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EXECUTIVE SUMMARY

This report considers the modeling of a potential dam break from the Qarauon Dam in the Litani River
Basin using an unsteady HEC-RAS model. Topographic data for the Litani River Basin was obtained
from contours lines digitized from maps and converted to a 5m x 5m cell-size Digital Elevation Model
(DEM) representing the Litani River Basin. The Qaraoun Dam is located at a narrow point at the
southern end of Bekaa plain at an elevation of 800m above sea level. The concrete faced rockfill dam has

a maximum capacity of 220 million m?.

The Litani River Basin downstream of the Qaraoun Dam is very steep, dropping 800m in approximately
90 km distance to the mouth of the river at the Mediterranean Sea. The river flows through several deep
and winding canyon sections interspersed with wide, flat reaches over this interval making the dam break
modeling problem challenging as many cross-sections must be used in the model (1-5 m spacing

between sections), along with a short time step (5 seconds).

A Potential Failure Mode Analysis (PFMA) of the Qaraoun Dam identified the main potential failure
modes as due to seismic loading and flood overtopping. Overtopping and breaching after seismic activity
is the most probable and worst mode of potential failure of the Qaraoun Dam (consideration of a river
flood, even exceptional, would not add much to the peak flood generated by the dam breaching and
reservoir emptying). It is the failure mode described and modeled in this report. The unsteady
hydraulics of the dam breach due to this failure mode was modeled using U.S. Army Corps of
Engineers HEC-RAS software. The breach formation time used in the model is 1.5 hours, as

calculated using the U.S. Bureau of Reclamation recommended procedure.

The model results show a peak flow of 67,528 m3/s at the dam and 37,738 m3/s at the sea outlet. The
flood wave generated by the breach is initially 40 m high and does not abate significantly until the
reaching the coastal valley where it decreases to 10-15m. The lag time between the peak flow at the dam
and at the mouth of the river is 115 minutes; the flood wave travels 85.4 km in 115 minutes or 44.6
km/hr. Sensitivity analysis was performed on the time of the dam breach and the width of the formed
breach, showing that the model results are sensitive to the breach formation time, but not to the width

of the breach formation.



Maximum stage, flow and time of peak flow for selected Litani River stations below

Qaraoun Dam.

Initial
Cross-section (distance in km Rise Peak End Flood
from sea outlet) Time * Time * Time * Peak Flow  Height
hr:min hr:min hr:min m3/sec m

85.7 (dam) 0:00 1:25 3:20 67500 37.0
81.6 (Sohmor) 0:25 1:35 410 48700 426
75.5 (Yohmor) 0:40 1:35 5:00 48300 28.6
66.3 (Berghoz) 0:55 1:45 6:25 47400 39.0
60.6 (Blat) 1:05 1:50 7:35 46800 41.1
52.3 (Khardale) I:15 2:05 7:45 45400 29.3
44.3 (bend to the west) 1:30 2:15 11:00 43800 52.8
32.1 (Kfar Syr) I:55 2:35 12:00 41900 37.6
7.3 (coastal valley, upstream of

Khasmiye) 2:35 3:05 13:00 39200 16.3
Sea outlet 2:50 3:20 13:15 37700 10.8

* Time from time of breach initiation

These results will be mapped in a GIS to indicate the extend of potential inundation of the surrounding
areas, and will help in the development of an Emergency Management Plan for the lower basin. The
model should also be updated if downstream dams are built in the future, as envisioned, in Khardale and

Kfar Syr.
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|. INTRODUCTION

I.I. THE LITANI RIVER BASIN MANAGEMENT SUPPORT
PROGRAM (LRBMS)

The USAID funded project Litani River Basin Management Support (LRBMS) Program is undertaken in
Lebanon to support the Litani River Authority (LRA) to improve water resources management. This
Task Order is to set the ground for improved, more efficient and sustainable basin management in the
Litani River Basin through provision of technical support to the LRA and implementation of limited

small-scale infrastructure activities.

To achieve the LRBMS program objectives, the Consultant undertakes tasks under the components:
1) Building calacity of the LRA towards Integrated River Basin Management
2) Long term water monitoring of the Litani River
3) Integrated Irrigation management with two sub-components:
a. Participatory agriculture extension program: implementation under a Pilot area:
West Bekka Irrigation Management Project
b. Machghara Plain Irrgiation Plan
4) Risk Management in two sub-components
a.  Qaraoun Dam Monitoring System

b. Litani River Flood Management Model

1.2. MAIN PURPOSE OF THIS REPORT

The purpose of this report is to look at the issue of modeling a potential dam break from the Qarauon
Dam in the Litani River Basin using an unsteady US Army Corps of Engineers HEC-RAS model. The
Litani River drains the central and south Bekaa Valley, and the Qarauon dam is located at the southern
end of the valley. Downstream the river flows through a narrow valley, a canyon in some places

dropping 800 m to sea over some 70 km.

The main task of this report is the issue of modeling a potential dam break from the Qaraoun Dam using
an unsteady U.S. Army Corps of Engineers HEC-RAS (USACE, 2010) model for the dam and the

downstream river to the sea.

DAM BREAK MODELING FOR QARAOUN DAM



2. LITANI RIVER BASIN

2.1. INTRODUCTION

The Litani River Basin is the largest in Lebanon at 2,088 km?, running 118 km north to south, 32 km east
to west at its widest point, and 6 km at its narrowest. It covers four administrative regions (Mohafazats):
Al Bekaa, Al Nabatiye, Jabal Lubnan (Mount Lebanon) and the South one (Al Janoub) (MENBO, 2007).
The river rises in the northern Bekka Valley, occupies the Central and South Bekaa Valley between
Mount Lebanon to the west and the Anti-LLebanon mountain range to the east and runs southward to
Beaufort Castle where it turns westward to the Mediterranean Sea (Amery, 1993). A geographic
bounding box is 34°1°2” N, 36°23’31” E in the lower left corner and 33°11°24” N, 35°13’19” E in the

upper right corner.

The annual precipitation in the Litani River Basin averages 750 mm/year and ranges between 300
mm/year inland and 1300-1400 mm/year over the mountains (MENBO, 2007). The average flow for
the basin is approximately 580 million m3 per year for the period 1947-1971, 27% occurring in the
summer (May-October) and 73% during the winter (November-April) (Soffer, 1994). Flow records of
the Litani River Authority (LRA) show the annual flow of the Litani River at the point where it enters
the Qaraoun Reservoir to be 339 million m3 (LRBMS, 2011).

Floods created by heavy winter precipitation are common occurrences in the valley and their impacts
have been increasing recently. In February 2003 one of the largest floods was experienced in the basin
with an estimated return period of about 70 years or 1.4 % probability of exceedance in any year
(LRBMS 2011a). This flood occurred after approximately 10 consecutive days of heavy rainfall in
combination with snowmelt. Limited flow data exists in the Litani River Basin (only daily discharge
values with unknown accuracy and limited duration) and some historical flooding information has been

collected from accounts of witnesses.

DAM BREAK MODELINF FOR QARAOUN DAM 2
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Figure 1. Litani River Basin.

Table 1. Average Monthly Litani River Flows at Qaraoun Dam inflow (1962-2010).

Jan Feb Mar Apr May  Jun  Jul = Aug Sep Oct  Nov Dec Year

MCM 50.9 74.7 72.1 50.6 23.1 7.5 2.8 2.5 3.7 7.7 13.5 29.9 339.0

m3/s 19.4 28.4 27.4 19.2 8.8 2.9 1.0 0.9 1.4 2.9 52 114 10.8

Source: LRBMS (201 Ia, Table I)
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Figure 2. Average monthly Litani River flows at Qaraoun Dam inflow. Source: LRBMS (201 |3, Table |)

2.2. TOPOGRAPHIC DATA

Topographic data for the Litani River Basin was obtained from Lebanese Army 1:20,000 Topographic
Maps (LRBMS, 2011b). These maps were scanned and georeferenced according to the local coordinate
system in Lebanon (Double Stereographic Projection). The contours lines from the maps were digitized
on 10-meter intervals and the contours were converted to a 5m x 5m cell-size raster file (Digital
Elevation Model or DEM) representing the Litani River Basin. The final DEM is shown in Figure 3
along with an outline of the lake behind the Qaraoun Dam and the Litani River from the lake to the sea.

The elevation change from the dam to the sea is shown in Figure 4.

4 IGlometers

Figure 3. Digital Elevation Model (DEM) of the Litani River Basin below Qaraoun Dam. Source: LRBMS (201 1b)
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Figure 4. Litani River Basin elevation profile from Qaraoun Dam (on the left of the figure) to the Mediterranean Sea (on the
right in the figure)

2.3. QARAOUN DAM

2.3.1. BASIC CHARACTERISTICS OF THE DAM

The Qaraoun Dam (33°34°11.63” N 35°41°51.18” E) is located at a narrow point at the southern end of
Bekaa plain at an elevation of 800m above sea level (Figures 5 and 6). The catchment area above the dam
is 1,600 km?. The dam has a maximum capacity of 220 million m3 (at water level elevation of 858m
above mean sea level (amsl)) and an effective storage (live storage) of 160 million m3. The dam has a
length of 1090m and is a concrete faced rockfill dam with the principal characteristics as summarized in
Table 2 (LRBMS, 2010). The height of the dam is 61 m, and it is 162m wide at the base and 5m at the
top. The full lake covers an area of 12.3 km?2. The dam is multipurpose, including: hydropower
generation, irrigation and domestic water supply. The maximum flood elevation for the spillway is 862m
where the area of the lake is 12.6 km2. The average water level for power generation is 835m with the
minimum level operational level is 827m. Plan and center cross-section views of the dam are shown in

Figure 7 and 8.
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Figure 5. Qaraoun Dam in Bekaa Valley, Lebanon. (Source: Draft RBM Plan, LRBMS, 201 1)

Figure 6. Qaraoun Dam and reservoir. Source: Google Earth (accessed 18 December 2011)
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4. Spillway tower 12_ Diversion mrmel om 50 100 200m
5. Spillway nel 13, Washout tumels _—
6. Washout towers 14. Drainage gallery
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Figure 7. Qaraoun Dam plan view. Source: LRBMS Program, personal communication (201 1)

1. Concrete-face plots 10. Rock foundation
2. Joints i

3 11. Plot details

. Parapet 12. Asphaltic layer

4. Stratified rockfill 13. Plain concrete layer

5. Rockfill backfill 14. Water stop

6. Inspection gallery 15, Flexcell Om 20 40 50m
7. Foundations of plots 16. Reinforcement

8. Cutoff

9. Namral ground

Figure 8. Qaraoun Dam main section view. Source: LRBMS Program, personal communication (2011)
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Table 2. Quaraoun Dam Charactistics. Source: LRBMS (201 1)

Item Description
Length 1,100m

Height 60m

Elevation of the top of the spillway 858m

Elevation of the highest water for spillway flow 860.5m
Elevation of the crest of the dam 86Im

Slope of the embankment — downstream 1.35H:1.0V
Slope of the embankment — upstream 1.2 to 1.0H:1.0V
Thickness of the reinforced concrete facing 50cm at bottom to 30cm at top
Dam reservoir capacity (at elevation 858m) 220 million m3
Area of the reservoir (at elevation 858m) 1,200 ha
Nominal capacity of the spillway 600m3/s

Drains capacity below elevation 858m 140m3/s

2.3.2. POTENTIAL FAILURE MODE ANALYSIS

A Potential Failure Mode Analysis (PEMA) was performed for the Qaraoun Dam in 2010 to identify
potential failure modes under static loading, normal operating water level, flood water level, and
earthquake conditions (LRBMS, 2010). The PFMA results indicate that the Qaraoun Dam and
appurtenant structures have functioned satisfactorily to date with no major safety concerns. While the

risk of failure is very low, the most probable failure modes are seismic loading and flood overtopping.

e Seismic loading failure:
The dam is located in an earthquake-prone zone where high intensity earthquakes are considered
probable. The Qaraoun Dam is considered to be susceptible to damage and potential catastrophic
failure under high earthquake loading. Deformations result in freeboard loss to such a degree that
the crest is lower than the reservoir, causing a breach by overtopping erosion of the rockfill structure.
Such a breach would enlarge through progressive erosion and collapse of the crest of the dam
resulting in a catastrophic loss of the reservoir. This breach could form whether or not there is flow

through the rockfill (piping) as the result of damage to the concrete facing.

¢ Flood overtopping failure:
An extreme flood occurrence causing the dam to be overtopped has significant potential to cause a
rapid breach of the dam if overtopping is significant. Flow over an embankment dam (earth or
rockfill) usually leads to erosion of material on the downstream slope and failure of the dam.

Overtopping of Qaraoun Dam could result in movement of the material on the downstream slope

DAM BREAK MODELINF FOR QARAOUN DAM 8



of the dam with progressively more material dislodged causing collapse of the concrete face panels

resulting in higher flows over the dam until total collapse occurs.

2.3.3. DAM FAILURE SCENARIOS
Three types of failure scenarios for the Qaraoun Dam could be considered, as follows.

e Seismic loading failure:
An earthquake weakens the dam, which fails when the reservoir is full with a breach opening
from the top and reaching a width equal to 1-2 H (H = dam height of 60m) with slopes 1/1 and
a failure time of about 1 hour. Breaching parameters are calculated according to the US Bureau
of Reclamation standard of practice as described in Froelich (1995a, b) and Wahl (2004). Initial
conditions are minimal river flow, say 1 to 5 m3/s. Upstream flow conditions are the flow
generated automatically by HEC-RAS based on the breach starting at a given time, 1 hour after
the start of simulation and developing as mentioned above. Downstream boundary condition is

the river outlet into the sea.

e Flood overtopping failure:
The reservoir is full and a large flood comes. The spillway for Qaraoun Dam is uncontrolled (i.e.
it operates automatically when water level reaches the overflow) and is sized for very large flood
discharges (i.e. 10,000-yr return period flood), so the overtopping risk is almost nil. This risk

could become of consideration only in the case of:

¢ Ancillary failure:
Spillway and bottom gate ate blocked/non-operational during a very large flood that overtops
the dam causing failure. This scenario would have actually have the same consequences as the
seismic failure: breaching would be similar while the addition of a large flood (hundreds of

m3/s) is negligible considering the flood generated by the reservoir emptying (tens of thousands

of m3/s).

For this report, the primary mode of potential failure of the Qaraoun Dam is considered to be breaching

and overtopping due either to seismic activity or flooding.

9 DAM BREAK MODELING FOR QARAOUN DAM



3. DAM BREAK MODELING

3.1. INTRODUCTION

Dam break modeling requires the solution of an unsteady (rapidly time varying) river flow hydraulics
problem. Many early dam-break investigations assumed that the breach or opening formed in a failing
dam encompassed the entire dam and occurred instantaneously. While this assumption may be nearly
appropriate for concrete arch dams, it is not valid for earthen dams or concrete gravity dams. Because
earthen dams generally do not fail completely nor instantaneously, dam break models allow for the
investigation of partial failures occurring over a finite interval of time (Fread et al., 1991). The U.S.
Army Corps of Engineers HEC-RAS software (USACE, 2010) includes the capability to model the
unsteady hydraulics of an embankment dam breach due to several failure mode options. Using HEC-
RAS for the routing modeling of dam failures is the current standard procedure in the US, and notably

for US Army Corps of Engineers and US Bureau of Reclamation.

The primary input variables of importance in the dam break analysis are (Wahl, 1998):

1) Reservoir volume when breaching commences (m3). This is often taken as the full reservoir
volume for overtopping failure cases;

2) Reservoir water surface elevation when breaching commences (m). This is often taken as the top
of the dam for overtopping failure cases;

3) Breach depth (4) — the vertical extent of the breach, measured from the dam crest to the invert
of the breach (m). This is often taken as the elevation of the river channel at the upstream base
of the dam. The bottom of a fully formed breach usually is the dam foundation, which is more
resistant to erosion than the embankment material. However, the height might be limited by the
volume of water in the reservoir at the time of failure, or by the presence of a layer of erosion-
resistant material located in the embankment (Froehlich 2008).

4) Breach width (B) — the final width of the breach (m). The breach width and rate of formation
have an impact on the peak flowrate and the inundation level downstream from the dam.

5) Breach initiation time — the time from the first flow over or through the dam that will initiate
warning, evacuation, or heightened awareness of the potential for dam failure. The breach

initiation time ends when breach formation starts.

DAM BREAK MODELINF FOR QARAOUN DAM 10



6) Breach formation time (7) - the time required for the breach formation (hours). The breach
formation time is the duration of time between the first breaching of the upstream face of a dam
until the breach is fully formed. For overtopping failures the beginning of breach formation is
after the downstream face of the dam has eroded away and the resulting crevasse has progressed

back across the width of the dam crest to reach the upstream face;

3.2. ESTIMATING DAM BREACH PARAMETERS
3.2.1. MAXIMUM BREACH DISCHARGE

Several researchers have compiled data on the failure of rock-filled embankment dams (Froehlich 1995;
Wahl 2004; Froehlich 2008). Wahl (2004) compared the uncertainty of several breach parameter
prediction formulas, including the aforementioned equations. The Froehlich equations were found to

have the smallest uncertainty and are currently considered as standard procedures.

Using data from numerous embankment dam failures, Froehlich (1995) related the peak outflow in a

dam breach to a power function of both the breaching head and outflow volume

Oase = 0.607K]0295 j1.24 1)
where

O is the peak flow (m3/sec),

b is the height of the dam breach (m),

171s the reservoir volume (m3),

K is an overtopping multiplier (1.4 for overtopping failure, 1.0 for piping failure).

The maximum volume of Qaraoun Dam is about 220 million m3. Eq. 1 can be used to compute the

hypothetical maximum outflow from Qaraoun Dam as
Onaxe = 0.607(1.4)(220x1096) 0295 (60)124 = 39,377 m3/sec 2

3.2.2. BREACH DEVELOPMENT TIME

The expression developed for the breaching time (7 hr) is (Froehlich 1995)
+=0.0025417053 j09 3)
In the case of Qaraoun Dam, the breaching time is approximated as

+=0.00254(220x100)0-33(60)-09 = 1.68 hr @
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3.2.3. BREACH WIDTH

An expression for the breach width (B, m) was also developed (Froehlich 1995)
B =0.180310:32 /019 5)
In the case of Qaraoun Dam, the final breaching width can be approximated as

B = 0.1803(220x106)032(60)019 = 183.4 m ©6)

3.3. REPRESENTATION OF LITANI RIVER AND QARAOUN DAM
IN HEC-RAS

3.3.1. LITANIRIVER

The Litani River Basin downstream of the Qaraoun Dam is very steep, dropping 800m in the
approximately 90 km distance to the mouth of the river at the Mediterranean Sea. The river flows
through several deep and winding canyon sections interspersed with wide, flat reaches over this interval.
These aspects of the river make the dam break modeling problem challenging as it is difficult to
determine the appropriate number and placement of cross-sections for the model as well as the best

model time step for the simulations.

The final DEM is shown in Figure 3 along with an outline of the lake behind the Qaraoun Dam and the
Litani River from the lake to the sea. Initial river cross-sections for the HEC-RAS model were generated

using this DEM. The initial set of river cross-sections are shown in Figure 9.

The stability of the HEC-RAS model is function of the distance between the cross sections and the time
step used in the simulation. The minimum value allowed by HEC-RAS is one second. A five second time
step was used for the Litani model to achieve stability of the calculations. Other, larger time steps were

tested, but not found to result in stable calculations.

New cross-sections with a shorter distance between them were interpolated between the initial sections
at locations where the HEC-RAS solution became unstable. First, all of the initial river cross-sections
were interpolated to 10 m and then further interpolation to 5 m was carried out. Finally, some reaches
of the river had to be interpolated to 1 m distance between cross-sections in order to achieve a stable

solution.
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Figure 9. Initial cross-sections for Litani River HEC-RAS model.

The roughness of the terrain due to ground materials and vegetation is represented in the HEC-RAS
calculations by the Manning roughness coefficient. The roughness coefficient was considered

homogeneous for the entire Litani River model with a value of 0.05. According to Chow (1959) this

value is recommended for mountain streams.
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Figure 10. Interpolated cross sections for Litnai River dam breach model.

3.3.2. QARAOUN DAM BREACH DATA

HEC-RAS allows the modeling of the breach process by entering key data and assumptions regarding
the dam, the reservoir and the breach most probable characteristics, as shown in Table 3 and Figure 10.
The breach formation time for an embankment dam with the same characteristics as Qaraoun Dam was
estimated to be 1.67 hours (Froehlich equations, para 3.2). The breach formation time used in the model
was initially set to 4.5 hours and then decreased systematically to 1.5 hours to test stability of the model.
The breach is produced by overtopping, since this is the most probable case (LRBMS, 2010). The
bottom width of the breach is 140 m, representing the river channel width at the bottom of the dam (see
Figure 11). In order to have a stable model, the river was considered wet at the beginning of the

simulation with an initial flow of 1 m3/sec.
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Table 3. HEC-RAS Dam Breach Plan for Qaraoun Dam on Litani River

Item Value

River station of Dam 85705.98 m (upstream from the sea)
Pilot Flow | m3/sec
Upstream Embankment slope 1.35:1
Downstream Embankment slope H

Center station 752 m

Final Bottom Width 140 m

Final Bottom Elevation 804 m

Left side slope I:1

Right side slope H

Full formation time 4.5 then .5 hr
Failure mode Overtopping
Trigger Failure Set Time

Start time 0100

Dam (Inline Structure) Breach Data

[+ Breach This Structure

Inline Structure |Lileri Litani H5705.98

=] 8| #| Deletethis Biesch | Delete al Breaches |

Breach Plot | Breach Progression | Breach Repar foptional |

—n__._.__. T

Center Stabion: |?‘52
: Litani_New_ RAS Inline_& Plan; Litani_Mew _RAS Inline_US 121012 ﬂ
Final Bottom Width: |1 40
Firal Bottam Elevation: IW“ ga0 Lagand
Lelt Side Skope: |1 m
Right Side Slope: [ Bark Sia
Breach Wil Coel: [25 *Jq I} Firal Bresch
Full Fomation Time [hrs) |1 5 860
Falure Mode: Ovestapping ‘—I
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E
nilial Fipirng Elesy: I E
B40
Trigger Failure at: IEet Time 'I H
Starl Date 01SEF2008 |
Start Time Il]1 li]
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Figure 11. Qaraoun Dam breach model data.

3.4. HEC-RAS UNSTEADY FLOW ANALYSIS PARAMETERS

To model the dam breach process in HEC-RAS, an unsteady flow calculation is performed. A

simulation period of 23 hours was used with the dam breach initiated one hour after the start of the
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simulation. The Qaraoun Dam is modeled as an “inline structure” in the HEC-RAS model. The
dimensions of the dam are known from the plan (Fig. 7) and section (Fig. 8) illustrations and the data in

Table 2. The data needed to represent the dam breach in HEC-RAS are shown in Table 3 and Figure 11.

Boundary condition and initial condition data must be entered for the unsteady analysis. Boundary
conditions at the upstream river reach above the dam was entered as a constant flow rate of 1 m3/sec.
The downstream boundary condition at the sea was as a normal depth boundary condition with a water
surface slope of 0.001 m/m. Also, the initial flow in the basin at the statt of the simulation petiod was

set to al m3/sec in each section. A number of computational parameters have to be set in order to

achieve a stable simulation when modeling a dam break flood. These parameters are shown in Figures

13 and 14.

Unsteady Flow Data - Litani_New_RAS_Inline_6 M=
File  Options  Help

Boundary Conditions l Initial Conditians | g

Boundary Condition Types

Stage Hydrograph Flove Hudrograph | StagesFlov Hudr. | R ating Curve

|

MHarmal Depth | | |
|
|

River Reach RS Boundary Condition

1| Litani Litani 3534505 | Flow Hedrograph
2| Litani Litani 1971552  EMormal Depth

Figure 12. Boundary and initial condition data for Qaraoun Dam breach model.

DAM BREAK MODELINF FOR QARAOUN DAM 16



Unsteady Flow Analysis @

File Options Help

Plan : [Litani_ New_RA5_Inine_US ShatiD JUS
Geometry File : |Litani_New_F|.ﬁ.S_I nline_F ﬂ
Unsteady Flow File : | Litari_Mew_RAS_Inine_6 | I

Flan Description :
Programs to Flun B
[V Geomety Preprocessor
Iv Unsteady Flow Simulation
[~ Post Processor

Simulation Time Window

Starting D abe: MSEF2003 j Starting Time; 0000
Ending D ate: MSEF2003 j Ending Time; 2300

Computation Settings

Computation Interval: |5 S5econc « | Hudrograph Output [nterval: |5 Minute

[~ Computation Lewvel Output Detailed Output Interval: 30 Mitute
DSS Output Filename: |e:\Litani_New_F|.ﬁ.S_l nline_E_1.5hi_BreachLitani_Me g
[v Mixed Flow Fegime [see menu: "Options/Mixed Flow Options ..."]

G

1 Dam [Inline Structure) with breach data. 1 set to breach.

| Compute | r

Figure 13. Unsteady flow simulation parameters for Qaraoun Dam breach model.
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Figure 14. Computational parameters set for the Qaraoun Dam breach model.
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4. RESULTS

4.1. DAM BREACH TIME OF 1.5 HOURS

The time for the dam to breach is 1.5 hours, the peak of the outflow from the dam occurs 1 hour and 25
minutes after the beginning of the breaching process. The maximum flow rate from the dam is 67,528
m?3/sec. This value is higher than the previous estimate (from Froehlich equations) of 39, 000 m3/s. This
can be explained by the fact that Qaraoun Dam is a rockfill dam, thinner and with a steeper upstream

tacing than earthfill dams used to develop Froehlich equations.

Figure 15 shows the location of selected stations on the Litani River below Qaraoun Dam where HEC-
RAS model results are reported. Table 4 lists these sections along with the main results: initial stage
(water elevation) in the river before the dam breach; the maximum stage of the river during the flood,;
the height of the flood wave passing the section; and the time of the peak of the flood. The flood wave
is about 40 m high and does not attenuate much till reaching the coastal valley. The peak flow abates

progressively from initially 67,500 m3/s to 37,700 m3/s at the sea outlet.

Figures 16 - 25 show the water elevation, flow rate and cross-section for the cross sections listed in Table
4. From this it is possible to determine that the lag time between the peak flow below the dam at river
station 85614 and the peak flow at the downstream cross section 197 at the mouth of the river is 115
minutes. Hence, the dam breach wave would travel the 85 km in slightly less than 2 hours (115 minutes)

that is at a pace of 44.6 km/hr.
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Table 4. Maximum stage, flow and time of peak flow for selected Litani River stations
below Qaraoun Dam.

Initial
Rise Peak End Initial Peak Flood
Time * Time * Time * Peak Flow Stage Stage Height

Cross-section hr:min hr:min hr:min m3/sec m m m

85705.98 (dam) 0:00 1:25 3:20 675282 802.2 839.2 37.0
85614 (below dam) 0:00 1:25 3:20 673043 802.2 839.2 37.0
81599 (Sohmor) 0:25 1:35 4:10 48679.7 7779 820.5 426
75550 (Yohmor) 0:40 1:35 5:00 48340.2 5835 6122 28.6
66319 (Berghoz) 0:55 1:45 6:25 47397.7 4492 4882 39.0
60616 (Blat) 1:05 1:50 7:35 46830.0 390.3 4315 41.1
52329 (Mazraat) 1:15 2:05 7:45 45428.0 2455 2748 29.3
44333 (corner) 1:30 2:15 11:00 43839.0 168.9 221.7 528
32066 (Marnaba) :55 2:35 12:00 41880.2 107.3 144.9 37.6
7278 (Idaide) 2:35 3:05 13:00 39215.1 5.6 21.8 16.3
197 (mouth) 2:50 3:20 13:15 377383 2.6 13.4 10.8

* Time from time of breach initiation

10856 14 (dam)
o
H]

I 8115994(Sohmor),

v

I 75550 (Yohmor)
A

i

’I';' o

s »

¢ 7
66565 (above'Bergh
‘I (above'Berg 0z)

: 60616/(Blat)

'
[

l 52329 (Mazraa;‘Dnumi-‘ll)

I 197 (mouth)
i 7278 (Idaide)
I 32066 (Marnaba)

I 44333 (after corner)

5

Figure 15. Selected Litani River stations below Qaraoun Dam
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Figure 18. Qaraoun Dam break simulation results. Hydrograph at station 75550 (Yohmor).
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Figure 19. Qaraoun Dam break simulation results. Hydrograph at station 66319 (Berghoz).
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Figure 20. Qaraoun Dam break simulation results. Hydrograph at station 60616 (Blat).
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Figure 21. Qaraoun Dam break simulation results at station 52329 (Mazraat Doumiat).
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Figure 22. Qaraoun Dam break simulation results. Hydrograph at station 44333 (corner).
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Figure 24. Qaraoun Dam break simulation results. Hydrograph at station 7278 (Idaide).

DAM BREAK MODELINF FOR QARAOUN DAM

24



L Stage and Flow Hydrographs

File Type Opbions Help
River | Litani - LI| Time Seres| Maximum | Time at Max__ | Volume1000 m3)
) - = 5 T 1| Stage 1338 015ep2008 0420
Reach: |Lita - I CR 1571552 —
= L T e 2] Flow 37738,28 015ep2008 0420 22290417
IV PlotStage ¥ PlotFlow I Obs Stage | DbsFlow [ Use Ref Stage
Stage Flow | Table| Rating Curve |
Plan: US River Litani Reach: Litani RS: 197 1552 _I
40000 Legend
Stage
T Fow
30000
3 2
L £
& 20000 5
= ra
10000
5400 0200 0400 OB0O  OS00 1000 49200 1400 1600 1800 2000 2200 .
01Sep2008
Tine J
o1l Jal

Figure 25. Qaraoun Dam break simulation results. Hydrograph at station 197 (mouth).

4.2. SENSITIVITY ANALYSIS OF DAM BREACH TIME

Table 5 lists the results for a breaching time of 2 hours. For various stations along the river below the

dam the table lists the height of the flood wave passing the section; the time of the peak of the flood,

and the peak follow of the flood. The flood wave is between 10m and 42m in height, except for the

section just downstream of the corner in the river where the height increases to almost 52m. These

results are almost the same as the results for a 1.5-hour breaching time.

Table 5. Maximum stage, flow and time of peak flow for selected Litani River stations

below Qaraoun Dam with a 2.0 hour breach formation time.

Station Height of Time to Peak
Flood Wave Peak flow
(m) (hr:min) (m3/s)
85614 (below dam) 31.92 1:50 55136.6
81599 (Sohmor) 42.48 1:50 48200.2
75550 (Yohmor) 28.46 1:55 477113
66319 (Berghoz) 38.60 2:00 46743.2
60616 (Blat) 40.57 2:10 45823.0
52329 (Mazraat Doumiat) 2891 2:25 44271.6
44333 (corner) 51.96 2:30 42793.5
32066 (Marnaba) 37.17 2:50 40916.8
7278 (Idaide) 16.15 3:20 38460.7
197 (mouth) 10.68 3:35 371708
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Table 6 shows the results for a breaching time of 4.5 hours. For various stations along the river below
the dam the table lists the height of the flood wave passing the section; the time of the peak of the flood,
and the peak follow of the flood. The flood wave is between 10m and 30m in height, except for the
section just downstream of the corner in the river where the height increases to almost 40m. These

results show a flood of lower magnitude than for a 1.5-hour breaching time.

Table 6. Maximum stage, flow and time of peak flow for selected Litani River stations
below Qaraoun Dam with a 4.5 hour breach formation time.

Station Height of Time to Peak flow (m3/s)

Flood Wave Peak

(m) (hr:min)
85614 (below dam) 21.3 3:15 27455
81599 (Sohmory) 29.2 3:20 27237
75550 (Yohmor) 22.0 3:20 27220
66319 (Berghoz) 292 3:30 27112
60616 (Blat) 30.2 3:40 27044
52329 (Mazraat Doumiat) 223 3:55 26874
44333 (corner) 394 4:.05 26680
32066 (Marnaba) 29.6 4:20 26419
7278 (Idaide) 13.7 4:50 25927
197 (mouth) 8.9 5:05 25687

4.3. SENSITIVITY ANALYSIS OF BREACH SIDE SLOPES

In the results reported above the side slope of the breach formed in the dam is specified as 1:1 (see Table
4). The time for the dam to breach is 1 hours and 30 minutes, the peak of the outflow from the dam
occurs 1 hour and 25 minutes after the beginning of the breaching process. The maximum flow rate
from the dam is 27,458 m3/sec. In order to understand the impact of the breach slope on the resulting
flood characteristics, several different breach slopes were simulated, from 1:1 hours to 4:1. The results

for 1:1 slope are shown in Section 4.1 (Table 4).

Table 7 lists the results for a breach slope of 2:1. These results are almost the same as the results for a
1.5-hour breaching time, indicating slopes beyond the 1:1 do not have much impact on the flood
formation, since the flow from the breach occurs before the water has a chance to further widen the

breach beyond the 1:1 slope.
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Table 7. Maximum stage, flow and time of peak flow for selected Litani River stations
below Qaraoun Dam with a 1.5 hour breach formation time and side slopes of
2:1 instead of I:1.

Station Height of Time to Peak Peak flow (m3/s)

Flood Wave (hr:min)

(m)
85614 (below dam) 39.0 1:20 68748.3
81599 (Sohmor) 39.0 1:20 68784.9
75550 (Yohmor) 42.8 1:30 49447.0
66319 (Berghoz) 28.6 1:30 48269.0
60616 (Blat) 39.1 1:40 474723
52329 (Mazraat Doumiat) 41.2 1:45 46940.5
44333 (corner) 29.3 2:00 45494.2
32066 (Marnaba) 52.8 2:10 44012.6
7278 (Idaide) 376 2:30 41913.0
197 (mouth) 16.3 3:05 392288

10.8 3:15 37825.0
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5. RECOMMENDATIONS

The work described in this report includes the development and application of a dam break model fro
the Qaraoun Dam on the Litani River in Lebanon. This dam is in a seismically active zone and is at
some risk of failure due to an earthquake. The dam break modeling simulates the resulting development
of a flood wave and its propagation downstream to the Mediterranean Sea in the case of a breach. The
results have shown the magnitude and timing of the flood wave at selected locations downstream of the

dam.

Several recommendations are provided here for follow-on work that could be completed related to the

dam safety. Some additional analysis is recommended using the developed dam break model.

There are one or two stream flow gauges in the Litani basin below the Qaraoun Dam that could be used
for model calibration under normal flow conditions. If these flow and river stage records were made
available, the model calculations could be compared to these measured values and used to adjust some of

the model parameters to try to get a better calibration.

GIS mapping of the areas inundated by the dam break flood should be undertaken using the HEC-
GeoRAS software. The resulting inundated areas can be mapped in Google Earth for easy interpretation

by local communities and responsible officials.

The dam break model results could be used in the preparation of an Emergency Management Plan

developed for protecting downstream communities in the event of a dam break and subsequent flood.
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