return periods.

The PSHA is based on an assessment of the recurrence of earthquakes on and within potential seismic
sources in the greater Lebanon region (as described in Section 3.2) and on ground motion attenuation
relationships appropriate for the types of seismic sources in the region. The parameters needed for each
seismic source include the rate of occurrence (frequency) of earthquakes for a range of magnitudes
(earthquake recurrence relationships) and the maximum magnitude. The uncertainties in identifying seismic
sources and identifying their model parameters are represented by a logic tree and used in this PSHA. The
compilation of earthquake catalog, ground motion relationships, and parameters utilized in computing the
ground motion hazard, are described below.

3.3.1. EARTHQUAKE CATALOG

The earthquake catalog used in this analysis was compiled from the Advanced National Seismic System
composite earthquake catalog, ANSS (2011), NEIC (2011), NGDC/NEIC (2011), and IRIS (2011) catalogs.
Historic events that occurred in the 20™ Century in Lebanon and listed in a study by Khair (2001) were also
included in the catalog. A combined catalog was developed by merging these catalogs and removing
duplicate events. The catalog events were all converted to a common moment magnitude (M) scale based on
relationships of records within the Global Centroid Moment Tensor (CMT) catalog (formally Harvard CMT).
The conversion from surface wave magnitude (Ms) to My was developed using the Global CMT catalog in
the region surrounding the site for events that have both Ms and My values reported. Similarly, events
surrounding the site for which both body wave magnitude (M) and My values were available were used to
develop conversions from My, to Mw magnitudes. Linear regressions for both My, and Ms to My were used as
approximate conversion relationships for the catalog events.

The complete catalog, after duplicates were removed, consisted of 6,332 events. Aftershocks and foreshocks
were then removed by first flagging potential aftershocks or foreshocks using the methods of Gardner and
Knopoff (1974), Grinthal (1985, updated by pers. Comm., 2002), and Urhammer (1986). Any event flagged
by two or more of the methods listed above was removed from the catalog. The resulting catalog consists of
3,603 independent events and covers the time period A.D. 115 to June 2011 (Figure 3-3).

' The primary computer codes used to perform the seismic hazard analysis were the Fortran executables xcd53 (12/09/09),
haz51a (08/10), and tree50 (05/10/07). These or previous versions of the programs have been validated internally and through a
PEER project. The PEER validation report is in draft form and has not yet been published
(http://peer.berkeley.edullifelines/lifelines_pre 2006/summaries/607-wong.pdf).
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3.3.2. MAXIMUM EARTHQUAKE MAGNITUDES

The maximum magnitude, Muax, for a seismic source represents the largest possible earthquake for that
source, regardless of its frequency of occurrence. Thus Myax defines the upper limit of the earthquake
recurrence relationship for the source. The approaches used to assess earthquake recurrence relationships and
Muwax are dependent on whether a fault or an areal source zone is being evaluated. The approaches used for
each type of source are described below.

3.3.2.1. FAULT-SPECIFIC SOURCES

An evaluation of Myax for all fault sources, except the Yammouneh and Jordan Valley faults, was made using
empirical relationships that relate fault rupture length and rupture area to maximum magnitude (Wells and
Coppersmith, 1994). Equal weight was given to both the relationship using rupture length and that using
rupture area. For large strike-slip faults, the relationships of Wells and Coppersmith (1994) underestimate
results for events consistently larger than approximately My, of 7.0 (Hanks and Bakun, 2008). Therefore,
Miax for the Yammouneh and Jordan Valley faults was determined using the bi-modal method of Hanks and
Bakun (2008) which relates rupture area to magnitude using different relationships for events above and
below a specific rupture area. For each crustal fault, ranges of values for the rupture length, fault dip, and
thickness of the seismogenic crust, including corresponding weights (relative probabilities) for different
parameter values, were used to calculate the maximum earthquake magnitudes listed in Table 3-1. These
calculations result in maximum magnitude distributions for each fault (i.e., all possible maximum magnitudes
given the source parameters, their uncertainties, and the empirical relationships used to estimate them) that
are used in the subsequent hazard calculations. Table 3-1 presents the weighted mean and range of these
maximum magnitude distributions.

3.3.2.2. AREAL SOURCE ZONES

The maximum recorded earthquake and the range of maximum earthquake magnitudes and associated
weights that were used to characterize the areal source zones are listed in Table 3-2. The Mmax for each
source zone was estimated with consideration given to the largest earthquake that is not associated with
crustal faulting within the zone. The range of Myax values reflects the uncertainty in the seismogenic
potential of other faults not consistently mapped or identified as active or potentially active faults within this
region.

3.3.3. EARTHQUAKE RECURRENCE

3.3.3.1. FAULT-SPECIFIC SOURCES

The slip rate reflects the rate at which strain energy (seismic moment) accumulates along a fault. The
geologically derived seismic moment rate is used to translate slip rate into earthquake recurrence rate by
partitioning the moment rate into earthquakes of various magnitudes according to a recurrence model. The
“characteristic earthquake” recurrence model (Youngs and Coppersmith, 1985) is judged to be more
representative of the seismicity of an individual fault, than are exponential models that represent seismicity of
regions. Therefore, the recurrence of earthquakes on fault sources is modeled using the “characteristic
earthquake” recurrence model.

3.3.3.2. AREAL SOURCE ZONES

The earthquake recurrence relationships for areal source zones were determined from the historical seismicity
of the region. Section 3.3.1 describes the development of the earthquake catalog for the Lebanon region. The
earthquakes in the catalog are described in terms of the moment magnitude scale (Hanks and Kanamori,
1979). The catalog was analyzed to identify dependent events (earthquakes that were aftershocks or
foreshocks of larger earthquakes) and to produce a set of earthquakes that can be considered to correspond
to a Poisson process.

The earthquake recurrence in the areal source zones is represented with a truncated exponential model
(Cornell and Van Marcke, 1969). The earthquake recurrence rates and Gutenberg-Richter b-values were
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estimated using the observed seismicity (from the independent catalog) that occurred within each zone. The
seismicity rates developed for each source zone are presented in Appendix A.

3.3.4. ATTENUATION RELATIONSHIPS

A ground motion attenuation model relates the amplitudes of peak acceleration and response spectral
acceleration at the project site to earthquake magnitude, site conditions, source-to-site distance, and style of
faulting. Past studies of strong-motion data indicate that the ground motions from various types of
earthquake sources exhibit different characteristics in terms of the scaling of ground motion amplitudes with
magnitude, source-to-site distance, and period of vibration. In addition, different attenuation models are
required for different types of seismic sources such as crustal sources in seismically active regions (i.e., plate
boundary regions), sources in stable-continental crust, and subduction-related (i.e., oceanic crust) sources. For
this study we used empirically developed ground motion attenuation relationships. However, due to the lack
of recorded strong motion data in and around Lebanon, no comparisons could be made between these
relationships and actual recordings near the site.

Several attenuation models require the site stiffness input parameter Vszo (shear wave velocity within the
upper 30 m). As there are no available direct measurements of Vs in the foundation of the dam site, or in
the vicinity of the dam, Vs30 was estimated based on measurements of shear wave velocity in similar geologic
materials from other studies. Qaraoun Dam is founded on sedimentary limestone formed during the late
Cretaceous through the Neogene period (approximately 80 to 2.6 [Ma]) (Walley, 1997). Odum et al. (2007)
reports measutements of Vs in Aymamon limestone (Puerto Rico) on the order of 985 m/s with a
maximum Vsyax of 1220 m/s. Aymamon limestone was formed during the Miocene epoch (23 to 5.3 [Ma]), a
subset of the Neogene period. Gartner Lee (2008) reports measurements of Vszo in limestone units of
Ambherstberg and Lucas formation (Southern Ontario, Canada) of about 1225 m/s with a maximum Vsyax of
1800 m/s. Amherstberg and Lucas formations were formed during the Devonian petiod (416 to 359 [Ma]).
Both of the sites in these examples are ovetlain by up to 10 m of soft soil/weathered rock, which can greatly
reduce the Vg3 from the Vsmax measurement. Given the age (similar to the Aymamon limestone) and
relatively intact condition of the bedrock at Qaraoun Dam, a V3 of 1,100 m/s was selected as input to the
attenuation relationships. This site condition is consistent with the National Earthquake Hazards Reduction
Program (NEHRP) Site Class B designation for rock site conditions.

3.3.4.1. CRUSTAL ATTENUATION RELATIONSHIPS

Attenuation relationships appropriate for ground motions produced by crustal seismic sources in seismically
active regions were selected and used in the seismic hazard analysis. The recently-developed Next Generation
Attenuation (NGA) models along with two region-specific attenuation models were used to determine
ground motion hazard at the Qaraoun Dam site for all of the modeled crustal faults and for all of the crustal
areal source zones except for the Levantine Basin, Syria, and Arabian Shelf zones.

Based on the estimated shear wave velocity at the site, the five NGA relationships were considered
appropriate to use for the randomly-oriented average horizontal component of ground motions: Abrahamson
and Silva (2008), Boore and Atkinson (2008), Campbell and Bozorgnia (2008), Chiou and Youngs (2008), and
Idriss (2008). The two regional models selected are: Ambraseys (2005), which was developed specifically for
Europe and the Middle East, and Akkar and Bommer (2010), which was developed for Europe, the
Mediterranean Region, and the Middle East.

The source-to-site distance terms used by each model are somewhat different from one another. The primary
distance parameter, Ry, is the closest distance of the site to the fault rupture plane. Other distance
parameters include the closest horizontal distance to the surface projection of the rupture plane, Rys, and the
horizontal distance from the top edge of the rupture measured perpendicular to the fault strike, Ry. All
distances are calculated in the PSHA and the appropriate values are used with each model.

The NGA models were developed using ground-motion data from California and other similar active tectonic
regions of shallow crustal faulting. The developers did not find compelling evidence that the application of
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their models should be restricted to any particular geographic region. Akkar and Bommer (2010) and
Ambraseys (2005) relationships were developed using data from Europe, the Middle East, and the
Mediterranean. Comparisons of predictions of these relationships with those of the NGA models have been
performed for Italian data by Scasserra et al. (2009). Based on our review of available information and our
understanding of the models, each of the six models was assigned equal weights for use in this PSHA study.
The attenuation relationships by Akkar and Bommer (2010) and Ambraseys (2005) have not been developed
for return periods beyond 3 seconds and 2.5 seconds, respectively; therefore, coefficients for use in these
relationships were extrapolated beyond these limits using the available data.

3.3.4.2. STABLE CONTINENTAL REGION CRUSTAL ATTENUATION RELATIONSHIPS

Attenuation relationships for earthquakes occurring in regions considered to be stable continental crust have
been developed primarily for application in central and eastern North America (CENA). Because of the
limited strong motion data set for CENA, the models have been based primarily on numerical simulations of
strong ground motions. For the most part, these models have been developed for rock sites with shear wave
velocities in excess of 2,500 m/s. However, some more recent models have been developed for estimation of
ground motions on sites with a VS30 as low as 760 m/sec. For this reason, we included the models of
Atkinson and Boore (2000), a dynamic-corner frequency model, and Campbell (2003), a hybrid model. As
described in Section 3.1, the interior Arabian Peninsula is considered a stable continental crust characterized
by an extremely low occurrence of seismicity and few to no discernable faults or active structural features.
The above models are applied to the Syria and Arabian Shelf zones that occupy the northwestern portion of
the stable continental crust of the Arabian Shield and are weighted equally in the hazard estimation.

3.3.4.3. OCEANIC CRUSTAL ATTENUATION RELATIONSHIPS

Most past assessments of the ground motions produced by subduction zone earthquakes have concluded that
there are differences between the motions produced by earthquakes that occur on the interface between the
subducting oceanic plate and the overriding continental plate (interface earthquakes), and those produced by
earthquakes occurring within the subducting oceanic plate (intraslab earthquakes). Because attenuation
relationships developed for intraslab earthquakes are based on events that have occurred in the oceanic crust,
attenuation models appropriate for calculating ground motions for intraslab earthquakes are used in the
PSHA for the oceanic crust of the Levantine Basin.

Three models were selected for intraslab earthquakes that applied to the oceanic crust. These include: Zhao et
al. (2000), Garcia et al. (2005), and Atkinson and Boore (2003) intraslab relationships for rock. The intraslab
carthquake models were assigned equal weights for use in the PSHA.

3.4. GROUND MOTION HAZARD ANALYSIS

The following sections describe the ground motion hazard analysis performed for this study. The analysis
methodology, results, and comparisons with previous studies are described in the following sections.

3.4.1. CALCULATIONS OF FREQUENCY OF EXCEEDANCE

The mathematical formulation used in most PSHAs assumes that the occurrence of damaging earthquakes
can be represented as a Poisson process. Under this assumption, the probability that a ground motion
parameter, Z, will exceed a specified value, z, in time period t is given by:

Pz>71=-1-e"V@ <yt (3-1)

where Vv (%) is the average frequency during time period #at which the level of ground motion parameter Z
exceeds value g at the site from all earthquakes on all sources in the region. Equation (3-1) is valid provided

that v () is the appropriate average value for time period £ In this study, the hazard results are reported in
terms of the frequency of exceedance v (3).

3-10 LEBANON LRBMS PROGRAM — SEISMIC DEFORMATION ANALYSIS OF QARAOUN DAM amec



The frequency of exceedance, V (3), is a function of the frequency of earthquake occurrence, the randomness
of size and location of future earthquakes, and the randomness in the level of ground motion they may
produce at the site. It is computed by the expression:

v(z) = Zan(mo)nj f (m) T f (rjm)-P(Z > z|m,r)-dr |-dm (3-2)

where a,(7) 1s the frequency of earthquakes on any given source 7 above a minimum magnitude of
engineering significance, #; f{z) is the probability density of earthquake size between 7 and a maximum
earthquake the source can produce, 7% ](r| 1) is the probability density function for distance to an earthquake
of magnitude » occurring on source #; and P(Z>z| m,#) is the probability that, given an earthquake of
magnitude 7 on source 7, at distance  from the site, the peak ground motion will exceed level z. The
frequency of earthquake occurrence, ,(#"), and the size distribution of earthquakes, /), were determined by
the earthquake recurrence relationships described in Section 3.3.3. The distribution for the distance between
the earthquake rupture and the site was determined by the geometry of the seismic sources defined in Section
3.2. The conditional probability of exceedance, P(Z>z| m,7), was determined using the ground-motion
attenuation relationships defined in Section 3.3.4. The attenuation relationships define the level of ground
motion in terms of a lognormal distribution.

In the hazard computations, the fault-specific sources were modeled by segmented planar surfaces. The
source zones were modeled by closely spaced, planar pseudo-faults distributed throughout the zone. At each
epicentral location, earthquake ruptures were placed with preferred orientations consistent with geologic
structures in the source (see discussions of average fault trend in Section 3.2.1). Earthquakes were represented
by rectangular rupture planes for the given magnitude earthquake using the rupture area relationships
developed by Wells and Coppersmith (1994) and Hanks and Bakun (2008). The depth distribution for
carthquakes was assumed to be concentrated at midcrustal depths.

The hazard was computed considering the contributions of earthquakes of magnitude My 5 and larger (7 =
5). At each ground motion level, the complete set of results forms a discrete distribution for frequency of
exceedance, V (). The computed distributions were used to obtain the mean frequency of exceeding various
levels of peak ground motion (mean hazard curves).

3.4.2. PROBABILITIES OF EXCEEDANCE

Detailed seismic hazard results are presented for the site showing contributions from individual sources to
the total hazard. Figures 3-6, 3-7, and 3-8 show the total mean hazard at the site, and contributions from each
individual source for peak ground acceleration (PGA), and spectral acceleration (S,) at 0.2- and 1.0-second
periods, respectively. The plots are presented in terms of the ground motion parameter (PGA or S,) versus its
mean annual frequency of exceedance. The annual frequency of exceedance is the inverse of the return period
in years.

At all periods the hazard is dominated by the local Yammouneh fault. For PGA (Figure 3-6), the hazard is
almost completely controlled by the Yammouneh fault. At longer periods (0.2 and 1.0 seconds) and at high
frequencies of exceedance, while the Yammouneh fault still dominates the hazard, contributions from the
Lebanese Restraining Bend zone and nearby crustal faults become more significant (Figures 3-7 and 3-8). The
site lies within the Lebanese Restraining Bend zone and within 2.4 km of the Yammouneh fault; therefore, as
may be reasonably expected, the hazard appears to be controlled by the closest seismic sources.

Figures 3-9a through Figure 3-9c¢ present magnitude-distance contributions to the hazard (deaggregation) for
PGA, and for S, at 0.2- and 1.0-seconds, respectively, for ground motions at a return period of 100-years
(annual frequency of 0.01). Figures 3-9d through Figure 3-9f show the results of the deaggregation for PGA,
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and for S, at 0.2- and 1.0-second at a 10,000-year return period. At these long return periods, the hazard at
the site is dominated by the Yammouneh fault.

3.4.3. UNIFORM HAZARD RESPONSE SPECTRA

3.4.3.1. HORIZONTAL RESPONSE SPECTRA

PSHA results for the Qaraoun Dam site were calculated for peak ground acceleration and response spectral
accelerations at ten spectral periods (0.075, 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 2.0, 3.0, and 4.0 seconds). The mean
hazard curves for each spectral period were interpolated to obtain values of spectral acceleration associated
with return periods of 100 and 10,000 years; these return periods correspond to probabilities of exceedance
of approximately 39"z percent, and %2 percent in 50 years, respectively. These values were then connected by
smooth curves to produce uniform hazard response spectra (UHRS) for five-percent damping. The UHRS
for the 100- and 10,000-year return periods are plotted on Figure 3-10 and listed in Table 3-3. Also shown are
the UHRS for 475-, 975-, and 2475-year return periods for reference.

3.4.3.2. VERTICAL RESPONSE SPECTRA

Vertical response spectra for the 100- and 10,000-year return periods were also developed for the Qaraoun
Dam analysis. At this time, the ground motion models described in Section 3.3 do not include parameters to
estimate vertical motions. Therefore, vertical response spectra were developed by estimating appropriate
vertical/hotizontal (V/H) ratios from previously developed attenuation relationships, and applying them to
the horizontal UHRS. Previous attenuation relationships for crustal earthquakes developed by Abrahamson
and Silva (1997), Campbell and Bozorgnia (2003), and Sadigh et al. (1993) provide coefficients for estimating
vertical response spectra on rock sites.

The deaggregation of the hazard results at the 100- and 10,000-year return periods presented in Section 3.4.2
show that most of the contribution to the hazard is from a strike-slip event on the Yammouneh Fault in the
range of My 6.8 to 8.2 at a distance of 2.4 km. AMEC, in partnership with Quest Structures, Inc., developed
V/H ratios based on the previously mentioned attenuation relationships (AMEC and Quest, 2009). The
ratios were developed for a combination of distances, magnitudes and faulting types. Final V/H ratios were
computed using the geometric mean of the Abrahamson and Silva (1997), Campbell and Bozorgnia (2003),
and Sadigh et al. (1993) attenuation relationships at a distance of 1 km and My, = 7.5, as shown in Appendix 4
of AMEC and Quest (2009). A minimum V/H ratio of 0.50 was applied to periods where the geometric
mean dropped below 0.5. Figure 3-11 shows the final (mean) V/H ratios selected to develop the vertical
uniform hazard response spectra for Qaraoun Dam. The ratios were applied to both the 100- and 10,000-year
return period hotrizontal spectra.

3.4.3.3. DETERMINISTIC SEISMIC HAZARD ANALYSIS

We developed deterministic response spectra for the median (50th), and 84th-percentile (median plus one
standard deviation) ground motions based on scenario earthquakes on the Yammouneh, Roum, and Rachaya
faults. These earthquakes are the largest contributors to the hazard at long periods as shown on Figure 3-6
through Figure 3-8.

The deterministic spectra were developed using the mean maximum magnitudes for these sources, the closest
distance to the site, and the same set of weighted attenuation relationships as used for the probabilistic
analysis. The deterministic earthquakes considered in the analysis are:

o M 7.2 strike-slip earthquake on the Yammouneh fault at a distance of 2.4 km from the site.
e M 6.8 strike-slip earthquake on the Rachaya fault at a distance of 14 km from the site.

e M 6.9 strike-slip earthquake on the Roum fault at a distance of 18 km from the site.

Results of the deterministic analysis are presented on Figure 3-12 and in Table 3-4. The deterministic 84t
percentile response spectrum from the Yammouneh fault is compared with the uniform hazard spectra from
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the probabilistic analyses in Figure 3-10. The deterministic 84 percentile spectrum from the Yammouneh
fault corresponds to a UHRS at a return period of about 2,500 years.

3.4.4. NEAR FAULT DIRECTIVITY EFFECTS

The NGA relationships do not explicitly differentiate near-field effects; thus, it is necessary to modify the
probabilistic results to account for near-field fault rupture effects. Near-field ground motion effects (termed
Directivity Effects) at periods of vibration longer than 0.5 second are associated with large magnitude (= My
6.5) earthquakes occurring on nearby faults. For fault ruptures propagating toward the site, the forward
directivity effect produces a large-velocity pulse at the beginning of the strong shaking and results in
enhancement of the long-period horizontal spectral accelerations particularly for the fault normal component
of ground motion. For fault ruptures propagating away from the site, a de-amplification of long-period
spectral acceleration is expected to occut. These near-field effects described by Somerville et al. (1997) are
considered to be significant only for sites located within approximately 15 km of an active fault. A more
recent study (Spudich and Chiou, 2008) evaluated near-field effects of fault directivity on expanded databases
of earthquake ground motions and provided updated approaches to modify spectra for near-field effects.

Several faults are situated within 15 km of the site; however, the Yammouneh fault is the dominant
contributor to the hazard and is therefore the fault likely to generate amplified long period motions as the
result of forward directivity. The near-field effects of this source are accounted for probabilistically using fault
characteristics and weighting from Table 3-1, and the methodology of Spudich and Chiou (2008) for the
NGA attenuation relationships. Ruptures can occur anywhere along the Yammouneh fault, with no
preferential initiation location. Directivity factors are computed for 20 rupture scenarios where the initiation
point is stepped along the fault at 15 km spacing. The calculations are completed for all periods from 0.5 to 4
seconds. The strike of the Yammouneh fault is in a direction approximately normal to the longitudinal axis of
Qaraoun Dam. The analyses proposed for the dam will be performed on a transverse cross-section of the
dam that is normal to its longitudinal axis. The ground motions to be used as input to the analyses are in the
transverse (upstream/downstream) direction. Accordingly ground motions representing the fault parallel
component from an event on the Yammouneh fault should be used in the analyses. To account for fault
orientation, the factors calculated from Spudich and Chiou (2008) were multiplied by Somerville et al. (1997)
fault parallel factors for strike-slip faulting. The resulting period-dependent weighted average factors are close
to 1.0. The resulting factors for each earthquake return period and the adjusted UHRS are presented in Table
3-3 and on Figure 3-13.

3.4.5. COMPARISON OF RESULTS WITH OTHER STUDIES

Previous studies on the seismic hazard of the region surrounding Qaraoun Dam by different agencies and
independent researchers provide a comparison with the results of this study. Commonly, available reports and
maps focus on peak ground acceleration (PGA) at return periods of 475 years and 2,475 years. Unless noted,
the site conditions utilized by these previous reports are unknown. No previous studies were found to focus
on return periods of 100 years or 10,000 years; therefore to help make a generic comparison, the PGA values
calculated in this PSHA are 0.40g for a 475-year return period and 0.77g for a 2,475-year return period.

The Global Seismic Hazard Assessment Program (GSHAP) estimates a peak ground acceleration (PGA)
value at Qaraoun Dam of approximately 0.25 g for a 475-year return period (Giardini et al., 1999). A study of
earthquake hazard of Jordan and the surrounding areas by Jimenez et al. (2006) shows Qaraoun Dam located
in a zone corresponding to PGA values of 0.30g to 0.35¢g for a 475-year return period, updating earlier studies
that show the site in a zone with PGA values of about 0.15g to 0.25¢g for a 475-year return period (Fahmi et
al.,, 1996; Jimenez et al., 2001). Al-Tarazi and Sandoval (2007) estimate a PGA value of between 0.15g and
0.20g for a 475-year return period in the region near the site. Seismic hazard maps produced for the U.S.
Agency for International Development Assessment for Building Codes Project (Shapira and Hofstetter, 2007)
show the site located in an area corresponding to PGA values of 0.2g to 0.3¢g for a 475-year return period.

A study of seismic hazard for Lebanon by Harajli et al. (1994) shows a PGA value of approximately 0.2g for a
475-year return period at the site. A more recent study of seismic hazard for Lebanon by Elnashari and El-
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Khoury (2004) shows a PGA value of 0.20g to 0.21g for a 475-year return period, and 0.30g to 0.35g for a
return period of 2,500 years. An analysis of seismic design for rockfill dams in Lebanon shows Qaraoun Dam
located in a zone that corresponds to a PGA value of approximately 0.3g for a return period of 475 years
(Geadah, 20006). However, it was not an independent study and was likely based on a study by Harajli et al.
(2002).

Differences between previous ground motion estimates and values from this PSHA likely result from a
combination of the use of different attenuation models, and how crustal faults are dealt with by each study.
We note that a majority of the available previous studies do not account for the potential contribution of
discrete fault sources to the seismic hazard, but use only historical seismicity to define the regional hazard.
We also note that the available previous studies were completed prior to the recent investigations of slip rate
for the Yammouneh fault (eg., Gomez et al., 2007; Daéron et al., 2004) and therefore do not incorporate the
slip rates and maximum magnitude estimates that are greater than previously available.

3.5. DEVELOPMENT OF ACCELERATION TIME HISTORIES

This section describes the development of the 100-year and the 10,000-year return period spectrum-
compatible time histories for use in the deformation and seismic stability analyses of Qaraoun Dam.

3.5.1. SELECTION OF SEED TIME HISTORIES

As discussed in the previous sections, the Yammouneh fault is the largest contributor to the total hazard.
Therefore, time histories representative of crustal sources were selected for use in the dynamic analyses. The
time histories consist of actual strong motion recordings from the Pacific Earthquake Engineering Research
Center (PEER) NGA database that have been rotated into fault-normal and fault-parallel orientations.

Four seed time histories were selected for the analysis of Qaraoun Dam, two for each of the 100- and 10,000-
year return period, respectively. The dominant earthquake that was identified from deaggregation of the
PSHA (Figures 3-9a through 3-9f) and the magnitude-distance contribution to hazard is a My 7.2 strike-slip
earthquake on the Yammouneh fault at a distance (Rryp) of 2.4 km.

The four seed time histories were selected from a larger list of potential matches of existing time histories,
primarily based on the magnitude-distance and fault type combinations described above, similarity of the
spectral shape to the target UHRS, and rock site conditions that are approximately similar to a Vsso of 1,100
m/s. The following range of parameters was used for the initial selection of candidate crustal time histories:

e Magnitude (M) between 6.5 and 8.0;
e Distance to fault rupture (Reyp,) between 0 and 20 km;
e Strike-Slip, Normal, or Reverse Earthquakes; and

® Vs30 between 400 and 1,400 m/s.

Additional criteria that were considered in selecting records for the final suite include the duration of strong
shaking, a reasonable scaling factor, and overall quality of the natural record. We selected no more than one
record from each earthquake in an effort to capture a range of earthquake characteristics in the ground
motions. The four seed time histories selected for matching to the target spectra for each of the 100- and
10,000-year return periods, and the associated metadata for each record from the NGA database, are listed in
Table 3-5.

3.5.2. DEVELOPMENT OF SPECTRUM-COMPATIBLE TIME HISTORIES

For Qaraoun Dam two sets of two-component spectrum-compatible acceleration time histories were
developed to represent the 100-year return period design ground motions and two additional sets were
developed to represent the 10,000-year return period design ground motions at the site. A total of 2 sets of
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spectrum-compatible time histories were developed for each scenario earthquake. Each set of time histories
consists of two components of motion; one horizontal and one vertical.

The time histories were modified using a time-domain approach such that their response spectra match the
target spectra. The horizontal component of the seed time histories was matched to the uniform hazard
response spectrum (UHRS) as modified by the near fault factors described in Section 3.4.4. The vertical
component of the seed time histories was matched to the vertical target spectrum described in Section 3.4.3.2.

The spectral matching was performed using the time-domain procedure proposed by Lilhanand and Tseng
(1988) and later modified by Abrahamson (1992). This approach makes small adjustments to the time
histories, which are used to make non-stationary modifications to the original time history. This process
preserves the non-stationary properties of the original time history. Thus, the time-domain approach can be
used to develop a time history that matches a target spectrum yet still has a realistic displacement waveform.

The modifications of time histories were made using the program RSPMATCH (Abrahamson, 1993; current
version released in 20006). The seed time histories were modified such that their spectra would be “loosely
matched” to the target response spectra. In the matching process, the horizontal component of each time
history was modified such that its response spectrum matched the target horizontal spectrum described in
Section 3.4.3.1.

Figures 3-14a and 3-14b show the comparison between the spectra of the modified horizontal time history
and the target spectra for the 100-year and the 10,000-year return periods, respectively. Comparison between
spectra of the modified vertical time history and the vertical target spectra for the 100-year and the 10,000-
year return period are shown on Figure 3-15a and Figure 3-15b, respectively.

Comparisons between the response spectra (5% damped) of the scaled, spectrum-compatible time histories,
and the target response spectra are shown in Appendix B. The figures also show a comparison between the
acceleration, velocity, and displacement time histories of the matched records and the scaled natural record
for the 2 sets of time histories for 100- and 10,000-year return periods. The electronic files of the matched
acceleration time histories are provided on a CD in Appendix C.

3.6. RECOMMENDED EARTHQUAKE SCENARIOS FOR
DEFORMATION ANALYSES

Following the development of the 100-year and 10,000-year return period earthquake scenarios and
associated acceleration time histories, project team members from AMEC and IRG discussed the basis for
selection of ground motions that would be most appropriate for analyzing the seismic response and
deformation of the dam. The California Department of Water Resources, Division of Safety of Dams
(DSOD) recommends that an 84 -percentile deterministic ground motion be used for evaluating the seismic
stability for dams that classify as “high consequences of failure” structures (Fraser and Howard, 2002). The
DSOD (Fraser and Burns, 2004) performed deterministic and probabilistic seismic hazard studies for over
100 dam sites in California, to assess the level of conservatism in the selection of the 84t percentile level of
ground shaking for evaluating the seismic stability of dams under their jurisdiction. Their study included
regions of high slip-rate faults (slip rates in excess of 1 mm per year) such as the San Francisco Bay Area and
the Los Angeles area. The results of their study indicated that for dams in the San Francisco area, the 84
percentile ground motions had return periods in the range of 1,000 to 4,000 years. Similarly for the Los
Angeles area, deterministic 84t percentile ground motions had return periods between 500 and 10,000.

As stated in Section 3.4.3.3 above, deterministic estimates of ground motions for Qaraoun dam indicate that
84 percentile ground motions from a magnitude 7.2 earthquake on the Yammouneh fault (with a slip rate of
about 6mm per year) correspond to a return period of about 2,500 years, which is within the range of
estimates for high slip-rate fault regions in California, and adopted by the California DSOD. Ground motions
for a return period of 2,475 years have a 2 percent chance of being exceeded in 50 years. Accordingly, the
team agreed that a 2,475-year return period ground motion would be developed and used for the deformation
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analysis in lieu of the initially specified 10,000-year return period. The development of the acceleration time
histories for this level of shaking followed the same approach as described in Section 3.5 above. Figure 3-16a
through Figure 3-16¢ show the results of the deaggregation for PGA, and for S, at 0.2- and 1.0-second for the
2,475-year return period.

The seed time histories originally selected to match the 10,000-year return period target spectra, were
spectrally matched to the 2,475-year return period response spectra. These records include the Tabas station
recording from the magnitude 7.4 Tabas, Iran earthquake of 1978, and the Hector Mine station recording
from the magnitude 7.1 Hector Mine, California earthquake of 1999. Figures 3-17a and 3-17b show the
comparison between the target spectra for the 2,475-year return periods and the spectra of the modified
horizontal and vertical time histories, respectively. The two sets of matched time histories are presented in
Appendix B.
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4. NONLINEAR
DEFORMATION ANALY SIS

4.1. APPROACH AND METHODOLOGY

The dynamic response and seismic deformations of Qaraoun Dam were estimated using the computer
program FLAC (Fast Lagrangian Analysis of Continua) Version 6 (Itasca, 2005). This approach involves
performing two-dimensional, finite-difference analyses to evaluate the dynamic response and permanent
displacements of the central cross section of the dam (Figure 2-2) during the postulated seismic shaking at the
dam site. The FLAC program was incorporated with a nonlinear bounding surface hypo-plasticity model for
granular materials (Wang, 1990). The nonlinear bounding surface hypo-plasticity model is implemented in
FLAC as a UDM (User-Defined-Model). The FLAC mesh developed for analysis was based on the
maximum-height (central) cross section of the dam provided by IRG (Figure 2-2). The model was composed
of four material types as illustrated in Figure 4-1: foundation bedrock, dumped rockfill, stratified rockfill, and
concrete (for the drainage gallery and upstream embankment panel facing). The concrete drainage gallery and
the adjacent bedrock are modeled with fine grid zones to more accurately calculate the response of the
gallery. The concrete panels on the upstream face of the embankment are placed on the stratified rockfill layer
and are modeled as structural elements (designated as “liner elements” in the FLAC program).

It was assumed that the concrete facing, drainage gallery, and the cut-off curtain provide an effective means
of controlling seepage from the reservoir, and that the rockfill remains in an unsaturated condition. Under
this assumption, the dam embankment rockfill was modeled as “moist.” Static water pressure was applied to
the concrete facing below the design reservoir level (elevation 858 m) and on the top of the bedrock upstream
of the drainage gallery to model the reservoir water load.

In the dynamic analysis, a compliant boundary was specified along the base of the model to simulate the
unbounded extent of the elastic foundation bedrock beneath the dam. The earthquake motions were input as
a stress time history at this boundary. Free-field boundaries were used for the left- and right-side boundaries.

The effect of hydrodynamic pressure (additional pressure on the embankment from water sloshing up against
the dam during an earthquake) on the concrete face of the dam was investigated by modeling the reservoir
water on the upstream face of the dam with an additional grid of material representing the reservoir watet.
The results show that the impact of hydrodynamic pressure on permanent deformations is not significant
(less than 15% increase to displacements at the dam crest compared to the analysis without hydrodynamic
pressure). Studies by Bureau and others (1985) indicate that including the effects of reservoir hydrodynamic
forces had no significant influence on the computed acceleration response of the dam. When including the
hydrodynamic forces, their finite element analysis resulted in slightly lower accelerations, while the computed
fundamental period was unchanged. The computed shear stresses within the rockfill were within 2 to 5
percent of the values computed when not including the hydrodynamic water loads.

It was also noted in this study that modeling hydrodynamic pressure by water zones increased the
computation time and the potential for numerical instability. Hence, the hydrodynamic pressure was not
included in the final FLAC runs presented in this report.
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4.2. STATIC STRESSES AND STATIC PROPERTIES

To establish the state of stress in the dam before the earthquake, a static stress analysis was performed in
FLAC. The resulting state of stress in the dam serves as the initial stress state for the dynamic analyses. The
FLAC analyses were performed for a cross section representing the central section, as shown on Figure 2-2.
The finite difference grid representing the cross section is shown on Figure 4-1. Table 4-1 summarizes the
static material properties used in the analyses.

The construction sequence of the dam was not modeled. The dam mesh was set up in a single step and the
loading was applied as a gravity turn-on. For the static stress analysis, the finite difference mesh was fixed at
the bottom and was supported by vertical rollers at the left and right side boundaries to allow vertical, but not
horizontal, displacement. The static stress analysis used the Mohr-Coulomb model and the stress state was
tirst calculated (by gravity turn-on) using an assumed constant soil modulus. Then the stress-dependent
moduli were obtained through iteration using the relationship developed by Duncan and Chang (1970) and
modified by Duncan et al. (1980), and the parameters K, n, K;, and m listed in Table 4-1. The computed
vertical stresses, horizontal stresses and shear stresses are presented on Figures 4-2 through 4-4, respectively.

The rockfill material is cohesionless, and its shear strength is governed by a friction angle (¢), which varies
with confining pressure. Leps (1970) and Duncan (2004) studied the effect of confining pressure on rockfill
strength from a series of large-scale tests on a wide variety of rockfill types differing in parent material and
particle size. Both studies recommend relationships between confining stress and drained friction angle that
are largely dependent on the relative density, gradation, and strength of the individual particles as shown on
Figure 4-5a. Barton and Kjernsli (1981) also studied the effect of confining pressure on rockfill strength
from a series of triaxial shear tests and concluded that three intrinsic characteristics of rock quality affect the
overall strength: friction of the flat rock surface, roughness of the particle surface, and uniaxial compressive
strength of the parent rock mass. If ¢, is the basic friction angle of flat, nondilatant surfaces of the rock
material, R is the equivalent roughness (dimensionless) of the actual rock particles, and S is the equivalent
strength (a measure of the compressive strength of the parent rock and particle size), the effective friction
angle of the rockfill (#)may be represented by:

@' =R log(S/on') + o (4-1)

where and ;' is the effective normal stress. Kulesza (1987) provides recommendations for these parameters
for a variety of different rockfill placement conditions with parent material of good quality. For Qaraoun
Dam, the rockfill strength can be estimated using ¢, = 30° and S = 2400 psi (16.5 MPa) with R values of 7.2
and 8.8 for the dumped rockfill and stratified rockfill, respectively. These values are summarized in Table 4-1.
The effective friction angles were estimated for both zones as a function of confining pressure using equation
4-1 and plotted on Figure 4-5b. The trend for the dumped rockfill strength agrees quite well with the
“average rockfill” relationship recommended by Leps (1970). The trend for the stratified rockfill strength is
also within the range of values recommended by Leps (1970). The average strength curve from Duncan
(2004) for the compacted rockfill at Diamond Valley Reservoir is also shown on the same figure. The
strength envelope for the compacted rockfill is higher than the curve selected for the dumped rockfill for
Qaraoun Dam. Effective friction angles estimated with this approach generate the contours of ¢’ shown on
Figure 4-6 for the maximum section at Qaraoun Dam.
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Table 4-1 Summary of Static Material Parameters

Parameters Concrete Bedrock
(kg/m°) 2400 2243
Density
(pcf) 150 140
(Pa) 9.96E+09 1.87E+09
Shear Modulus®
(psf) 2.08E+08 3.91E+07
(Pa) 1.38E+10 3.12E+09
Bulk Modulus®
(psf) 2.89E+08 6.52E+07
Parameters Dumped Rockfill ~ Stratified Rockfill
(kg/m’) 1922 2082
Density
(pcf) 120 130
R 7.2 8.8
16548000 Pa 16548000 Pa
S
Friction Parameters? 2400 psi 2400 psi
¢ [deg] 30 30
¢' [deg] R log(S/on)+do R log(S/on)+do
(Pa) 0 0
Cohesion
(psf) 0 0
k 450 450
Kb 125 125
Parameters Used for Static Stress Analysis
m 0.2 0.2
n 0.4 0.4
Young's Modulus E K pa(om/pa)" K pa(om/pa)”
Bulk Modulus B kb pa(om/pa)™ Kb Pa(om/pa)™

! Bedrock modulus corresponding to Vs=3000 fps, v =0.25, Concrete modulus corresponding to E=3,498,000 psi, v=0.21

2 Based on Kulesza (1987) and relationship proposed by Barton and Kjaernsli (1981)
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4.3. NONLINEAR SOIL MODEL AND PARAMETERS

The nonlinear dynamic analysis was performed using the bounding surface hypo-plasticity model (Wang et al,
1990), the main features of which are illustrated in Figure 4-7. Some of the main features of the bounding
surface hypo-plasticity model compared with equivalent linear and nonlinear hyperbolic models are:

1. a failure surface defined by friction angle is used to represent the shear strength of the coarse-
grained soils;

2. within the framework of bounding surface plasticity, the soil modulus for each stress increment
is defined as a function of stress loading level in terms of the “distance” to the failure surface and
the maximum pre-stressed surface in the stress tensor space; thus, the stress-strain relationship is
fully nonlinear during both loading and unloading conditions; and

3. the model is capable of modeling shear stress-induced volumetric change.

In undrained conditions, the tendency for volume change produces excess pore water pressure. This feature
enables the prediction of liquefaction potential due to shear stress loading, and the potential for settlement
after dissipation of the induced pore pressure. However, since the embankment was modeled as “moist”
(non-saturated), the liquefaction potential feature was not activated, and thus the volumetric change
component was not modeled in the current analysis.

Nine parameters are required in the dynamic response analyses based on the bounding surface hypo-plasticity
model:

The effective friction angle (¢') can be estimated using the same relationship described for the static stress
analysis in Section 4.2.

The parameter G, is the modulus coefficient that defines the initial (maximum) elastic shear modulus, G,
using the following equation:

C;max = Go paV (e),‘ pi (4'2)

(2.973-¢)?
1+e (4-3)

where:

V(e) =

and where p, is the atmospheric pressure, ¢ is the void ratio, and p is the mean effective confining pressure.
The model parameter G, can be related to the value Kz,uvin the relationship of Seed and Idriss (1970) shown
below:

Gmax = 1000 KZmax (p)o'5 (4'4)

Thus, the corresponding parameter G, in the bounding surface plasticity model can be converted from Kz
values through a factor that depends on void ratio:

G, =21.738K,.. IV () (4-5)

2max
Data available on Komay for rockfills, particularly for dumped rockfill such as used for the major part of
Qaraoun Dam, is very limited. Back-analyses of Komax were reported by Lai (1985) based on the behavior of
two Mexican dams (El Infiernillo and La Villita) during several earthquakes that occurred between 1966 and
1979, and of Long Valley Dam in California, during the May 1980 Mammoth Lakes earthquake. Boulanger et
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al. (1994) performed two- and three-dimensional dynamic response analyses of Cogswell Dam for ground
motions recorded during the 1991 Sierra Madre and 1987 Whittier-Narrows earthquakes. They used the
results of the response analyses and recorded ground motions to estimate the dynamic properties of the dam
rockfill. Cogswell Dam is a 280-foot-high concrete-faced, dumped rockfill dam. Based on their studies,
Boulanger et al. (1994) reported that the insitu dynamic properties of the rockfill comprising the body of
Cogswell Dam appear to be reasonably represented by a Komax value of 120 to 140, with the mid-range
modulus degradation relationship proposed for gravels by Seed et al. (1986). Based on these studies, the
values reported by Kulesza (1987) and reviewed and used by Geomatrix (1999) for the dumped rockfill at
New Exchequer Dam, appear reasonable and were adopted for the present analyses. These values of Komax
and void ratio, e, for calculating G, are listed in Table 4-2 (Kamax of 80 and 120, and void ratio of 0.5 and 0.4
were selected for the dumped rockfill and stratified rockfill zones respectively).

The parameter 4, characterizes the relationship between shear modulus and shear strain. Relationships of the
normalized modulus reduction factor G/ G,.x and material damping ratio with shear strain (Darendeli, 2001)
were used to generate target curves for each zone. The model parameter 4, for each zone was calibrated to
provide modulus reduction and damping relationships with shear strain that match the target curves. Because
the nature of the Darendeli relationships is stress-dependent, the parameter 4, is also stress-dependent and
varies throughout the dam (Figure 4-8). Figures 4-9 and 4-10 show the modulus reduction and damping ratio
relationships (both target curves and calibrated/matched cutves) for 4 locations (confining pressures)
underneath the crest.

Two additional parameters (&, and d) are used in the effective stress analyses to simulate pore water pressure
changes. In the case of Qaraoun Dam, the rockfill is not saturated; thus, the two parameters are inactive (by
assigning values of 100 and 150 to them, respectively).

The parameter 4 does not have a clear physical meaning; it is used to vary the shape of the effective-stress
path in the model simulation. A default value of 2 often is used, and was used here.

The parameter Vis the well-known elastic parameter Poisson’s ratio. An estimated value of 0.33 was used for
all of the rockfill material zones. The foundation bedrock has a value of 0.25, and concrete has a value of
0.20.

The parameter R, represents the so-called phase transformation line. For this study, R, = Rywas used.

All of the calibrated model parameters assigned to the materials in the cross section analyzed for this study
are presented in Table 4-2 below.

Table 4-2: Summary of Nonlinear Soil Model Parameters for Dynamic Analyses

. o' 1 Poisson's Void
Material (degrees) Kamax  Go hr ke d Ratio b R/Ri Ratio e
Dumped From static Calibrated based on

80 427 100 150 0.33 2 1.0 0.5
Rockfill analysis Darendeli (2001)
Stratified i i
‘ From st::_1t|c 120 552 Calibrated _based on 100 150 033 5 1.0 04
Rockfill analysis Darendeli (2001)

! G,=21.738*(1+€)*Kymad/(2.973-€)°

It should be noted that the two constitutive models used in this study do not model the effect of seismically-
induced volumetric straining of the rockfill. Large shear stresses propagating through the embankment have
the potential to consolidate portions of the rockfill that may have been placed in a loose manner. While the

bounding surface hypo-plasticity model has the ability to account for volumetric strains, the parameters that
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are needed to model this behavior cannot be estimated without extensive field and laboratory tests on
representative samples of the rockfill, which are not available. Furthermore, it is not common to incorporate
volumetric straining potential in these types of analyses, and there are no published examples in practice to
use as guides for developing these parameters. Section 4.8 provides a discussion for qualitatively addressing
the volumetric straining effects in the overall estimates of deformation of the dam.

4.4. STRUCTURAL AND INTERFACE ELEMENTS

The concrete panels on the upstream face of the embankment were modeled as “liner elements” in the FLAC
numerical model. Based on the cross section detail of the center section (Figure 4-1) the concrete panels
were modeled as three sections with different thicknesses corresponding to the stratified fill thickness behind
them. The thickness, density, and elastic modulus of the concrete liner elements are listed in Table 4-3.

Table 4-3: Input Parameters for Liner Elements

Elevation Thickness Unit Weight Young’s Modulus . )
Poisson’s Ratio
(m) (m) () (kg/m®) (pcf) (Pa) (psi)
800-820 0.5 1.63 2400 150 2.64E+10 3,830,000 0.2
820-854 0.4 130 2400 150 2.64E+10 3,830,000 0.2
854-861 0.3 0.98 2400 150 2.64E+10 3,830,000 0.2

The concrete panels are in contact with the stratified rockfill layer on the upstream face of the embankment.
The shear resistance at the contact surface (i.c., the interface between concrete panels and rockfill) is normally
modeled as a Mohr-Coulomb (frictional) type of behavior. In the FLAC model, this behavior was simulated
using a built-in interface element. Interface elements were assigned at the contact surface between the
concrete panels (liner elements) and the stratified rockfill, based on our experience working on similar
projects. The shear resistance (in terms of cohesion and friction angle), shear stiffness Ks, normal stiffness
Kn, and tension limit selected for the interface elements ate shown in Table 4-4.

Table 4-4: Input Parameters for Interface Elements

Cohesion Friction Angle Ks Kn Tension Limit
(Pa) (psf)  (degree) (kg/m®) (pcf) (kg/m®) (pcf) (psf)
4790 100 45 6.08E+05 3.80E+04 1.92E+07 1.20E+06 100

4.5. ANALYSIS RESULTS USING POSTULATED GROUND MOTIONS

The nonlinear dynamic analysis was performed using as input the four spectrally-matched time histories (both
horizontal and vertical components) for the 100-year and 2,475-year return periods developed from the
PSHA in Section 3.0 and shown on Figures 4-11 and 4-12 (100-year) and Figure 4-20 and 4-21 (2,475-year).
For the analyses, a full reservoir elevation was assumed at about Elev. 858 meters. A summary of the key
results of these analyses are shown in Table 4-5. The results of the analyses show that the permanent crest
settlement is calculated to be about 0.03 meter for the 100-year events and between about 0.35 and 0.44
meter for the 2,475-year events. The peak horizontal accelerations at the dam crest are calculated to be
between about 0.32¢g and 0.40g for the 100-year events, and between about 1.47g and 1.84g for the 2,475-year
events.
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Table 4-5: Summary of FLAC Nonlinear Analysis Key Results

Input Motion Displacement at

Peak
Earthquake Direction Peak . Acceleration at Dam Crest at the
Acceleration end of Earthquake
Dam Crest (g)
(9) (m)
Horizontal 0.147 0.32 0.013
Dayhook Record
Vertical 0.135 0.16 -0.028
100-year Event
Horizontal 0.138 0.40 0.019
San Jose STH Record
Vertical 0.143 0.20 -0.031
Horizontal 0.813 1.47 0.45
Tabas Record
Vertical 0.885 1.26 -0.44
2,475-year Event
Horizontal 0.905 1.84 0.29
Hector Mine Record
Vertical 0.738 1.14 -0.35

4.5.1. 100-YEAR EVENT (DAYHOOK RECORD)

The input earthquake ground motion time histories for the 100-year event are shown on Figure 4-11 (for the
horizontal upstream/downstream component) and Figure 4-12 (for the vertical component) for the Dayhook
Station record of the Tabas earthquake. Figures 4-13 and 4-14 show contours of the computed horizontal and
vertical displacements, respectively, at the end of the earthquake. The deformed shape of the embankment
(with displacements shown at a magnification factor of 50) is shown on Figure 4-15. The deformed mesh on
Figure 4-15 shows that the crest will have a tendency to settle and the embankment will have a tendency to
deform in the downstream direction during the postulated ground shaking. A contour plot of the maximum
shear strain at the end of the earthquake is shown on Figure 4-16. The plot shows that the maximum shear
strain near the crest is less than 0.2 percent. The computed horizontal and vertical displacement time histories
at the dam crest and at the upstream toe (near the connection of the concrete face slab to the drainage
gallery), for this event, are shown on Figure 4-17. The permanent horizontal deformation was estimated to be
about 0.01 m at the crest of the dam. The permanent crest settlement was estimated to be about 0.03 m. The
peak displacement at the upstream toe is about 0.02m, and the permanent displacement at the end of shaking
is negligible (less than 0.005m).

Acceleration time histories at various locations on the dam slopes and crest are shown on Figures 4-18 (for
the horizontal direction), and Figure 4-19 (for the vertical direction). The computed peak horizontal
acceleration at the crest is about 0.32g, and the peak vertical acceleration is 0.16g.

4.5.2. 2,475-YEAR EVENT (TABAS RECORD)

The input earthquake ground motion time histories for the 2475-year event are shown on Figure 4-20 (for the
hortizontal upstream/downstream component) and Figure 4-21 (for the vertical component) for the Tabas
Station record of the Tabas earthquake. Figures 4-22 and 4-23 are the contours of the computed horizontal
and vertical displacements, respectively at the end of the earthquake. The deformed shape of the
embankment (with displacements shown at a magnification factor of 5) is shown on Figure 4-24. The
deformed mesh shown on Figure 4-24 indicates that the crest will have a tendency to settle and the
embankment will have a tendency to deform in the downstream direction during the postulated ground
shaking. A contour plot of the maximum shear strain at the end of the earthquake is shown on Figure 4-25.
The computed maximum shear strains are in the vicinity of the crest of the dam, and are in the range of 1 to
2 percent. The computed horizontal and vertical displacement time histories at the dam crest and at the
upstream toe (near the connection of the concrete face slab to the drainage gallery), for this event, are shown
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on Figure 4-26. The permanent horizontal deformation at the end of shaking was estimated to be about 0.45

m at the crest of the dam. The permanent crest settlement was estimated to be about 0.44 m. The computed

peak displacement at the upstream toe during shaking is about 0.15m. However, the permanent displacement
at the end of shaking is about 0.05 m.

Acceleration time histories at various locations on the dam slopes and crest are shown on Figure 4-27 (for the
horizontal direction) and Figure 4-28 (for the vertical direction). The computed peak horizontal acceleration
at the crest is about 1.5g, and the computed vertical acceleration is about 1.3g.

To estimate the response and displacement near the interface between the concrete face slab and the
inspection gallery, the time history of relative displacement between two adjacent points (one at the face slab
just above the its connection with the gallery, and the second on top of the gallery just upstream of the face
slab), were computed and are presented on Figure 4-29. As shown on Figure 29, for the 100-year event, the
computed relative displacements at the end of earthquake shaking were negligible (0.002 m and 0.004 m for
the horizontal and vertical displacements, respectively). The computed relative displacements for the 2,475-
year event were 0.02 m and 0.04 m, for the horizontal and vertical displacements, respectively. Such
displacements are not considered excessive, and can be tolerated by the joints and water stops at the interface
between the face slab and the gallery.

4.5.3. RESULTS USING ADDITIONAL DEVELOPED ACCELERATION TIME HISTORIES
Analyses were also performed using an additional set of time histories for each of the two scenario
carthquakes (the 100-year and the 2,475-year events). These time histories are the San Jose, Santa Teresa Hills
station record of the Loma Prieta earthquake, and the Hector Mine station record of the Hector Mine
Earthquake. Results of the two additional analyses (100-year event [San Jose STH record] and 2,475-year
event [Hector Mine record]) are similar to those described above, but are not presented here in detail. The
key analysis results are included in Table 4-5. Figures 4-30 and 4-31 show the computed horizontal and
vertical displacement time histories at the crest and at the upstream toe from these two events. The
permanent horizontal deformation and settlement at the crest of the dam were calculated to be about 0.02 m
and 0.03 m, respectively, for the 100-year event (San Jose STH record). The permanent horizontal
deformation and settlement at the crest of the dam were calculated to be about 0.29 m and 0.35 m,
respectively, for the 2,475-year event (Hector Mine record).

4.6. SENSITIVITY ANALYSIS USING MOHR-COULOMB MODEL

The FLAC analysis described above was also performed using a simpler, yet widely-used elasto-plastic
constitutive model for the rockfill for comparison with the non linear hypo-plasticity model. The Mohr-
Coulomb model is an elastic, perfectly plastic model that behaves in a linear elastic fashion when the stresses
are within the yield (failure) surface, but produces unrestrained non-recoverable shear strains (plastic flow)
once shear stresses reach the user-defined yield surface.

It was found that for the small earthquake event (100-year event, Dayhook record), the responses of the dam
from the bounding surface hypo-plasticity model and Mohr-Coulomb model are similar. For this event, the
permanent crest deformations calculated using the Mohr-Coulomb model were about 0.02 m (horizontal) and
0.003 m (vertical) versus about 0.02 m and 0.03 m using the bounding surface model. The computed
horizontal and vertical displacement time histories at the dam crest and at the upstream toe (near the
connection of the concrete face slab to the drainage gallery), for this event, are shown on Figure 4-32.

For the large earthquake event (2,475-year event, Tabas record) however, the deformations of the dam from
the Mohr-Coulomb model were significantly greater than those calculated from the bounding surface hypo-
plasticity model. The crest deformations calculated using Mohr-Coulomb model were about 2.9 m
(horizontal) and 2.5 m (vertical) versus about 0.45 m and 0.44 m using the bounding surface model. The
computed horizontal and vertical displacement time histories at the dam crest and at the upstream toe (near
the connection of the concrete face slab to the drainage gallery), for this event, are shown on Figure 4-33.
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The difference between the results of the two models is due to the large stresses that are developed from the
2,475-year event that are sustained in the plastic range of the Mohr-Coulomb model. The computed
maximum shear strain increments in the vicinity of the dam crest were in the range of 10 to 20 percent,
indicating significant unrestrained yielding that resulted in excessive deformation. Hence, the results from the
Mohr-Coulomb analyses were judged to be conservative, and the bounding surface hypo-plasticity model was
deemed more reasonable to model the rockfill behavior given the high level of shaking. However, it should
be noted that there are uncertainties associated with most constitutive models and thus the results obtained
from these analyses are compared with the observed performance of similar embankments in past
earthquakes, and are used to guide engineering judgment in assessing the dam’s seismic performance. A
discussion of the performance of embankments during past earthquakes is presented in Section 4.7 below.

4.7. PERFORMANCE OF EMBANKMENTS DURING PAST
EARTHQUAKES

The results of the deformation analyses are compared with the observed performance of similar concrete-
faced rockfill embankments during past earthquakes. Ishibuchi Dam, a 53-meter-high concrete-faced rockfill
dam built in 1953, was shaken by the 2008 magnitude 6.9 Miyage earthquake in Japan (Matsumoto et al.,
2011). Similar to Qaraoun Dam, Ishibuchi Dam was constructed of dumped rockfill, with a zone of placed
rockfill underlying the concrete face slab. The dam was located about 11 km from the epicenter of the
carthquake. The estimated peak ground acceleration at the base of the dam was about 0.6 to 0.7g. The
recorded acceleration at the crest of the dam was 1.5g in the transverse (upstream/downstream) direction,
0.95g in the longitudinal (cross-canyon) direction, and about 2.0g in the vertical direction. The dam crest
settled 0.6 meters at the maximum section, which is about one percent of the height of the dam. The
carthquake-induced settlement caused an uneven surface and cracking of the pavement at the crest, however,
the concrete face on the upstream slope was reportedly undamaged. The observed settlement of Ishibuchi
Dam is of the same order of magnitude of the computed deformations for Qaraoun Dam in this study using
the bounding surface plasticity model and for similar levels of ground motions.

Cogoti Dam, an 85-meter-high concrete-faced rockfill dam in Combarbala, Chile, was shaken by a magnitude
7.9 earthquake (which occurred about 88 km from the site) with estimated peak bedrock horizontal
acceleration at the site of 0.2g. The dam settled about 0.4 meters, approximately equal to the settlement
experienced by the dam prior the earthquake, about 4.5 years after its completion (Arrau et al., 1985).
Although the dam was constructed of high-lift dumped rockfill without compaction or water sluicing, the
carthquake caused no damage to the concrete face slabs.

Cogswell Dam is an 85-meter-high concrete-faced, dumped rockfill dam founded on bedrock in a narrow V-
shaped canyon in Southern California. The dam was shaken by several earthquakes (Boulanger et al, 1994).
The 1971 San Fernando My, 6.6 earthquake (with an epicenter about 43 km west of the dam) was estimated to
have produced a peak horizontal ground acceleration of 0.15g at the dam site. No damage was reported, and
less than 8 millimeters of crest settlement was attributed to this event. This level of acceleration is similar to
the 100-year ground motions used for Qaraoun Dam. However, the contributing magnitude of the
earthquake for Qaraoun Dam is My, 7.2. The computed settlement for Qaraoun Dam for this level of shaking
was 28 millimeters.

Bureau et al. (1985), and Bureau (2009) used the observed performance of rockfill dams to develop an
empirical relationship between relative crest settlement and an “Earthquake Severity Index” (ESI). The
relative crest settlement is defined as (AH/H), where AH is the crest settlement in millimeters, and H is the
height of the dam in meters. ESI is a quantifier of the local intensity of seismic shaking, and accounts for
both its maximum amplitude and duration. It is expressed as:

ESI = PGA-(M —4.5)° (4-6)
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where PGA is the peak bedrock ground acceleration (in terms of g), and M is earthquake magnitude. The
earthquake magnitude is intended to account for the effect of duration. Using about 62 case histories they
developed the relationships shown on Figure 4-34.

Bureau (2009) described the behavior of Zipingpu Dam in China that was severely shaken by the May 2008
M, 7.9 Wenchuan Earthquake. The dam, a 156-meter-high concrete-faced rockfill dam, located about 17 km
from the epicenter (and closer to the fault rupture) expetienced crest settlements of about 0.7 to 1.0 meter.
The duration of ground shaking of this large magnitude earthquake was reported to last about 120 seconds.
The peak acceleration recorded at the base of the dam was 0.5g; the crest acceleration was reported at 2.0g.
The earthquake-induced ground shaking and deformation resulted in partial dislocation of several concrete
slabs at the construction joints, with maximum outward bulging of 15 centimeters. Portions of the parapet
wall at the crest collapsed. Open cracks up to 3 centimeters wide were observed between the downstream
side of the crest road and the rock slope protection. The dam, however, remained stable and maintained its
reservoir impounding capacity. Using the observed performance data of Zipingpu Dam, in terms of the
relative crest settlement and the ESI, the performance of this dam plots along the median (50 percentile)
relationship shown on Figure 4-34. It is noted that Zipingpu Dam was reported to be designed and built in
2005 to modern design and construction standards. On the other hand, the performance of Ishibuchi dam
plots above the 84t percentile of the data, reflecting the loose nature of the dumped rockfill material in the
1953 dam.

The published relationships presented in Figure 4-34 were used to compare the predicted performance of
Qaraoun Dam for the postulated ground motions with the observed performance of other concrete-faced
rockfill dams. For ground motions associated with the 100-year return period, the PGA is 0.15¢ and the
earthquake magnitude is My, of 7.2, thus the ESI is about 2.95. The computed crest settlement using the
nonlinear hypo-plasticity model is 28 to 31 millimeters; for the Qaraoun Dam height of 61 meters, AH/H is
about 0.5. Similarly, for the 2,475-year ground motions, the PGA is 0.8 to 0.9g resulting in an ESI of about
17. The computed settlements were about 350 millimeters to 440 millimeters resulting in AH/H of 6 to 7.
These values are plotted on Figure 4-34, and indicate computed deformations that are in reasonable
agreement with the observed performance of similar concrete-faced rockfill embankments (shown in red
square symbols on Figure 4-34) during past earthquakes. The results of the deformation analysis using the
Mohr-Coulomb model are also plotted on Figure 4-34 showing the range of potential deformation estimates
using the two approaches. As can be seen from the plot, the computed deformations using the Mohr
Coulomb model for the 2,475-year ground motions appear to be conservative.

4.8. OVERALL ESTIMATE OF DEFORMATION POTENTIAL

It is important to consider all of the information presented in this report to arrive at a reasonable estimate of
the deformation potential of Qaraoun Dam. Our preferred bounding surface hypo-plasticity model estimates
about 0.44 m of settlement at the crest for the 2,475-year return period event, compared to a more traditional,
and arguably more conservative, Mohr-Coulomb constitutive model that estimates about 2.5 m of settlement
for the same level of shaking. It is our judgment that the Mohr-Coulomb model represents a conservative
estimate of deformation that was not observed in documented case-histories for similar dams experiencing
similar levels of shaking. The bounding surface hypo-plasticity model, while more consistent with observed
performance of other rockfill dams, did not include the effect of volumetric change. Therefore, the expected
range of possible deformation may be somewhere between the two estimates.

The dam is composed of dumped rockfill, which is inherently loose and has the potential to consolidate. This
is evidenced by the large amount of static settlement measured in the years following construction (refer to
Section 2). Since the preferred model in this study did not incorporate seismically-induced volumetric
straining, it may be appropriate to increase the calculated deformations to account for this effect.

When considering the range of computed deformations from the two analytical models used in this study, the
nature of the dumped rockfill comprising the embankment, and the observed performance of similar dams
subjected to similar levels of shaking, our estimate for earthquake-induced permanent settlement at Qaraoun
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Dam is in the range of about 1 to 1.5 m for the 2,475-year return period event. Horizontal deformations in
the vicinity of the crest may be considered to be similar.

It should be noted that, while deformations predicted by the bounding surface model at the crest of the dam
may be increased for the effect of volumetric straining, deformations predicted at the upstream toe of the
dam are not subject to these adjustments (i.e., the rockfill cannot consolidate to a denser state at the toe).
Therefore, it is our judgment that the toe displacements estimated by the bounding surface model (Section
4.5) are appropriate.
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5. SUMMARY AND
CONCLUSIONS

A probabilistic seismic hazard analysis (PSHA) was performed to estimate the level of shaking at the site of
the 60-meter-high concrete-faced Qaraoun Dam from potential seismic sources in the vicinity, and to select
earthquake ground motions for use in analysis of the dynamic response and deformation of the dam
embankment. The dam response and earthquake-induced deformation were estimated using dynamic finite-
difference (FLAC) analyses for postulated ground motions from two scenario earthquakes.

A detailed study was performed of the tectonic setting and historical seismicity of the region where all known
earthquakes have occurred. Sources of those earthquakes were identified as either active crustal faults (i.e.,
well-defined fault structures that have generated earthquakes within the past 35,000 years and that are
manifested at the ground by surface rupture) or areal seismic source zones (i.e., regions where earthquakes
have been observed to originate that are not attributed to a specific mapped fault). Each of the fault sources
was characterized by its proximity to the site, type of faulting, maximum length of faulting, maximum
thickness of rupture, dip, annual slip rate, and maximum potential for energy release (Mnax). Each of the
areal seismic zones was characterized by its proximity to the site, type of faulting, maximum thickness of
rupture, dip, and Mnyax. Once all sources were identified and characterized, subjective weighting factors were
applied to each characteristic value to represent the probability of occurrence for that particular value. A
probabilistic model was then developed to represent a finite number of individual earthquake scenarios in the
vicinity of the dam site. For Qaraoun Dam, six active crustal faults and eight areal seismic source zones were
identified as potential seismic sources.

All 14 seismic sources were considered to contribute to the seismic hazard at the dam with varying levels of
activity and maximum energy release. The Yammounch Fault, located approximately 2.4 km west of Qaraoun
Dam, was estimated to contribute the most to the seismic hazard due to its close proximity to the dam and its
relatively high annual slip rate. However, for the development of the overall seismic hazard, each source was
evaluated for its potential to release an amount of energy that would lead to a specific level of shaking
(measured as acceleration) at the dam site. The overall annual probability of the dam to experience (or
exceed) a particular level of acceleration is the sum of the annual probabilities from all seismic sources to that
level of acceleration.

The results of the analysis are presented in terms of peak ground acceleration and response spectral values for
various specified annual frequencies of exceedance, or return periods. The return period, in years, is defined
as the inverse of the annual frequency of exceedance. The scope of work for this study required the
development of ground shaking levels for 100-year, and 10,000-year return periods. A ground shaking level
for the 100-year return period has a one percent chance of being exceeded in one year, or about 40 percent
chance of being exceeded in 50 years. The 10,000-year return period ground motion has approximately 0.5
percent chance of being exceeded in 50 years. Ground motions were also developed for a two percent chance
of being exceeded in 50 years to be consistent with the results of deterministic estimates of ground motions
from the nearby active Yammouneh fault. The two percent chance of being exceeded in 50 years
corresponds to a 2,475-year return period.

The results of seismic hazard indicate that the peak ground acceleration at the dam site for the 100-year
return period is about 0.15g. This level of computed acceleration may be considered similar to what might
have been experienced in the vicinity of the epicentral region of the magnitude 5.8 earthquake that occurred
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in the area in 1956. The estimated peak ground acceleration for the 2,475-year return period is about 0.78g.
The dominant source for this level of shaking is a magnitude 7.0-7.5 earthquake on the Yammouneh fault
about 2.4 km from the dam site. This level of ground shaking may be considered similar to what might have
been experienced in the epicentral region of the magnitude 7.4 earthquake that occurred in the Bekaa Valley
in 1759. The estimated peak ground acceleration for the 10,000-year return petiod is about 1.2g.

Uniform hazard response spectra, UHRS, (spectral accelerations at various structural periods of vibration)
were developed from the PSHA to represent the frequency content and level of shaking for the 100-year,
475-year, 975-year, 2475-year, and 10,000-year return period earthquake scenarios. The UHRS were then used
to develop scenario acceleration time histories for the 100-year and 10,000-year events in the following
manner:

1. select a recorded (seed) acceleration time history from the historical record that closely
represents the distance to rupture, magnitude of the scenatio earthquake, and the foundation
conditions at the site,

2. scale the entire seed time history to match the peak ground acceleration (PGA) of the UHRS of
interest, and

3. modify the frequency content of the scaled time history so that it loosely matches the target
UHRS.

Two sets of horizontal and vertical acceleration time histories were developed for each of the two scenario
earthquakes.

Following the development of the 100-year and 10,000-year return period earthquake scenarios and
associated acceleration time histories, project team members from AMEC and IRG discussed the basis for
selection of ground motions that would be most appropriate for analyzing the seismic response and
deformation of Qaraoun dam. The California Department of Water Resources, Division of Safety of Dams
(DSOD) recommends that an 84™ percentile deterministic ground motion be used for evaluating the seismic
stability of dams that have “high consequences of failure.” Following the DSOD guidelines, the team agreed
that a 2,475-year return period ground motion that provides ground shaking levels similar to the 84
percentile ground motions from a magnitude 7.2 earthquake on the Yammouneh fault, would be appropriate
for the deformation analysis of the dam, in lieu of the 10,000-year return period motions.

The dynamic response and seismic deformation analysis of Qaraoun Dam was performed with the computer
program FLAC2D. This approach involves performing two-dimensional, finite-difference analyses to evaluate
the non-linear dynamic response and permanent deformation of the maximum cross section of the
embankment during the postulated seismic shaking at the dam site. Two different soil constitutive models for
the rockfill were used to estimate the permanent deformation of the dam: a fully nonlinear “bounding surface
hypo-plasticity”” model, and a more traditional (and conservative) bi-linear Mohr-Coulomb constitutive
model.

The dam was modeled as an unsaturated dumped rockfill embankment with an upstream concrete panel
facing and concrete drainage gallery at the upstream toe. Properties of the rockfill material were selected
based on a review of published literature on similar materials. Both hotizontal (in the upstream/downstream
direction) and vertical components of input motions were applied at the bedrock foundation underlying the
dam. Analyses were performed using time histories for the 100-year and 2,475-year ground motions.
Preliminary analyses were performed to simulate the reservoir’s hydrodynamic loads. The results of these
analyses indicate that the effects of including the hydrodynamic loads for this sloping-face rockfill dam were
not significant. This finding is consistent with results of similar studies in the literature. Accordingly, the
analyses were performed without including the reservoir effects.

The results of the deformation analyses indicate that shaking from the 100-year earthquake scenario, having a
peak horizontal bedrock acceleration of 0.15¢g, will cause an insignificant amount (i.e., less than 0.03 m) of
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permanent deformation at the crest and upstream and downstream toes of the dam. It is our judgment that
these estimated deformations will not have a significant impact on the seismic performance of the dam.

Using the bounding surface hypo-plasticity model, shaking from the 2,475-year event, with peak bedrock
acceleration of 0.8g, is expected to cause about 0.44 m of vertical and 0.45 m of horizontal permanent
deformation at the crest of the dam, and about 0.03 meter of horizontal permanent displacement at the
upstream toe of the dam near the connection of the concrete facing to the drainage gallery. The estimated
differential displacements at the interface between the concrete face slab and the inspection galley was less
than 0.05 m. Using the more conservative Mohr Coulomb constitutive model, the computed crest settlement
was about 2.5 m, and the permanent horizontal deformation was about 2.9 m. Because of uncertainties in the
analytical procedures, and based on the observed performance of similarly constructed dams shaken with
large magnitude earthquakes, it is the authors’ judgment that the amount of deformation anticipated at the
crest of the dam for this level of shaking likely will be in the range of about 1 m to 1.5 m.

Since the crest of the dam is at Elev. 861.0 m, the top of the concrete parapet wall is at Elev. 863.0 m, and the
normal maximum water level is at Elev. 858.0 m, the available freeboard to the top of the parapet wall is 5.0
m. The range of estimated earthquake-induced deformation and settlement of the embankment during the
2,475-year ground shaking (i.e., 1 to 1.5 m) are less than the available freeboard, and overtopping of the dam
is not expected. The predicted deformations likely will cause

e damage to the concrete parapet wall at the dam crest,
e sloughing of the rockfill on the dam’s downstream face, and

e possible cracking of the concrete facing leading to increased leakage through the rockfill.

However, such effects are considered unlikely to impact the overall stability of the dam, or cause an
uncontrolled release of reservoir water.

The predicted deformations of Qaraoun Dam for the 2,475-year scenario earthquake, were compared to the
documented performance of similar concrete-faced rockfill dams. Ishibuchi Dam in Japan, and Zipingpu
Dam in China, were shaken by earthquakes of magnitudes of 6.9 and 7.9, respectively, with peak bedrock
accelerations of 0.5g and 0.7g. Ishibuchi Dam settled 0.6m and experienced cracking at the dam crest;
however, the concrete face slab on the upstream slope was reportedly undamaged. At Zipingpu Dam, the
crest settled about 1m, and the earthquake-induced deformations resulted in partial dislocation of several
concrete slabs at the construction joints, with maximum outward bulging of 0.15 m. Portions of the parapet
wall at the crest also collapsed, and open cracks (up to 3 cm wide) were observed between the downstream
side of the crest road and the rock slope protection. Despite this damage, the dam remained stable and
maintained its reservoir impounding capacity. The observed settlements at these two dams are of the same
order of magnitude as those estimated for Qaraoun Dam, and help support the conclusion that the dam
should perform adequately during the postulated 2,475-year scenario earthquake considered in this study.

While the analyses and evaluations described above indicate the dam should perform adequately, it is
recommended that a detailed inspection of the dam be performed immediately following all earthquakes
occurring within 50 km of the dam site and having a magnitude of 5.0 or greater. The inspection should
include:

e draw down of the reservoir level,
e asurvey of the settlement monuments on the crest and concrete facing,

e a careful review of the parapet wall and the concrete facing, including horizontal and vertical
construction joints and water stops,

e confirming the integrity of the inspection gallery,
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e monitoring the piezometers for evidence of an increasing phreatic surface within the dam, and
e frequent monitoring of the leakage weirs for increased flow and evidence of silt deposits.

Any damage to the dam resulting from earthquake shaking must be repaired prior to raising the reservoir to
its normal operating level.
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6. BASIS FOR ANALYSES
AND CONCLUSIONS

This report was prepared for the exclusive use of the Litani River Basin Management Support Program. The
conclusions and other considerations presented in this report are intended for the evaluation of Qaraoun
Dam in the Litani River Basin, Lebanon. The conclusions were developed using information available for the
site and our understanding of the current geologic conditions. No new or additional field investigations were
performed by AMEC during the present study.

In the performance of our professional services, AMEC, its employees, and its agents comply with the
standards of care and skill ordinarily exercised by members of our profession practicing in the same or similar
localities. No warranty, either express or implied, is made or intended in connection with the work performed
by us, or by the proposal for consulting or other services, or by the furnishing of oral or written reports or
findings. We are responsible for the analyses and conclusions contained in this report, which are based on
data related only to the specific project and location discussed herein. In the event conclusions based on these
data are made by others, such conclusions are not our responsibility unless we have been given an
opportunity to review and concur with such conclusions in writing.
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APPENDIX A

Seismicity Rates for Source Zones
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