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Abstract

Design of an Embankment Dam is a crucial issue from the view point of safety and economy of

construction cost. Asphaltic concrete core is virtually impervious, flexible, resistant to erosion and

aging, workable and compactable and offers joint less core construction. It is very well suited for

dams in earthquake regions and best suited when there is no ample supply of impervious material

within economically feasible distance.

In Middle Awash high embankment dam, due to biggest challenge is the hauling distance of the

impervious clay core material, the choice of rock fill asphalt concrete core dam is the most suitable

among alternatives emphasis was placed on costs, severe weather conditions during construction,

earthquake resistance, and compatibility with the geological conditions which might cause

significant differential settlements across the valley.

The paper provides modeling of the dam cross section for rock fill central asphalt concrete core

dam design using Geo-studio 2007 Software and computing factor of safety for upstream and

downstream slope stability for all different loading condition before and after earth quake using

limit equilibrium method and finite element method. Static and pseudo-static analyses have been

conducted in SLOPE/W 2007 using limit equilibrium method. For rigorous dynamic analysis

Equivalent Linear Dynamic analyses have been done using QUAKE/W 2007 module.

Based on recommended design standards such as: - ICOLD Bulletin, USBR, USACE and other

cited reference material the design and analysis of Middle Awash Multipurpose Dam was

conducted using Geo-studio 2007 software products and the result meets the recommended range

of design standard.

KEYWORDS: Asphaltic Concrete Core, Geo-studio 2007, Design of embankment dam, Middle

Awash Multipurpose Dam, Slope stability Analysis, Pseudo-static analyses, Equivalent Linear

Dynamic
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1 INTRODUCTION

1.1 Background

The beginning of dam construction is marked with the dam Sad el-Kafara, built in Egypt in the

period of the third or the fourth dynasty, between 2950 and 2750 BC. According to the standard

manual provided by the International Commission on Large Dams (ICOLD), in which about 63

member countries are now associated, dams with the height of more than 15m are referred to as

"high dams". About 14,000 high dams have been registered up to the present, and more than 70

percent of them are embankment dams.

Since the development and rapid increase in the application of asphaltic concrete for embankment

dam in the fifties of the last century, consideration has been given to the application of asphaltic

concrete core inside dam’s body. The idea has been to retain the basic positive features offered by

asphalt concrete as a very suitable material for construction of the watertight element in

embankment dams, while at the same time also avoiding the deficiencies caused by the exposed

position of the facing at the upstream slope of the dam.

The above major advantages of the asphaltic concrete cores, along with their high degree of water

tightness, high deformability, and chemical inertness, resulted in their more extensive application,

especially in the last 30-35 years, following the engineering and fabrication of machinery for the

simple placement and compaction of the asphalt mixture. Among more than 90 large dams of this

type built so far, the highest ones are Storglomvatn (1997, Norway), H=128 m, and Yele (2006,

China), H =125 m.

Also, of particular importance are two dams in Hong Kong over 100m high, as well as Finstertal

dam (1979, Austria), 98m high. Three alternatives were examined for the impervious barrier in a

rockfill dam:-

Earth core rock fill dam (ECRD), upstream concrete facing rock fill dam (CFRD), and Asphalt

concrete core rock fill dam (ACCD). To choose the most suitable among these alternatives

emphasis was placed on costs, severe weather conditions during construction, earthquake
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resistance, and compatibility with the geological conditions which might cause significant

differential settlements across the valley. After all aspects had been considered, the ACCD

alternative was decided to be the most suitable (Wang and Höeg, 2010).

The dam type selection process has thoroughly analyzed the different options leading to confirm

that the most suitable dam type options for the Middle Awash dam is either Rock/shell fill with

central clay core or Rock/shell fill with central asphalt concrete core. The first option is the most

common type and widely practiced in our country. The biggest challenge is the hauling distance

of the impervious clay core. The second option is technically sound like the first option. The

Construction of Asphalt Concrete Core is relatively new technology in our country and demands

an experience or qualified contractor as well as good quality control. However, Welkayit Dam is

designed and under construction with similar provision and thus lesson can be drawn from the

Welkayit project. The research conducted by the Norwegian Geotechnical Institute in cooperation

with Kolo Veidekke, indicated that all dams with built-in asphalt cores are reported to have

excellent field performance. Seepage through the core is claimed to be negligible and to date no

repairs have been required.

Therefore, for Middle Awash Multi-Purpose Dam, Rock fill with central asphalt concrete core is

preferable based on above listed facts under consideration.

Awash Basin Authority in its Growth and Transformation Plan Program anticipates the

development of flood control development project in middle awash area by constructing multi-

purpose dam and also to supply water for the existing command area in Amibara irrigation project

and for potential land. Which is around 40,000 ha of land.

The Middle Awash Multi-Purpose Dam is located in Afar and Oromia National Regional State,

around Awash town, at about 200 km northeast of Addis Ababa. Specifically the dam is located

on Main Awash River just upstream of the Addis Ababa-Djibouti road main bridge on Awash. The

dam site is located at a geological location of UTM629786E, UTM990686N. The location map of

project area is given in figure 1.1 and figure 1.2 below.
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The layout of the project consists of a 120m high dam across Awash River, a side channel spillway

on the left abutment and combined intake and diversion structure on the right abutment. The

reservoir area is within the valley a peculiar attention was given to exclude awash fall within the

inundation area. The reservoir is contained within the upper rolling hill catchment and in the valley

of the Awash River. The annual average flow of the Logia River at the gauging station is about

1740 Million Cubic Meter.

1.2 Location of the Project Area and Accessibility

The Middle Awash Multi-Purpose Dam is located in Afar and Oromia National Regional State,

around Awash town, at about 200 km northeast of Addis Ababa. The proposed multipurpose dam

is located on Main Awash River just upstream of the Addis Ababa-Djibouti road main bridge on

Awash. The dam site is proposed to be located at a geographical location of UTM629786E,

UTM990686N. The location map of project area is given in Figure 1.1 and 1.2 below.
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Figure 1.1: Location map of Middle Awash Dam
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Figure 1.2: Location map of Middle Awash Dam.
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1.3 Middle Awash Multipurpose Project (MAMPP)

MAMPP is located in the middle part of Awash Basin. The altitude range in the Basin varies

between 830 to 2500 m and the total area of MAMPP is about 19110.8 km2 at the proposed dam

location. The Basin can generally be described as temperate at higher elevation and tropical at

lower elevations.  However, due to the distinctive aspects of the highland climate, it is perhaps

better to describe it using the local/country’s climatic zones that are defined along with elevation.

The “Kolla” zone prevails in areas where elevation is below1800 meters and annual temperature

varies from 20oC to 28oC. Whereas, “Woina Dega” zone prevails in areas that are found between

1800 m and 2400 m and the annual average temperature ranges from 16oC to 20oC. On the other

hand, the “Dega” zone prevails in areas that are located above 2400 meters and the average annual

temperature ranges from 10oC to 16oC.

There are mainly 3 seasons in the Basin namely; Kiremt, Bega and Belg.  The main rainy season

known as “Kiremt”, is from June to September, during this season the rainfall occurs due to the

south-west Atlantic Ocean winds.  About 70% to 90% of the annual total rainfall occurs during

“Kiremt” season. “Kiremt” season, receives minimum sunshine hours, the variation of the daily

temperature is low and the relative humidity is high.  The dry season known as “Bega” starts in

October and extends up to January. During “Bega”, maximum sunshine hours are received, the

daily temperature variation is high and the relative humidity is low.

The proposed dam site is located on Awash River just downstream of Awash gauging station. The

Middle Awash dam site and command area are administratively located in Oromia regional state,

West Shao, East Shao and Arsi zone. The length of Awash River up to the proposed dam site is

370 km and the average river slope varies between 0.18% and 0.54% with average slope of 0.35%.

Nearly 80% of the catchment is cultivated land and the remaining portion is grass land. Grass land

coverage extends upwards to the Mountain toe following the river valley. The reservoir area covers

totally about 1605ha of land (WWDSE, 2016).
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1.3.1 General Description of Design Basis

The design basis relevant to the design of the Asphalt concrete core rock fill dam is summarized

below based on the information provided in (Middle Awash Multipurpose Dam Volume-V, part-I

dam and appurtenant structure feasibility design report January, 2016). The salient features of the

dam are described as:-

 Minimum Volume = 15.73 Mm3

 Maximum volume = 550 Mm3

 Normal Operating Reservoir Elevations =926 m amsl.

 Maximum Reservoir Elevation = 938 m amsl.

 The Minimum Draw down Level=857 m amsl.

 Dam height above river bed = 120 meter

 River bed level = 822 m amsl.

 Dam Crest level = 941 m amsl.

 Dam Crest level including road pavement = 942 m amsl

 Top width =12 m

 Dam Crest length =535 m

 Upstream slope :- (1:1.9) Berms of 4 m width at elevation of Berm level 1=860m, Berm

2=904m

 Downstream slope: - (1:1.65) Berms of 4 m width at elevation of Berm level 1=855m,

Berm 2= 872m, Berm 3=889m, Berm 4=906m, Berm 5=923m

 Estimated command area = 40,000ha

1.4 Geology

1.4.1 General Geology of the area

The geology of the area is characterized by horizontally layered sequence of volcanic products.

Intense interlayering of the units ranging from felsic rocks (welded and un-welded tuff,

ignimbrites, rhyolite/trachyte) to basic rocks (flow banded trachy-basalt, to scoraceous basalt)

makes the identification of map units into distinct unit difficult.
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1. Superficial deposits

2. Ignimbrite with layers of tuff

3. Basalt

4. Poorly welded tuff with layers of ignimbrite

5. Rhyolite/Trachyte

1.4.2 Geology of the Dam Site Area

The Dam site area, where the detailed investigation conducted covers 1.82 sq km (1.3 km X 1.4

km along the river, and across). It also includes the spill-way intake and outlet area. The area is

bounded by projected coordinates of; 626800-628200mE longitude and 99000-991300mN latitude

(UTM Adindan Zone 37N). Synoptic photographic view of the geology of the dam site area is

shown on Figures 1.3.
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Figure 1.3: Photo depicting the geological formations at the western (Left) (a) and eastern

(Right) (b) abutments of the proposed dam axis (WWDSE, 2016).

Note: - thick alluvial deposit at the foot of local fault stepping (Grey lines are contacts and barbed

magenta lines are faults with barb indicating down thrown side)
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1.5 Climate

The climate of Awash River Basin comes under the influence of the Inter-Tropical convergence

zone. This zone of lower pressure makes the convergence of tropical easterlies and the moist

equatorial wrestlers. The seasonal rainfall distribution within the basin results from the south,

bringing the small or spring rains. In June & July it reaches its most rains, and then returns south

wards during August to October restoring the drier easterly air stream which prevails until the

cycle repeated itself in March.

The mean annual rainfall varies from about 1600mm at Ankober in highlands north east of Addis

Ababa observatory to 160 at Asayita on the Northern limit of basin. The mean annual rainfall over

entire Western catchment is 850mm and at the head water, as gauged at Meka Hombole,  it is

1216mm and over the eastern catchments the mean annual rainfall to be 465mm.The annual and

mean monthly rainfall are characterized by high variability.

The annual Potential Evapotranspiration is 1800mm at Wanji and 2348mm at Dubti.

1.6 Seismicity

The Main Ethiopian rift (MER), which trends SSW from the Afar Depression (Figure 1.4), is one

of the well-developed continental rift segments in East Africa that marks the boundary between

Nubia and Somalia plates. Rifting is evident from topographic expression, geology, volcanism,

seismicity, and gravity. The narrow rift valley topography of MER is primarily caused by

subsidence of fault bounded sedimentary basins and uplifts of the adjacent rift flanks. A

comparison of rift structures and topographic relief in MER reveals that Tertiary volcanoes and

flood basalts also contribute to the high amplitude and short wavelength aspects of the topography,

particularly in the vicinity of the rift system. Although detailed kinematic data are not yet available,

the overall topographic relief of central and southern Ethiopia argues for overall normal extension

of the rift.
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Figure 1.4: Seismicity data for the Horn of Africa.

Blue circles represent Earthquakes that occurred for the last 110 years in the region and size of

the circles is proportional with magnitude. The green star shows the location of the Middle

Awash dam project site.

The Middle Awash Multipurpose Dam Project site is located at the rift axis (Figure 1.4) just on

top of the active rift floor. Hypo-central depths of well-constrained events are 5–7km from

modeled earthquakes in the main Ethiopian rift, which is the approximate elastic plate thickness

in Afar and the main Ethiopian rift, possibly indicating the depth to the brittle–ductile transition

zone in this part of the rift. The shallowness of the depth estimates agree with the macro-seismic

reports available from a wide area reported for Hosanna and Yirga Alem earthquakes in south

Ethiopia. (WWDSE, 2016).
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1.7 Statement of Problem

From feasibility study of WWDSE, 2016 Middle Awash multipurpose Dam is one of the proposed

dam types to construct at the selected dam site is a rock/shell fill with a clay core dam type. The

nearest quarry area identified for dam core which was few in quantity at an economically feasible

distance of about 3km, so the estimated quantity from this source is small compared to the design

requirements. The location of a suitable impervious clay which meets quantity and quality is

reported to be 15km away from dam axis which means that getting clay is going to be expensive.

Therefore Dam type selection process should consider thinner core to arrive at a suitable

arrangement in order to construct a safe and economical dam.

Because of these other material type must be used for the core and general dam zoning design with

safety analysis is required. The option of embankment dam with asphaltic core design must be

done assuring safety and less cost. Asphaltic core are mainly used in areas where natural

impermeable material of sufficient quality or quantity are not available. Since Middle Awash Dam

was located in an earthquake region and asphalt concrete core has viscoelastic-plastic properties

can be tailored to local conditions and climate which makes asphalt core dams especially suited to

seismically active areas.

This research considers presents the advantages of using asphalt concrete core dams due to

insufficient quantity and quality of natural clay core at an economically feasible distance for

Middle Awash Multipurpose Dam.

1.8 Objective

1.8.1 General Objective

The objective of this research is to alternative design and analysis a high embankment dam in the

case of Middle Awash Multipurpose Dam.

1.8.2 Specific Objectives

 To make the design of the dam with available material in a safe standard way.
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 To analysis different condition of the dam designed including slope stability, seepage and

various stress situations of the dam under the selected material.

 To analysis dynamic seismic stability of the dam.

1.9 Significance of the Research

In Ethiopia recently lots of dam projects were constructed and under construction and lots of design

works were done for the future expansion of the dam network throughout the country by the Water

Works Design and Supervision Enterprise. The country has experienced by design and

construction of embankment dam and concrete dam for many decades but there is only wolkayite

dam in our country which is under construction of embankment dam with asphalt concrete core.

In relation to cost comparison, the option of asphaltic core embankment dam is selected from RCC

dam and earth core embankment dam which is built in Norway completed in 1997 and China (three

Gorge dam) respectively. The same case goes to South Africa among the three alternatives of RCC,

concrete faced and asphalt core dams, the latter was chosen due to cost and because the dam was

located in an earthquake region on a poor sandstone foundation (Høeg, 1997). Comparative studies

by Wang and Hӧeg (2011) at several recent projects have shown the asphalt concrete core option

to be very competitive with earth core dams both technically and economically.

Asphaltic concrete core is virtually impervious, flexible, resistant to erosion and aging, workable

and compactable and offers joint less core construction. It is very well suited for dams in

earthquake regions and best suited when there is no ample supply of impervious material within

economically visible distance.

The Middle Awash Multipurpose Dam project site is located at the rift axis just on top of the active

rift floor. Hypo-central depths of well-constrained events are 5–7 km from modeled earthquakes

in the main Ethiopian rift.

Therefore, there is a need to have a proper design of embankment dam with Asphaltic concrete

core to overcome the problem of quality and quantity of natural impervious material that meets

design requirement.
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2 LITERATURE REVIEW

2.1 General Embankment Dam Consideration

The design and construction of earth and rock-fill dams is complex because of the nature of the

varying foundation conditions and range of properties of the materials available for use in the

embankment.  The first step is to conduct detailed geological and subsurface explorations, which

characterize the foundation, abutments, and potential borrow areas.  The next step is to conduct a

study of the type and physical properties of materials to be placed in the embankment. This study

should include a determination of quantities and the sequence in which they will become available.

Major features of design are required foundation treatment, abutment stability, seepage conditions,

stability of slopes adjacent to control structure approach channels and stilling basins, stability of

reservoir slopes, and ability of the reservoir to retain the water stored.  These features should be

studied with reference to field conditions and to various alternatives before initiating detailed

stability or seepage analyses.

ICOLD (1977) defines an embankment dam as any dam constructed of natural excavated material

or industrial waste material placed without the addition of binding materials other than those

inherent in the natural material. In the past, and to some extent at present, embankment dams have

been constructed from the most readily available materials such as loose rock, gravel, sand, silt,

mine or industrial waste, rock flour and clay. The fill material is placed with sloping sides and with

a length greater than its height. These dams are most suited in areas where the foundation material

is of earth or sand, or where the materials for construction are so expensive that an embankment

type of dam is more economical. ICOLD (1977) categorizes embankment dams as:

 Earthfill Dam. An embankment dam with more than 50% of its total volume formed of

compacted, fine-grained material obtained from a burrow area.

 Rockfill Dam. An embankment dam with more than 50% of its total volume comprised of

compacted, crushed or dumped pervious natural stone.

Embankment dams are usually zoned in some manner, such as an impermeable zone (core)

supported by the balance of the embankment to ensure safety in terms of strength, control of
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seepage and control of cracking. In remote areas, the rockfill dam with an impervious core of

natural material is perhaps the most widely used type of embankment dam, mainly because the

cost of imported materials, such as cement, is very high. It is not difficult to understand that

embankment dams must not be considered as simple structures. Each dam is unique; its water

tightness and stability are directly related to the materials used for construction and the materials

upon which it is founded.

The dam engineer is required to synthesize design solutions, which, without compromise on safety,

represent the optimal balance between technical, economic and environmental considerations

(Novak et al., 2007). Nowadays, embankment dams exist in excess of 300 meters high with

volumes of many millions of cubic meters of fill.

The embankment dams are widely used because:

 Materials available within short haul distances are used;

 The suitability of the type to sites in wide valleys and relatively steep sided gorges alike;

 Subject to satisfying essential design criteria, the embankment design is extremely flexible

in its ability to accommodate different fill material e.g. earthfill and/or rockfill. if suitably

zoned internally;

 Properly designed, the embankment can safely accommodate an appreciable degree of

settlement deformation without risk of serious cracking and possible failure;

 The embankment dam can accommodate a variety of foundation conditions, and;

 Often, the embankment dam is least costly when compared to other dam types.

If suitable soils for an earth-fill dam can be found in nearby borrow pits, an earth dam may prove

to be more economical. The availability of suitable rock may favor a rock-fill dam. The availability

of suitable sand and gravel for concrete at a reasonable cost locally or onsite is favorable to use for

a concrete dam (Golze 1977, USBR 1987). Impervious cores and homogeneous earth dams are

considered the most important components in embankment dam safety (Combelles, 1991). In

general, the main problems associated with embankment dams are as follows:

 Seepage through the dam or through the foundation, causing pore water pressures

in the fill and the foundation,
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 Settlement of dam and/or foundation,

 Deformations due to internal and/or external stresses, and

 Slope stability (both upstream and downstream).

In fact the most dangerous process in embankment dams is piping (the progressive development

of internal erosion by seepage, appearing downstream as a hole discharging water), which may be

caused by cracking and fines entrainment. This may occur because of an inadequate downstream

filter behind the core, or because the earth in a homogeneous dam does not possess the necessary

healing properties (Combelles, 1991). In many cases dam failure due to piping is reputed to be

quick, but there have been cases where visible sand deposits at the toe of the embankment dam

had shown that piping had already begun for some period of time (Bonazzi, 1990).

2.2 Dam Design Sectional Elements

This section describes the dam design procedures undertaken for Middle Awash Multipurpose

dam. The basic consideration in the design of Middle Awash Dam has been to achieve safety

consistent with economy. As indicated in (Volume V-Part-I Dam and Appurtenant Structures Draft

Feasibility Report, 2016) embankment dam with different zoning options has been considered for

the feasibility study.

I. Rock and Shell fill central clay core

II. Rock fill with central clay core

III. Rock fill with central Asphalt Concrete Core

An Ogee spillway with chute on the left bank has been selected for Middle Awash dam site. The

proposed spillway route demands high depth of excavation to meet spillway design requirements.

The excavated material will be used as dam fill material either in the main or coffer dam.

The following criteria have been considered in the Middle Awash Dam design:

 Under all conditions of construction, reservoir operation, and seismic activity, the

embankment, foundation, and abutments must remain stable.
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 Seepage through the embankment, foundation, and abutments must be properly controlled

and collected to prevent excessive uplift pressures, piping, sloughing and removal of

material by solution or erosion of material by loss into cracks, joints, and cavities.

In the design seepage control measures such as foundation cutoffs, grouting, adequate and non-

brittle impervious zones, transition zones, and drainage blankets are incorporated.

2.3 Dam Type Selection

2.3.1 General

The geological cross section at the selected dam axis, drawn as the result of the investigations

carried out at the Draft Feasibility Stage and confirmed by core recovery inspection, has showed

the presence of sound rock at variable depths and more notable underline by old alluvial and fault

Breccia on right side of the river bank and terrace deposits. The fault breccia stretches on average

for about 40m along the right dam valley and it is overlain by about 15m thick old alluvium. The

Fault breccia thickness is found to be about 32m thick below the old alluvial. The average thickness

of the old alluvial and terrace deposit is about 15m and it stretches for 130m along the right valley

of the proposed dam axis. Also the construction materials assessment, showed significant available

amounts of rock materials, likely to be suitable for free draining material production, found at close

proximity. The nearest quarry area identified for dam core was about 3km, however the estimated

quantity from this source is small compared to the design requirements.

On the basis of these findings, in principle, different types of dams have been taken into

consideration for implementation at Middle Awash Dam site and preliminarily examined on the

basis of the following aspects:

 Overall cost

 Complexity and criticality relative to construction operations

 Time for implementation

 Seismic impact
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 Impact on the general system performance due to any potential repair operation

requirements.

2.3.2 Embankment Dam with Rock fill clay core or Rock and shell fill Clay Core

It is noted that a markedly safer and more reliable performance of the whole dam, in all the load

conditions, would be achieved by a more refined zoning design, possibly limiting the use of

gravely materials only to some portions of the dam body and implementing selected free draining

coarser and stronger materials to form the outer resisting portions of the dam body shells, so

controlling the dam volume and emphasizing the dam body performance in the various conditions.

This alternative solution allows that the quantity of material will be optimized together with the

overall behavior of the dam structure and considerably be reduced, just due to the expected

performance of coarser and relatively stronger quarry run or natural Free Draining material.

It is the most common type of rock fill dam design. The central clay core will act as imperious

material. The biggest challenge for this design option is availability of core materials within

economically justifiable hauling distance that meets the design requirement. The nearest quarry

area is about 3km and the estimated quantity is small compared to the design requirement. The

second nearest quarry area is about 7km and this source do not meet the quality criteria stated for

impervious material. So the final option which meets both quantity and quality is the one located

at about 15km from the dam axis. Therefore, hauling from 15km might not be economically

justifiable (WWDSE, 2016).

Rock fill materials are abundant within 2.5km radius around the dam axis. The main quarry sources

are ignimbrite and rhyolite rocks that can be blasted and crushed to the required grading

requirements..

2.3.3 Asphalt Concrete Core Free Draining Materials Dam

The impervious material clay will be changed with Asphalt Concrete and then reduced volume of

clay material. As far as the question whether asphaltic concrete core or cover facing is preferable

for the case, the evaluation on the respective degree of suitability can be decided on the basis of

the detailed advantages and disadvantages summary provided below.
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Asphalt Concrete Core option advantages are:

 relative flexibility of asphalt concrete yielding a greater margin of safety against

shear, being this material capable to accommodate higher shear strains with respect

to other weaker core materials;

 favorable deformation conditions, determined by the more effective confinement

of the core between the dense transition materials embodied within the dam, with

respect to the facing location;

 Reduced cost in terms of volume of asphalt concrete required;

 Simple and rapid erection upon sound construction procedure rules;

 self-healing capability of potential cracks for leakage control;

 No progressive erosion under gradients action

 Effectiveness in allowing the possibility of progressive water storage during

construction upon sound operation rules application if the need arises from the

client side;

 Asphalt concrete has been documented to be virtually impervious when compacted

to a void content of less than 3%. Its viscoelastic-plastic properties can be tailored

to local conditions and climate which makes asphalt core dams especially suited to

seismically active areas like Middle Awash Dam, and on relatively weak

foundation (like the case of fault breccia), possibly due to weathering and

fracturing, where stiffer structures like CFRD and RCC might not be suitable;

And the Asphalt Concrete Core option disadvantages:

 An experienced sub-contractor and supervision specialist will be required to carry

out the asphaltic concrete construction works.

2.3.4 Asphalt Concrete Faced Free Draining Materials Dam

Asphalt Concrete Cover Facing option advantages are:
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 relative flexibility of asphalt concrete yielding a greater margin of safety against

shear, being this material capable to accommodate higher shear strains with respect

to other stiffer kinds of cover materials

 The adoption of an CFFDD would in principle allow to optimize the embankment

volume

 reduced cost as a result of reduced shell material quantity;

 Parts above water are easy to repair;

 grouting is possible while construction is in progress

 No progressive erosion under gradients action

And the Asphalt Concrete Cover Facing option disadvantages:

 Complex manufacturing of the cover due to its multi-layered structure and critical

connection to the U/S dam slope toe concrete structure;

 Incapability of the cover to accommodate the large deformations and relevant

strains (shear and flexural) implied by the settlement of the sub-grade following to

the application of the external loads distribution on such high dam, even adopting

special construction staging procedure and likelihood of cracking of the cover

especially at the toe connection;

 The need for preparation and regularization of the sub-grade, until the dam body

completion is achieved, before cover placing, does not allow the possibility of

progressive water storage during construction;

 The possible need for cover cracking repair operation, especially at the dam U/S

toe, would imply the need for reservoir depletion with huge economic damage and

risk of repair unfeasibility due to the presence of sediments;

 The middle awash dam is located in highly seismic areas and possibility of cracks

as a result of deformation either in sub-base or main dam materials.

 The asphalt concrete changes its properties due to the temperature change in the

exposed zone;
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 If the asphalt concrete is exposed to the light and ultra-violet radiation, it will

undergo aging effects, which means that it starts losing its properties with time

progress;

 An experienced sub-contractor and supervision specialist will be required to carry

out the asphaltic concrete construction works.

The adoption of a CFFDD would in principle allow to optimize somewhat the embankment volume

with respect to a central core type solution and any element from the sound experience in designing

and construction of such high Free Draining dams all over the world, may be taken in due

consideration. Also this option will require the use of Free Draining material and an experienced

contractor to construct the upstream concrete facing.

However, for relatively high dams like the Middle Awash Dam is, the effects of the marked

difference in stiffness of the concrete slabs, with respect to their subgrade and the creep

deformations of the Free Draining material are of concern.

The largest CFFDDs under construction have heights exceeding 200 m. Local damage of the

concrete face (especially large joint displacements) due to earthquake action may drastically

increase leakage losses. For the safety of high CFFDDs it is important to know if the consequences

of joint leakage (with large leakage) have a negative effect on the safety of the dam.

The slopes of CFFDDs in highly seismic areas should be rather flat as the crest deformations of

the dam will be governed by the slopes and crest width as well as concrete elements on the crest.

Regardless of the effect of ground shaking, CFFDD may be vulnerable to earthquake-triggered

differential movements at discontinuities in the foundation of a dam. Moussai, B. (2010) noted

that performance rather than safety is the main concern for concrete face rock fill dams. It is

generally agreed that during a strong earthquake the face slab is likely to crack. Therefore, based

on the above facts CFFDDs is less favored for Middle Awash dam.
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2.3.5 Cost comparisons for designs from different projects experience

Over the past few years fairly detailed cost comparisons have been made between different design

alternatives at the design stage of projects. Some of them presented here:

 For the Urar dam, completed in 1997 in Norway, tenders were submitted for an

RCC dam and a Free Draining dam with asphalt core. When only considering

contractor costs and additional spillway expenses, the asphalt core alternative

turned out to be approximately 10% cheaper than the RCC option.

 For the Greater Ceres dam, completed in 1998 in South Africa, three alternatives

were compared at the design stage: RCC, concrete faced and asphalt concrete core

dams. The latter was chosen due to cost and because the dam was located in an

earthquake region on a poor sandstone foundation.

 For the Mao Pin Xi dam, the alternatives were an earth core and an asphalt concrete

core dam. The latter was chosen due to its lower cost.

 Tender documents for the 105m high Maguga dam, in Swaziland, were issued in

three alternatives after excluding others at the design stage. The asphalt core and

clay core alternatives, which were fairly similar in price, were significantly less

expensive than the upstream concrete face alternative.

 Recent alternative bids in Iceland (1999) have shown that embankment dams with

asphalt cores are still very competitive with respect to upstream concrete face

alternatives.

 The Norwegian Geotechnical Institute (NGI) in co-operation with Kolo Veidekke,

a Norwegian asphalt con-tractor, has carried out considerable research into asphalt

concrete cores. Tri-axial tests and finite element analyses have been performed to

document the suitability of using asphalt concrete in embankment dams.

 All dams with built-in asphalt cores are reported to have excellent field

performance. Seepage through the core is claimed to be negligible and to date no

repairs have been required. It seems quite probable that embankment dams with
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asphalt concrete cores are likely to find a more prominent place in future dam

construction.

2.4 Comparison of Dam Type

The research conducted by the Norwegian Geotechnical Institute in co-operation with Kolo

Veidekke, indicted that all dams with built-in asphalt cores are reported to have excellent field

performance. Seepage through the core is claimed to be negligible and to date no repairs have been

required.

In relation to cost comparison, the option of asphaltic core embankment dam is selected from RCC

dam and earth core embankment dam which is built in Norway completed in 1997 and China (three

Gorge dam) respectively. The same case goes to South Africa among the three alternatives of RCC,

concrete faced and asphalt core dams, the latter was chosen due to cost and because the dam was

located in an earthquake region on a poor sandstone foundation (Høeg, 1997).

To choose the most suitable among alternatives emphasis was placed on costs, severe weather

conditions during construction, earthquake resistance, and compatibility with the geological

conditions which might cause significant differential settlements across the valley. After all aspects

had been considered, the Asphalt Concrete Core Dam alternative was decided to be the most

suitable (Wang and Höeg, 2010).

2.5 Dam Crest Elevation

One of the basic requirements for design of dam is to fix the crest level of the dam which ensures

safety against overtopping caused by wind induced waves and water by providing adequate free

board.

Freeboard is the vertical distance between the crest of the embankment (without camber) and the

reservoir water surface. The more specific term “Normal Freeboard” is the difference in elevation

between the crest of the dam and the top of active conservation, joint use, or exclusive flood control

water level as fixed by design requirements. The term “Minimum Freeboard” is the difference in
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elevation between the crest of the dam and the maximum reservoir water surface that would result

from a routing of the design flood with spillway operating as planned.

2.5.1 Freeboard Computation

Additional allowances for settlement of the foundation and embankment (known as camber) as

well as settlement due to strong ground motion should also be considered. Based on the

Hydrological study and the topography of the flooded area, the required freeboard is computed

considering the following:

 The crest level of the over flow weir is 926m;

 Net Spillway crest length 75m; and

 Maximum Water Level corresponding to PMF 938m.

The most widely used method for freeboard computation for embankment dams is based on

Saville's method. The dam crest including road pavement is fixed to be 942.00.masl. Accordingly

the maximum height of the dam from river bed level will be (942) – (822) =120m.

2.4.2 Dam Crest Width

The top width of an earth or rock-fill dam within conventional limits has little effect on stability.

The crest width is often governed by construction procedure and the access required. Depending

upon the height of the dam, the minimum top width, according to USACE, is between 7.5 and 12.0

m. The width of dam at crest as per BIS 8826 - 1978 "Guide lines for design of large earth and

rock fill dam" should be fixed according to the working space required at top and the crest width

should not be less than 6.0 m. The Japanese code 1957 specifies crest width (W) in terms of dam

height (H) as follows:

36.3 3  HW (meters) 2-1
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Table 2-1: The crest width either proposed by different codes or equations

Code Unit Criteria

BIS 8826-1978 m B>6

USACE m 7.5 to 12.0

Japanese (1957) m 14.75

The width of the dam at the crest should be fixed according to the working space required at the

top.  Based on the above equation and recommendations the crest width for Middle Awash dam is

proposed to be 12.0 m.

2.6 Geo-studio 2007 soft ware
GeoStudio is composed of eight software products that enable everything from simple-to-complex

analyses. When integrated, the products offer a broader analytical environment that offers

significantly more power and capabilities. The fully-integrated software suite includes limit

equilibrium stability analysis and seven finite element applications for modeling geotechnical and

earth science problems. SLOPE/W Slope stability analysis, SEEP/W Groundwater seepage

analysis, SIGMA/W Stress-deformation analysis, QUAKE/W Dynamic earthquake analysis,

TEMP/W Thermal analysis, CTRAN/W Contaminant transport analysis, VADOSE/W Vadose

zone and soil cover analysis, and AIR/W Air flow analysis.

2.6.1 SEEP/W Software Model

SEEP/W is a finite element software product which is a part of GEO-SLOPE international model

that is leading of geotechnical modeling software products. It helps to analyzing groundwater

seepage and excess pore-water pressure problems within porous materials such as soil and rock.

The model comprehensive formulation allows the analyses ranging from simple, saturated steady-

state problems to sophisticated, saturated-unsaturated, time-dependent problems. SEEP/W can be

used to analysis and design geotechnical and civil problems.

The unique CAD-like technology in SEEP/W allows generating finite element mesh by drawing

regions on the screen and interactively applying boundary conditions and specify material
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properties and estimate the material property functions from easily measured parameters like

grain-size, saturated conductivity and saturated water content. Once we have solved the seepage

problem, SEEP/W offers many tools for viewing results. Generate contours or x-y plots of any

computed parameter, such as head, pressure, gradient, velocity, and conductivity. Velocity vectors

show flow direction and rate. Interactively query computed values by clicking on any node or flux

section. Then export results into other applications, such as Microsoft Excel or Word, for further

analysis or to prepare presentations.

An analysis of the expected quantity of seepage through the embankment and dam foundation

using SEEP/W software model requires the sets of parameters like; model section of the dam,

permeability coefficient of material, the piezometer reading and boundary conditions

2.6.2 SLOPE/W Software Model

SLOPE/W is the leading software product for analyzing the stability of earth and rock slopes.

SLOPE/W can effectively analyze both simple and complex problems for a variety of failure

modes, pore-water pressure conditions, soil properties, loading conditions, and reinforcement

options.

SLOPE/W can accommodate pseudo-static analysis, limit state design, probabilistic and sensitivity

analysis, and rapid drawdown analysis. It can be combined with SIGMA/W for stress-based

stability analysis or QUAKE/W for Newmark deformation. Full integration with other GeoStudio

finite element products allows the stability of slopes and excavations to be analyzed through time.

2.6.3 SIGMA/W Software Model

SIGMA/W can be used to perform stress and deformation analyses of earth structures. Its

comprehensive formulation makes it possible to analyze both simple and highly complex

problems. SIGMA/W can perform a simple linear elastic deformation analysis or a highly

sophisticated, nonlinear elastic-plastic effective stress analysis.

The many constitutive soil models allow you to represent a wide range of soils or structural

materials. In addition, SIGMA/W can model the pore-water pressure generation and dissipation in

a soil structure in response to external loading.
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2.6.4 QUAKE/W Software Model

QUAKE/W can be used for the dynamic analysis of earth structures subjected to earthquake

shaking or to point dynamic forces from a blast or a sudden impact load. QUAKE/W determines

the motion and excess pore-water pressures that arise due to shaking.

Generalized material property functions let you use laboratory or published data. Constitutive

models include a Linear-Elastic model, an Equivalent Linear model, and an effective stress Non-

Linear model. QUAKE/W uses the Direct Integration Method to compute the motion and excess

pore-water pressures arising from inertial forces at user-defined time steps.

2.7 Seepage control and analysis in Embankment Dam

All earth and rock-fill dams are subject to seepage through the embankment, foundation, and

abutments. Seepage control is necessary to prevent excessive uplift pressures, instability of the

downstream slope, piping through the embankment and/or foundation, and erosion of material by

migration into open joints in the foundation and abutments. The purpose of the project, i.e., long-

term storage, flood control, etc., may impose limitations on the allowable quantity of seepage.

Methods for seepage control in embankments are flat slopes without drains, embankment zonation,

and vertical and horizontal drains.

For earth and rock-fill dams located where earthquake effects are likely, there are several

considerations which can lead to increased seepage control and safety. Geometric considerations

include using a vertical instead of inclined core, wider dam crest, increased freeboard, flatter

embankment slopes, and flaring the embankment at the abutments (Sherard 1966). The core

material should have a high resistance to erosion (Arulanandan and Perry 1983). Relatively wide

transition and filter zones adjacent to the core and extending the full height of the dam can be used.

A seepage analysis was performed using Geo-studio program SEEP/W to develop a preliminary

estimate of the seepage which can be expected through the maximum section of the dam and the

underlying foundation.
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2.8 Slope Stability Analysis

Stability analysis is carried out in order to determine the factor of safety of a potential (shear)

failure surface. The factor of safety is defined as the ratio of the resisting force or moment to the

driving force or moment. The computations for the factor of safety should be based on the most

unfavorable condition under which the tests for the determination of the material properties

(parameters) are to be carried out. The greatest uncertainties in stability problems arise in the

selection of pore pressure and strength parameters.

The selection of minimum factor of safety depends on various factors. The assumptions made

concerning soil strength parameters, pore pressures, method of analysis used, the consequences of

failures, construction quality control and economics are the governing factors. Different agencies

suggest minimum values within the range of 1.2 to1.5 depending upon the risks involved (Lucas,

R.O, 1986).

Earth dam stability analysis requires knowledge of appropriate shear strength parameters of the

soil comprising the embankment and the foundation. Two basically different approaches to the

stability problem are in common use (Sherard, J.L, 1963). They are the effective stress analysis

and the total stress analysis.

There are three periods in the life of a dam that may be critical from stability point of view

 Construction phase

 Full reservoir condition

 Rapid drawdown condition

At each of these stages, the mechanics of failure is different and slightly different analytic

techniques are used.

2.8.1 Methods for assessing the stability of slopes during earthquakes

These early efforts, based simply on adding an earthquake force to a static limit-equilibrium

analysis, were formalized by Terzhagi (1950) and comprise what came to be known as pseudostatic

analysis. Soon after, finite-element modeling, a type of stress deformation analysis, was developed
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and eventually would be applied to slopes (Clough and Chopra, 1966). In these early years,

however, this type of analysis was profoundly complex and computationally daunting. Newmark

(1965) proposed a method for estimating the displacement of slopes during earthquakes that

addressed some of the crude assumptions of pseudostatic analysis but was still quite simple to

apply in practice and thus overcame the difficulties of early stress-deformation analysis.

2.8.1.1 Pseudo-static stability analysis

In a conventional pseudo-static, limiting equilibrium, earthquake stability analysis, a horizontal

earthquake force is applied to the sliding body in addition to the static forces. The additional

horizontal force is proportional to the total mass of the sliding body, and the factor of

proportionality is denoted "earthquake coefficient". This type of analysis is applicable only for

dams constructed of materials that do not experience a significant reduction in strength during

cyclic loading. The dense rockfill, which makes up the bulk of Storvatn Dam, and the asphaltic

concrete core are of this type. The permeability of the rockfill and the transition zones is so great

that the excess pore pressures generated during cyclic loading dissipate quickly, and no significant

accumulation of pore pressures takes place during an earthquake.

According to Seed (1979), the acceptable design criterion for a rockfill embankment dam exposed

to earthquakes, is a pseudo-static factor of safety greater than 1.15 for an earthquake coefficient of

0.1 for a magnitude 6.5 event, and an earthquake coefficient of 0.15 for a magnitude 8.25 event.

The pseudostatic load corresponding to a factor of safety of 1.0 is considered the “yield

acceleration” of the slope.

For many years, seismic coefficients were estimated based on empirical guidelines and codes.

Typical values for seismic coefficients used ranged from about 0.05 to about 0.25 (Seed, 1979;

Hynes-Griffin and Franklin, 1984; Kavazanjian et al., 1997).

2.8.1.2 Dynamic analysis

A simple indication of the dynamic seismic stability of an embankment can be obtained by

applying a pseudostatic coefficient equal to one half the design PGA value in the static slope



High Embankment Dam Alternative Design and Analysis                                    March, 2017
(In case of Middle Awash Multipurpose Dam)

Master Thesis 30 AAiT

stability analyses. Studies by Hynes-Griffin and Franklin (1984) found that earth dams having a

factor of safety greater than 1.0 under a pseudostatic force of 0.5 times the peak acceleration would

not undergo “dangerously large” deformations under the peak seismic acceleration.

Additional analyses were performed to study the dynamic response of the dam and to estimate the

permanent deformations which could be induced by a severe earthquake (Gazetas and Dakoulas,

1992).

Newmark (1965) suggested as a useful approximation that the potential failure mass in an

embankment can be modelled as a rigid block sliding along a potential slip surface. The yield

acceleration is defined as the horizontal acceleration required to initiate sliding. This model does

not account for the variations in ground motion along the potential failure surface caused by the

dynamic response of the structure.

Makdisi and Seed (1978) therefore proposed an equivalent linear earthquake response analysis to

evaluate an average, effective base motion for estimating the permanent block displacements.

The main reasons for the favorable seismic behaviour of a rockfill dam with an asphaltic concrete

core are as follows:

 The dam is built with core and embankment materials that do not experience any significant

reduction in strength during cyclic loading. The permeability of the dense rockfill which

makes up the bulk of the dam is so great that the excess pore pressures generated during

cyclic loading dissipate quickly, and no significant accumulation of pore pressures takes

place during the earthquake.

 The dam can tolerate large permanent shear deformations without experiencing an

uncontrolled release of the reservoir water. This type of behaviour is likely to prevent

failure even in the event of an extreme earthquake.
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3 EMBANKMENT DAM MATERIAL

3.1 Earth dam Configurations

Embankment dam configuration generally falls one of the following configuration.

1. Homogenous earth dam

2. Dam with earth core

3. Dam with asphaltic concrete core

4. Dam with upstream facing asphalt, concrete or geomembrane

3.1.1 Homogenous earth dam

This configuration is generally limited to smaller dams especially in rural applications where the

entire embankment can be constructed of a low permeability soil and erosion/slippage has minimal

consequences to the downstream regions.

3.1.2 Dam with earth core

This configuration is often referred to as a zoned or composite earth dam and features an earth fill

embankment that may contain a number of zones of different materials. The core can be centrally

located or inclined and can be composed of any suitable material that can act as impermeable

barrier. Natural and compacted clay is the most common core material. A filter is often used at the

interface between two materials of different grain sizes to help prevent internal erosion and fine

grains being carried away through coarse fill.

3.1.3 Dam with asphaltic concrete core

These dams feature an outer embankment of earth or rock fill supporting a thin core wall of asphalt

or concrete acting as the water barrier. Typically, the vertical or sloped asphalt concrete core wall

may be between 0.5 and 1.0m wide, depending on the height of the dam, seismicity of the site,

foundation conditions, and quality of the embankment fill (Wang & Hӧeg 2011). A more modern

approach to asphaltic concrete core dams is to use an upstream transition layer that is grain-size
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compatible with the upstream shell to serve as a crack stopper for the asphaltic concrete core and

a downstream drainage layer to function as a chimney drain (USSD 2011).

Table 3-1 Typical cross section of asphaltic concrete core earth dam (HØeg 1993)

Zone Material Layer thickness (m)

1 core Asphalt concrete (bitumen 6%) 0.2

2 filter/ transition Natural gravel or crushed rock, 0-60mm 0.2

3 transition Crushed rock, 0-200mm 0.4

4 shoulder (shell) Quarried rock, 0-400mm 0.8

5 slope protection Selected large blocks >0.5m3 Individually machine

placed

6 crown cap Selected large blocks >1.0m3 Individually machine

placed

7 toe drain Selected large blocks >0.5m3 Dumped in lifts up to 4m

3.1.4 Dam with upstream facing of asphalt, concrete or geomembrane

These dams use an upstream barrier rather than a core system which can have benefits such as

erosion protection of the upstream face (for asphalt and concrete faced dams) and ease of

construction. Concrete and asphalt dam facings are generally on the exposed surface and applied

as a thin layer.

Concrete has a tendency to form cracks in larger dams so asphalt has become much more widely

used as a facing material due to its flexible nature. Geomembrane are generally laid on the

upstream face of the dam and protected by a layer of granular material to reduce punctures and

limit exposure to sun and weather.

For situation where winter construction is necessary, geomembrane offer a cost effective and

practical alternative to the problematic laying and compaction of fill in freezing conditions.
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Whereas the following disadvantages play major role in their selection particularly in high dam;

vulnerable to impacts, ice loads, sabotage, effects of weathering and aging, and this require partial

or fully covered protective layer that increase cost, and cannot provide storage during construction.

For Middle Awash dam, due to its considerable height use of this geomembrane as water barrier

results more problematic conditions in relation to maintenance and sometimes liable to thefts, if it

is placed as along the upstream side, by the surrounding community.

Figure 3.1 Typical cross section of simple earth dam with upstream facing of geomembrane

3.2 Material selection

Earth and rock fill dams are constructed of all types of geologic materials, with the exception of

organic soils and peats. Most embankment dam are designed to utilize the economically available

on site materials for the bulk of construction. Special zones such as filters, drains and riprap, may

come from offsite sources. Soil materials used in embankment dams commonly are obtained by

mass production from local borrow pits, and from required excavation where suitable (USSD,

2011).The most common material for earth dam cores is clay as usually the most economical to

source.

Asphaltic concrete core can also be used as the barrier in earth dams. Asphaltic concrete is able to

move and flex with settlement and is well suited for use in situations where freezing and thawing

may cause movement of the core, in addition to being impervious to the effects of frost.
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Although local clays have generally always been the preferred material used in embankment dam

cores based on economy, asphalt concrete has become very attractive in the past decade as a viable

alternative in cold, wet or remote region due to a number of advantages over natural soil including:-

 Reduced construction time

 The ability to construct in cold and wet conditions

 Visco-elastic adjustment to deformation due to construction or seismic activity

 Limited self-healing capacity as cracks develop in core wall (when upstream filter

containing fine grained material is used)

 Extremely low permeability

 Resistance to internal erosion effects experienced in earth cores

 Reduced core width

 Minimized requirements for filter and drainage systems due to lower seepage

 Reduced maintenance requirements

Over 100 asphalt concrete dams have been built worldwide since 1964 and all have shown

excellent performance under all climatic conditions (Wang & Hӧeg 2011). Of special note is its

high tolerance to freeze-thaw cycles and resistance to frost. Comparative studies by Wang and

Hӧeg (2011) at several recent projects have shown the asphalt concrete core option to be very

competitive with earth core dams both technically and economically.

3.3 Final Selection of the Dam Type

The selection process has thoroughly analyzed the different options leading to confirm that the

most suitable dam type options for the Middle Awash Dam either Rock/shell fill with central clay

core or Rockfill with central asphalt concrete core. The first option is the most common type and

widely practiced in our country. The biggest challenge is the hauling distance of the impervious

clay core.  The second option is technically sound like the first option. Construction of Asphalt

Concrete Core is relatively new technology in our country and demands an experienced or

qualified contractor as well as good quality control. However, Welkayit Dam is designed and under

construction with similar provision and thus lesson can be drawn from the Welkayit Project.
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3.3.1 Comparison of Alternative Options

Each option offers benefits compared to the other, with respect to design, construction,
maintenance and cost.

3.3.1.1 Design Issues

 Asphalt Concrete Core Rockfill Dam (ACRD) Alternative

Asphalt is known to have a long life and to be resistant to acidic environments. The ACRD can be

constructed using local rockfill; only the asphalt aggregate and transition zones will require

manufacture; other zones will be taken directly from the quarry (or from mine waste) to the dam.

Asphalt core placement is less disrupted by poor weather conditions than placement of clay and

till cores. The plastic, self-healing nature of asphalt cores makes this type of dam resistant to

leakage from settling of fill or earthquake deformation.

 Rock/shell fill with central clay core Alternative

Rock/shell fill with central clay core is dissimilar material, typically a locally plentiful shell with

a watertight clay core and if material satisfies both quality and quantity within short distance in

order to meet design requirement. It employs filter and drain zones to collect and remove seep

water and preserve the integrity of the downstream shell zone.

Since core is softer than shell, load transfer occurs from core to shell. As a result of this action,

pore water pressure can become more than total stress within core (Sherard 1991; Ono and Yamada

1993). This action may lead to hydraulic fracturing and make of cracks due to excessive water

pressure. There is also the possibility of piping in this case. Since more settlements are within core

with respect to the shell causing differential settlements and core leaning to shell as a result of

much transformation of loads.

3.3.1.2 Construction Issues

 Asphalt Concrete Core Rockfill Dam (ACRD) Alternative

The dam would be constructed largely of unprocessed rockfill. Rockfill can be placed in freezing

conditions. The asphalt core can be placed to a few degrees below freezing, with appropriate



High Embankment Dam Alternative Design and Analysis                                    March, 2017
(In case of Middle Awash Multipurpose Dam)

Master Thesis 36 AAiT

modifications to the equipment. It is often economic to construct a dam in two or more stages, if

idea is raised from client side during construction the dam can meet the demand of water usage,

this favors adoption of ACRD.

Asphalt core dams can be built quickly and efficiently even in areas with high precipitation, in

contrast to embankment dams built with clay cores where construction time is often dramatically

prolonged due to rainy conditions. The shorter construction time offers a major financial benefit

in areas with high precipitation.

The asphalt core and the embankment are built simultaneously allowing for reservoir filling in

parallel with the dam construction. The reservoir can therefore be established when dam

construction is completed, and the coffer dams design can often be simplified.

The very rapid rate of placement of ACRD has many advantages; e.g. it can allow a relatively high

dam to be constructed in one dry season, and thus reduce requirements of the diversion works.

Earthquake risk is a decisive factor in many countries for the design of dams. Through extensive

research and based on experience, asphalt core dams have proven to be a very attractive option

under such conditions. Asphalt is an elastic/ plastic material with a self-healing property, quickly

adapting itself to embankment displacements and settlements while maintaining its impervious

properties even after exposure to severe earthquake strains.

 Rock/shell fill with central clay core Alternative

The design of a dam is often considerably affected by climate, mainly because of the importance

of the weather during the construction period. It is difficult to construct earthfill embankments

during wet weather, or in freezing temperatures (Fell, R., MacGregor, P., and Stapledon, D., 1992).

The most economical type of dam is the one for which acceptable construction materials exist

within a relatively short distance from the site. But the biggest challenge for this design option is

availability of core materials within economically justifiable hauling distance that meets the design

requirement. The materials which meets both quantity and quality is located at about 15km from

the dam axis and might not be economically justifiable.
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For the design and construction of the most satisfactory and economical dam, an adequate amount

of time is required. In a climate of well-defined wet and dry seasons it may be practicable to

construct rock/shell fill with central clay core, but only two dry seasons.

Earthfill and rockfill dams with clay core have some problems such as voluminous material in

cores. Therefore, they need a long time for construction, and during constructing this type of core

moisture and compactibility must be controlled. Besides, clay is sensitive to climate. Other

phenomena that may occur in clay core dams are piping and hydraulic fracture.

3.4 Embankment Dam Design

3.4.1 Rock-fill materials

Sound rock is ideal for compacted rock-fill, and some weathered or weak rocks may be suitable,

including sandstones and cemented shale (but not clay shale).  Rocks that break down to fine sizes

during excavation, placement, or compaction are unsuitable as rock-fill, and such materials should

be treated as soils.

Processing by passing rock-fill materials over a grizzly may be required to remove excess fine

sizes or over size material.  If splitting/processing is required, processing should be limited to the

minimum amount that will achieve required results.

In climates where deep frost penetration occurs, a more durable rock is required in the outer layers

than fragments.  The suitability of rock may be judged by examination of the effects of weathering

action in outcrops.  Rock-fill composed of a relatively wide gradation of angular, bulk fragment

settles less than if composed of flat, elongated fragments that tend to bridge and then break under

stresses imposed by overlying fill.  If rounded cobbles and boulders are scattered throughout the

mass, they need not be picked out and placed in separate zones.

For Middle Awash Dam Rock fill materials are abundant within 2.5km radius around the dam axis.

The main quarry sources are ignimbrite and rhyolite rocks that can be blasted and crushed to the

required grading requirements
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3.4.2 Filter Design

The objective of filters and drains used as seepage control measures for embankments is to

efficiently control the movement of water within and about the embankment.  In order to meet this

objective, filters and drains must, for the project life and with minimum maintenance, retain the

protected materials, allow relatively free movement of water, and have sufficient discharge

capacity.  For design, these three necessities are termed piping or stability requirement,

permeability requirement, and discharge capacity, respectively. The filter design for the drainage

layers and internal zoning of a dam is a critical part of the embankment design.

It is essential that the individual particles in the foundation and embankment are held in place and

do not move as a result of seepage forces.  This is accomplished by ensuring that the zones of

material meet “filter criteria” with respect to adjacent materials. In a zoned embankment the

coarseness between the fine and coarse zones may be such that an intermediate or transition section

is required.  Drainage layers should also meet these criteria to ensure free passage of water.  All

drainage or pervious zones should be well compacted.  Where a large carrying capacity is required,

a multilayer drain should be provided.

3.5 Asphalt Concrete as the Water barrier in Embankment Dam

Asphalt has long been used in the construction of dams: to grout foundations when running

groundwater washes away Portland cement particulate grout; as a coating for conduits penetrating

the dam, to control seepage; as a protective coating on exposed foundations that are subject to air

or water slaking; and as the water barrier element of an embankment dam. This chapter will be

devoted to the latter function, referring to Asphalt Concrete Cores and Asphalt Concrete Facings

for embankment dams.

3.5.1 Water Barrier

The water barrier in an embankment dam is made up of three components:

 The dam foundation;

 The contact surface between the dam and its foundation; and
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 That part of the dam above its foundation that prevents or controls the seepage of water

through the structure.

An earthen core of low permeability is the common water barrier provided for a rockfill or zoned

embankment dam. However, at many dam sites, particularly in high altitudes, impervious materials

are very scarce, and those that are available are saturated. These facts can be complicated by a very

short construction season. In these cases, an impervious earth core becomes impractical and an

alternative solution is to design an asphalt concrete water barrier. This asphalt concrete diaphragm

or membrane can be a vertical, or near vertical element situated in the interior of the dam, known

as an asphalt concrete (AC) core; or an asphalt concrete facing constructed on the upstream face

of the dam. An AC facing and an AC core differ in location, design concept and response to load.

They each create a water barrier, but the facing additionally provides wave protection for the

upstream slope. When an interior diaphragm is used for the water barrier, wave protection for the

upstream slope must still be provided by rock-fill, rip-rap, soil-cement, concrete revetment, AC

revetment.

3.5.1.1 Asphaltic Concrete Core

AC cores, first developed in 1948, were sometimes constructed on a slope (upstream toward

downstream, as the dam rises), but now are usually vertical in cross-section, and follow or parallel

the axis of the dam, in plan. For high dams, the upper segment of the core may be sloped to

maintain positive stresses on the core during reservoir operations. The modern AC core is placed

right along with the rising embankment, keeping the fill crowned, with the core at the high spot so

as not to be damaged by flooding during rainfall.

The thickness of the AC diaphragm is often constant, and is 0.5m minimum, but not less than about

1 percent of the height of the dam. For high dams, the thickness can be reduced from the base to

the crest, in steps. There are transition zones both upstream and downstream. The upstream

transition, with a width of 1.5m to 3m, is grain-size compatible with the upstream shell, and has

non-plastic fines that serve as a crack stopper for the AC core. The downstream transition, with a

width usually ranging from 1.2m to 2m, functions as a chimney drain (Hoeg, K., 1993).
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ICOLD Bulletin 84 lists 62 dams with AC Cores (done in the U.S.). As compared to an Asphalt

concrete facing, the asphalt concrete core offers the following advantages:

 It is simpler in detail. Only one asphalt concrete mix is involved.

 It is simpler to construct. No fine grading of the subgrade is required. The filter, impervious

membrane and drain are constructed in parallel, in a single placement and compaction

operation; as opposed to the elements of a facing system, which are constructed in series.

 It is more economical to construct.

 It is permanently protected from aging, and therefore is virtually maintenance free.

 It cannot be damaged by impact.

 It can be constructed in any weather suitable for construction of the embankment.

 It experiences very little deformation when the water load is applied.

 If damaged for any reason (e.g., abrupt differential settlement of the embankment; or

earthquake), it is self-healing.

 It is constructed at the same rate as the rest of the embankment, does not delay construction,

and is completed when the embankment is completed. In some projects this can be very

cost effective, compared to the facing, which construction usually is not started until after

the dam is topped out.

The disadvantages of the core system, compared to the facing system are:

 Once constructed, the core is difficult to access for inspection or repair.

 Being in the interior of the dam, the core is incapable of doubling as protection against

wave action on the upstream face of the dam and, so, for an earth-fill dam, rip-rap or other

type revetment will be required.

In the case of an earth embankment, the fact that a revetment will be required on the upstream face

has a significant cost impact. With rockfill, however, this is not a big issue, because the rip-rap is

automatically derived from the oversize product of the quarry operation.
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4 ASPHALT CONCRETE CORE DESIGN IN EMBANKMENT DAM

4.1 Introduction

Asphalt has long been used in the construction of dams: to grout foundations when running

groundwater washes away Portland cement particulate grout; as a coating for conduits penetrating

the dam, to control seepage; as a protective coating on exposed foundations that are subject to air

or water slaking; and as the water barrier element of an embankment dam. Consideration must be

given to maintenance requirements so that economies achieved in the initial cost of construction

will not result in excessive maintenance costs. For minimum cost, the dam must be designed for

maximum utilization of the most economical materials available, including materials, which must

be excavated for its foundation and for appurtenant structures. Based on this ground, and assessing

different design standards basically United States Army Corps of Engineers, USACE, Design

Standards Embankment Dams No. 13, USBR, International Commission of Large Dams, ICOLD,

and Fell, Geotechnical engineering of dams, the selected type of dam is earth-rockfill dam with

central asphalt core that gives rise to the lesser cost, lesser time of construction as well as best use

of rock and shell materials.

4.2 Design considerations

The thin asphaltic core has to adjust to the deformations in the embankment and to differential

displacements in the dam foundation. Displacements accumulate during embankment

construction, filling of reservoir, time dependent consolidation and creep, fluctuations in reservoir

level and any earthquake shaking or fault movements. The essential function of the core is to

remain impervious without any significant increase in permeability due to shear cracking.

Furthermore, should cracks occur, the asphaltic concrete mix design should be such that viscous

creep and plastic flow will gradually close these cracks (self-healing ability)

For a dam founded on bedrock the key to limiting the embankment deformations lies in the material

properties and in the compaction of the transition zones and supporting shell (shoulders). If the

embankment is founded on compressible soil over-burden, differential distortions due to unequal

settlements under the embankment are likely to occur both across and along the valley.
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Comparison with and evaluation of field measurement from existing dams combined with finite

element analyses, is the best way to predict the deformations and distortions in new structures

(Kjaernsli et al., 1992).

The fact that the properties of asphaltic concrete can, within fairly wide limits, be tailored to satisfy

a specific design requirements, is an important aspect and advantage of the method of using

bituminous cores in embankment dams. An earth-rockfill dam must be safe and stable during all

phases of construction and operation of the reservoir (ICOLD, 2011).

To accomplish this, the following design criteria must be satisfied:

The upstream and downstream slopes of the dam should be stable and safe against sliding under

the most critical conditions to which they might be subjected. At the end of construction, there

may be high residual pore pressures in the impervious zone of the dam, a condition which may be

critical for both faces, especially for dams with thick cores rapidly constructed.

Freeboard must be sufficient to prevent overtopping by waves and include an allowance settlement

of the foundation and embankment as well as for seismic effects where applicable [U.S Army

Corps of Engineers, 1993].

 The embankment must be safe against overtopping during occurrence of the inflow design

flood by the provision of sufficient spillway and outlet capacity;

 The slopes of the embankment must be stable during construction and all conditions of

operation, including rapid drawdown of the reservoir;

 Seepage flow through the embankment foundation and abutment must be controlled, so

that no internal erosion takes place and so there is no sloughing in the area where the

seepage emerges. The amount of water lost through seepage must be controlled so that is

does not interfere with planned project functions;

 The embankment must be safe against overtopping by wave action;

 The upstream slope must be protected against erosion by wave action, and crest and the

downstream slope must be protected against erosion due to wind, rain and cattle.
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4.3 Dam Zoning

The upstream and downstream slopes of the dam are taken as 1.9H: 1V and 1.65H: 1V. The

maximum height of the dam is 120m and the crest length is about 535m. The dam comprises the

following key zones:

 A low permeable central asphalt core with 0.5 m width at the top and 1.2 m at the bottom

at the maximum section.

 A transition zone of fine filter on each side of the asphalt core is 2.5 m on both upstream

and downstream.

 A second transition zone of crushed rock adjacent to the first transition on both sides of the

core is 4m and 5m upstream and downstream respectively.

 A well compacted rockfill zone of quarried adjacent to the second transition zone on both

sides of the core. The width of this zone on the upstream side is significantly greater than

width of the downstream zone as this upstream zone will be in contact with water pressure.

The main dam is designed with the impervious material planned to be achieved by providing a

central Asphalt Concrete Core rockfill dam with necessary filter and transition on both upstream

and downstream sides of the core. The rockfill developed from blasting and crushing of the

ignimbrite and rhyolite rocks found within 2.5km radius of the dam axis.

The zoned embankment dam has led to economies in the cost of construction where there are a

variety of soils readily available.  Three major advantages in using zoned embankments are:

 Steeper slopes may be used, with consequent reduction in total volume of embankment

material and shorter hydraulic structures.

 A wide variety of materials may be utilized.

 Maximum utilization can be made of material excavated from the foundation, spillway,

outlet works, and other appurtenant structures.

4.3.1 Rock fill with central Asphalt Concrete Core

The different zones for the Asphalt Concrete Core Rock fill dam are:
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Zone 1 - Asphalt Concrete Core

Zone 2 - Filter-Transition Zone

Zone 3 - Transition Zone

Zone 4 - Rock fill material

Zone 5 – Slope Protection

Dam Zones and their functions are discussed in the following discussions.

Zone 1 - Asphaltic Concrete Mix Design and Properties

Among the existing large dams with compacted asphaltic concrete core, the minimum core width,

in the top portion of the embankment, is 0.4m. The maximum thickness so far used is in a 105m

high dam in Hong Kong where the bottom portion is 1.2m wide. Norwegian experience suggests

a minimum core thickness of 0.5m, and no more than 1.0m should be necessary, unless there are

very special circumstances, for instance in extreme earthquake regions or for embankment on

compressible, erratic foundations.

In Middle Awash Dam, for a width variable between 1.2 to 0.5 m from the base plinth up to the

dam crest elevation, will constitute the primary barrier against water leakage inducing most of the

water head loss. This material will be effectively confined by Filter-Transition Zone material,

while undergoing deformations of the dam body subjected to the external loads. Filter-Transition

Zone material will constitute a second safety barrier against water leakage, in case of any potential

local leakage through the asphalt core. The Asphalt Concrete is constituted by bitumen, aggregates

and filler materials.

Bitumen

Bitumen is a product from the refinery process of crude oil, while asphalt is the mixture of bitumen

and aggregates as used on roads, airfields and in dams. Although the bitumen can vary in chemical

composition, quality products that remain soft, sticky and flexible can now be obtained worldwide.

Bitumen content in the asphalt core will normally be between 5.5-6.5% by total weight of asphalt



High Embankment Dam Alternative Design and Analysis                                    March, 2017
(In case of Middle Awash Multipurpose Dam)

Master Thesis 45 AAiT

concrete (Hoeg, 1993). A lower bitumen content leads to an asphaltic concrete mix which is less

workable, more difficult to place and compact, and it will be more pervious. A higher bitumen

content makes for a softer mix which has more pronounced viscoelastic-plastic properties, has

lower stiffness and strength but is less pervious. Final bitumen content will depend on the grade

of bitumen available, specific weight of the aggregates, bitumen absorption in to the aggregates

and the ductile and flexible properties required for the asphalt concrete.

Aggregates

The selected aggregate materials will be crushed rock or natural gravel, or from a mixture of

crushed material and natural gravel.

Filler Materials

Filler materials are particles between 0 - 0.063 mm, and will be a combination of fines from the

aggregates retained at the asphalt plant (from the bag filter), and added fines from other sources.

The added fines can be crushed rock, Portland cement, fly-ash or other material. The quantity of

filler obtained from the aggregates will depend on the aggregate type and the crushing process, but

shall not exceed 50% of the total filler content in the asphalt mix.

Zone 2 - Filter-Transition zone

This material, at direct contact with the core for a width of 2.5 m, obtained as natural alluvial

gravel or crushed rock, is a well graded sand and gravel to be compacted simultaneously with the

asphalt core in 0.20 m thick layers. It exerts the effective confinement of the asphalt core while

undergoing deformations of the dam body subjected to the external loads. In case of temporary

cracking of the asphalt core it will constitute a second safety barrier against water leakage inducing

significant water head loss while being protected against erosion by the downstream transition

zone.

Zone 3 - Transition

This material, at direct contact with the transition-filter for a width of 4m upstream and 5m

downstream, is a well graded mix of sand, gravel, cobbles and boulders up to 200 mm size, to be
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compacted in 0.40 m thick layers. It operates as a transition between the filter-transition zone and

the rock fill material zone and exerts the effective transfer of load between the two zones. In case

of temporary cracking of the asphalt core it will drain the water leakage acting as a filter and

protects the filter-transition zone against erosion that means that it will exerts the filter function

with respect to the transition-filter material, allowing for water to be drained but avoiding any

material to be eroded. It will be obtained by crushing and process of quarried rock blocks, alluvial

material but also from the excavation for Works like the Outlet works and Spillway.

Zone 4 - Free Draining Rock fill Material

The material will be obtained by quarries or alluvial deposits and must be free-draining. The

material has to be compacted in 1.20 m thick layers (after compaction) with vibratory roller of

minimum weight of 15 tons, a number of 6 passes if confirmed by the results gathered from trial

embankment operations in order to achieve the specified dry density.

Zone 5 – Slope protection material

Rockfill materials may not be ideally suited for embankment slope protection because they

typically contain significant sand and gravel particle sizes between the larger rock fragments,

which can be easily scoured by wave action. If the coarser rockfill is not concentrated on outer

parts of the slopes, the embankment may still require a designed slope protection consisting of

riprap and bedding. Adequate slope protection must be provided for all earth and rock-fill dams to

protect against wind and wave erosion. Dumped riprap is the proposed type of upstream slope

protection for Middle Awash dam. Stones in the upstream slope protection must consist of sound

rocks with sufficient weight to withstand the action of waves. In the calculation of stone weights

for Middle Awash dam, the wave height has been taken into account. The required riprap stone

sizes, gradation and thickness have been computed following USBR, Design standard 13, Chapter

7 (1987).

Tolerable damage and zero damage of the significant wave height have been determined as per

USBR Design Standard 13. The tolerable damage riprap layer thickness of 0.56 m and zero damage

of 0.68m are found.  For the safety consideration of riprap provision of 1.00 m is used for Middle
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Awash. For the downstream slope the existing rock fill surface is considered to be sufficient for

protection and thus no additional provision is provided.

4.3.2 Upstream and downstream slopes

Cooke and Sherard (1987) strongly stated that “Rock fills cannot fail along plane or circular

surfaces, whenever dumped or compacted, if the external slopes are 1.3(H):1.0(V) or

1.4(H):1.0(V) because the friction angle of the rock fill are at least 450, and this already a guarantee

of stability”. Several authors also indicated that Slope stability analysis is not usually a must for

rock fill dams. Paulo T. Cruz, et al., (2007) noted that in a project of 200m high Concrete faced

rock fill dam there are no reference made to the stability analysis with reference to this project.

However, there are also some real examples that the upstream and downstream slopes rock fill

dams are gentler compared to the recommendation of Cooke and Sherard (1987). For example, the

feasibility report Volume 5, Kesem Irrigation Project made by Sir M. MacDonald & Partners

Limited reported that for rock fill dam with central clay core having maximum dam height of 90m

is that upstream slope (H:V) = 1.9:1 and downstream slope (H:V) = 1.65:1. Welkayit dam is

designed as zoned rock fill dam with central asphalt concrete with upstream slope (H: V) =2.0:1

and downstream slope of (H: V) = 1.8:1. Therefore, preliminary slopes were initially considered

taking the experiences of both projects and later on confirmed by undertaking static and dynamic

slope stability analysis.

Inclination of downstream slope at earth rock fill dams with central core in some cases would have

to be more moderate V:H (1:1.6 to 1:1.7) and upstream slope is usually dictated by its convenience

for construction and in seismically active regions often adopted as V:H (1:1.8 to 1:1.9) most

practice in japan (Tanchev, Ljubomir, 1945).

Alternative slope designs that are functional and cost effective have been considered as V:H

(1:1.75 to 1:1.65) upstream and downstream slope respectively, but during slope stability analysis

using static and pseudostatic analysis computed factor of safety was much less than minimum

recommended value and meaning slope instability (See Appendix A).
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Therefore for Middle Awash Dam based on recommended value and stability and deformation

analyses results, the stable slopes for the proposed dam under all loading conditions for economic

consideration and seismic effect the upstream slope was taken as V:H (1:1.9) and downstream

slope as V:H (1:1.65).

4.3.3 Berms

Berms shall be provided for serving the following purposes:

 For providing level surface for construction and maintenance of the dam section.

 For reducing the surface erosion in case of downstream slope and breaking the continuity

of the slope; To protect the lower edge of the riprap and from preventing it from

undermining in case of the upstream slope.

Berms of 4 m width have been provided at both upstream and downstream faces of the dam

different elevations as indicated below. The berm will be inclined at 2% slope towards the rockfill.

Upstream slope (Berm elevation in m): Berm 1=868m, Berm 2=904m.

Downstream slope (Berm elevation in m): Berm 1=857m, Berm 2= 874m, Berm 3=891m, Berm

4=908m, Berm 5=925m.

4.4 Foundation Condition

The dominant lithologic units around the foundation area are rocks (Rhyolite, Ignimbrite, and

Basalt), old alluvial, colluvial deposits, fault breccia and tuff with layers of ignimbrite. The rocks

found in the proposed dam core foundation comprises fresh to slightly weathered jointed rhyolite

with zones of fault breccias comprises materials of variable physical and mechanical properties,

whereas at the abutments the core contact area comprises sequences of ignimbrites, tuff and basalt

rock units paleosoils and volcanic ash layers are also found between the sequences. The depth of

the general foundation is proposed based on evaluation of the distribution of the soils/rocks and

their engineering characterization. The foundation treatment mainly aims on:-

 Positive control of seepage below the plinth.

 Providing a stable and non-erodible foundation beneath and around the plinth.
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 Protection of foundation rock susceptible to erosion.

 Levelling of abrupt irregularities in the dam foundation and very steep abutment slopes to

reduce differential settlements

4.5 Cutoff Trench

The cutoff trench is made to be founded on rock along the dam axis except at chainage 225 to

250m where deep fault breccia is observed (Feasibility study of WWDSE, 2016). It will be

expensive to remove the whole thickness rather this material will be qualified to the required

physical and mechanical properties by consolidating using high pressure jet grouting. Therefore

the cutoff foundation is placed after excavating 6m into the fault breccia. But for the Asphalt

Concrete Core option it should be excavate the whole thickness and the concrete plinth to be on

rock. The rocks at the dam core foundation comprises fresh to slightly weathered jointed rhyolite,

fault breccia and at the abutments the  core contact area comprises sequences of ignimbrites, tuff

and basalt rock units.
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5 METHODOLOGY

5.1 Methods to be used

In order to achieve the objectives of this study, Geo-studio software is used. The Geo-studio

software is based on Limit equilibrium method and finite element method that can be used for

evaluate the performance of dams. For this research SLOPE/W for slope stability, SEEP/W for

estimation of seepage through dam body and foundation, SIGMA/W for stress-deformation,

QUAKE/W for dynamic earthquake have been used. The product SLOPE/W is calculate the

analysis of slope stability and pore-water pressure conditions, soil properties, analysis of methods

and loading conditions.

The static and dynamic conditions were taken and the slope stability, deformation and seepage

analysis were also be checked by using Geostudio 2007 computer application.

Autocad 2007 used for drawing section of dam and calculate areas and volumes of embankment

dam.

5.2 Methodology

After creating a computer model of an asphaltic core rockfill dam with determined material

properties and geometrical conditions, the pore water pressures developed within the body of the

dam and in the foundation under steady state seepage has been initially estimated with the help of

the SEEP/W software.

With determined material parameters and geometrical conditions initial static analysis is

performed on the model with SIGMA/W. The analysis is carried out with the aim of controlling

the model and truth of results together with using the stresses obtained from static analysis in

dynamic analysis.

In the next step, dynamic analysis is accomplished on dam model considering the record of a

specific earthquake, which may be the record prepared from seismotectonic of the site belonging

to the dam under study. These are the main cases to be checked while the dam design is done.
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 Seepage estimation,

 Stability and settlement in section of the dam.

 Displacement and stress distribution throughout the dam with deformation analysis.

The above listed analysis were checked by using computer based applications which is Geostudio

2007.

5.2.1 Data availability

All the data that are needed for this thesis are available in Water Works Design and Supervision

Enterprise. Those collected datum are like: -seismic assessment, material properties, static and

dynamic embankment fill parameter and geological data about Middle Awash Dam project.

5.2.2 Seepage analysis

Piping, erosion and development of excessive pore pressure are cases that need to be checked for

the safe design of embankment dam. Using the seep/w component of Geostudio software a steady

state seepage analysis was done to determine the amount of seepage through embankment dam.

Dependent on the saturation and unsaturated permeability coefficient, parameters were fitted for

the dam body materials and seepage analysis with the help of seep/w were computed and presented

in the next chapter.
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Table 5-1: Summary of embankment fill and foundation material characteristics used in seepage

and stability (WWDSE, 2016)

Zone Function

Unit Weight

(KN/m3)

Permeability

(m/s) C’(Kpa) ’(o)

1 Asphalt concrete Core 18.0 1.32x10-9 45 13

2A Fine filter 18.0 0.001 0.0 32

2B Coarse filter 18.0 0.0019 0.0 34

2C Transition 18.0 0.005 0.0 34

3 Granular shell 18.0 0.0017 10.0 34

4 Rock fill 22.0 0.01 0.0 42

5 Riprap 22.0 0.01 0.0 42

Rock toe 18.0 0.005 0.0 38

Old Alluvial 18.0 1x10-5 10.0 34.0

Fault Breccia 17.0 1.33x10-5 10.0 34.0

Foundation bed rock Bed rock 1x10-9 Bed rock Bed rock

5.2.3 Slope stability analysis

SLOPE/W is a Limit Equilibrium software product, used for stability analysis of earth slopes

through Limit equilibrium method. It can effectively analyze problems for a variety of slip surface

shapes, pore-water pressure conditions, soil properties, analysis methods and loading conditions.

Using limit equilibrium, Slope/W can model heterogeneous soil types, complex stratigraphic and

slip surface geometry, and variable pore-water pressure conditions using selection of soil models.

In Geo-slope all soils are modeled as Mohr-Columb except in undrained condition of fine material
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which was modeled as undrained ( =0). Slope stability analyses can be performed using

deterministic or probabilistic input parameters. Stresses computed by a finite element stress

analysis may be used in addition to the limit equilibrium computations. It is one of the most

complete slope stability analysis programs available. Beginning an analysis in this program is

through definition of the geometry by drawing regions and lines that identify soil layers. Then

analysis method, soil properties and pore-water pressures can be chosen and applied.

The pore water pressures developed within the body of the dam and in the foundation under steady

state seepage has been initially estimated with the help of the SEEP/W software.

In the next step stability analysis can be run and the results are presented through display of the

minimum slip surface and factor of safety. The stability of an embankment depends on the

characteristics of the foundation and fill materials, on the geometry of the section mainly. But the

saturation level and loading conditions are also influencing factors.

The procedures for static slope stability are well established, and have been concisely documented

by Duncan et al, 1987. Duncan recommends that evaluation of a slope focus on defining geometry,

shear strengths, unit weights, and pore water pressures.

The slope stability analysis of the designed dam will be analyzed using slope/w of Geo-studio

2007 software. The conditions which will be considered during the analysis are:-

 Upstream and downstream slopes under steady state seepage condition (with or without

earthquake)

 Upstream and downstream slopes during construction condition.

Regarding GeoStudio functions, prediction methods which can estimate the hydraulic conductivity

function are used. It is also important to review the definition of mv. This parameter is related to

the volumetric compressibility coefficient obtained in oedometric test. This coefficient can be

estimated from the relationship presented below.

mv = 5-1
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Where mv represents the volumetric compressibility coefficient, and M corresponds to the

modulus of elasticity in oedometric compression. Modulus of elasticity in oedometric compression

was defined in (T. W. Lambe and R. V. Whitman, 1979) as constrained modulus. This property is

defined in (5.2).

)21)(1(
)1(








EM

5-2

where  E  is  the  Young's  modulus,  and µ represents  the Poisson's  ratio.

Parameter mv is relevant only in the case of significant increase or loss of water. Hence, rapid

drawdown represents a scenario for which this parameter is relevant. The vertical stress (δ'v)

variation can be defined as the difference between soil's weight before and after rapid drawdown.δ v = γ ∗ h 5-3

Where γ represents unit weight of soil, and h is depth based on crest elevation.

Table 5.2 below summarizes the values of pore water pressure ratio Ru used for the stability

analyses during and at the end of construction conditions.
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Table 5-2: Pore water pressure ratio Ru values for construction conditions (WWDSE, 2016)

Material zone Pore-water pressure

ratio Ru

at during of

construction

Pore-water pressure

ratio Ru

at end of

construction

Impervious Core

(Zone 1)

0.45 0.40

Filter and

Transition (Zone 2)

-- --

Granular Shell

(Zone 3)

-- --

Rock Fill (Zone 4) -- --

Riprap (Zone 5) -- --

Old Alluvial 0.35 0.30

Fault Breccia 0.35 0.30

Foundation Rock -- --

5.2.4 Method of Slope Stability

The slope stability investigation was carried out using the Slope/W computer program based on

the limit equilibrium method and the Morgenstern-Price method was used to obtain the factors of

safety. This particular method has been adopted because, unlike Fellenius or Bishop’s or Janbu’s

methods, the Morgenstern-Price method satisfies rigorous methods because they satisfy all three

conditions of equilibrium: force equilibrium in horizontal and vertical direction and moment

equilibrium condition (Cheng, 2008). Rigorous methods can provide more accurate results than

non-rigorous methods. Applicable to virtually all slopes. Rigorous, well-established complete

equilibrium procedure. Spencer’s method is also applicable to virtually all slopes. The simplest

full equilibrium procedure for computing the factor of safety (Duncan & Wright (2005)). Spencer’s

method also satisfies both moment and force equilibriums and gives factors of safety values very
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close to those obtained by the Morgenstern-Price method. It is often more conservative than

Morgenstern-Price method.

The methods requires mohr-coulomb material model and the following material parameters:-

 Unit weight

 Angle of internal friction

 Cohesion

The SLOPE/W component of the software uses the limit equilibrium analysis technique in the

numeric. Limit equilibrium technique of numerical analysis tries to satisfy the equilibrium of

statics. For both the upstream and downstream face of the dam at steady state seepage, the slope

stability factor of safety is determined before the earthquake.

Table 5.3 below summarizes the loading conditions and corresponding minimum factor of safety

(FOS min) requirements proposed by USACE, 2003 and used worldwide.

The Rockfill Asphalt Concrete Core Middle Awash Multipurpose Dam design have been met

these requirements.
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Table 5-3: Various Load Cases and Minimum Required Factor of Safety (USACE, 2003)

Case Loading Condition Critical Slope FOSmin

I During construction
Upstream

Downstream

1.3

1.3

II End of construction
Upstream

Downstream

1.3

1.3

III Sudden drawdown
Upstream

-

1.3

-

IV Steady state seepage
Upstream

Downstream

1.5

1.5

IV Steady state seepage with earthquake
Upstream

Downstream

1.1

1.1

The factor of safety (FS) is calculated as the ratio of the total available shear strength (or resistance)

available (s) along a failure surface to the total stress (or driving force) mobilized (τ) along the

failure surface:

FS = s ÷ τ

For stability analyses of embankment dams, the recommended factors of safety will vary with

loading conditions. Long-term loading conditions (i.e., steady seepage) require higher factors of

safety while short-term loading conditions (i.e., Steady state seepage with earthquake) will require

lower factors of safety (United States Society on Dams, 2007).
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5.2.5 Deformation analysis

Newmark (1965) proposed therefore the important concept that the effects of earthquakes on

embankment stability should be assessed in terms of deformations they produce rather than the

minimum factor of safety. Newmark’s method models the sliding mass of a dam slope by a block

subjected to the acceleration time history of the selected earthquake. The block (or the soil body)

will start to slide when the shear stresses exceed the shear resistance. The level of acceleration

acting on this soil body at the onset of sliding is termed the yield acceleration. The displacements

of the body can then be obtained by double integration of the acceleration time history.

Newmark’s method is only applicable for materials which do not lose strength in post-earthquake

conditions which means that the slope is still stable after shaking has ceased. It is also useful for

situations where no changes in pore-water pressure will occur, i.e. when the slope materials are

cohesionless. Both linear and non-linear two-dimensional finite element analyses were performed,

applying the sequential loading method described by Clough and Woodward (1967). The

procedure used for approximating the material stress-strain behaviour is by successive load

increments, within which the material behaviour is assumed to be linear.

The simplified input data for the linear elastic model are listed in the following table with respect

to material and the maximum shear modulus (Gmax) is determined by equation 5.4. Gmax is

considered to be constant.

)1(2max 


EG 5-4

Where E= Modulus of elasticity, ν= Poisson’s ratio
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Table 5-4: Parameters for Linear Elastic Material Model (WWDSE.2016)

Material Unit Weight, γ

(kN/m3)

Poisson’s

Ratio, ν

Damping

Ratio

Modulus

of

Elasticity,

E (kPa)

Maximum

Shear

Modulus,

Gmax (kPa)

Zone 1 (Asphalt

concrete Core)

24 0.35 0.1 150,000 50,336

Zone 2 (Filter) 18 0.30 0.12 50,000 19,231

Zone 3

(Transition)

18 0.3 0.1 100,000 38,461.5

Zone 4 (Rockfill) 22 0.15 0.1 50,000 21,739

Fault Breccia 17 0.25 0.1 75,000 30,000

Porphritic

Rhyolite

24 0.18 0.1 1,100,000 466,102

Vesicular Basalt 22 0.25 0.1 800,000 320,000

Rhyolite Light

Grey

24 0.18 0.1 2,000,000 847,458

Old Alluvial 18 0.2 0.1 100,000 41,6667

5.2.6 Design of Earthquake

ICOLD Bulletin 72 of 1989, whose revision is under way, defines the following seismic design

levels for the design of new dams and also for the safety evaluation of existing dams:

1) Operating Basis Earthquake (OBE):- represents the level of ground motion at the dam

site for which only minor damage is acceptable. As stated in ICOLD Bulletin 72, it is

appropriate to choose a minimum return period of 145 years. Since the consequences of

exceeding the OBE are normally economic, it may be justified to use a more severe or less

event for OBE.
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The following criteria apply:

 Return period: Approx. 145 years.

 Performance of the dam: No structural damage, i.e. stresses in concrete dams must remain

within allowable stresses.

 Dam safety: not relevant for dam safety; the OBE represents a serviceability limit state and

is basically an economical criterion, which is of main interest for the dam owner.

2) Safety evaluation earthquake (SEE):- is that level of shaking for which damage can be

accepted but for which there should no uncontrolled release of water from the reservoir.

The SEE is normally characterized by a level of motion equal to that expected at the dam

site from the occurrence of a deterministically evaluated maximum credible earth quake or

of the probabilistically evaluated earthquake ground motion with a very long return period

for example 10,000 years.

This is the proposed terminology in the revised Bulletin 72. Other terms in use are:

Maximum Credible Earthquake (MCE) and Maximum Design Earthquake (MDE).

The following criteria apply:

 Return period: not specified, but typically 10,000 years.

 Performance of the dam: no uncontrolled release of water from the reservoir, structural

damage accepted.

 Dam safety: The SEE is relevant for dam safety; it represents a limit state of ultimate load

The main recommendations for design and construction of embankment dams subject to severe

earthquake shaking are as follows (ICOLD 2001):

 Foundation must be excavated to very dense soil or rock; alternatively the loose foundation

materials must be densified or removed.

 Fill materials which tend to build up significant pore water pressures during strong shaking

must not be used.

 All zones of the embankment must be thoroughly compacted to prevent excessive

settlement during an earthquake.
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 All embankment dams, and especially homogeneous dams, must have high capacity

internal drainage zones to intercept seepage from any transverse cracking caused by

earthquakes, and to assure that embankment zones designed to be unsaturated remain so

after any event that may have led to cracking.

 Filters must be provided on fractured rock to preclude piping of embankment materials into

the foundation.

 Wide filter and drain zones must be used.

 The upstream and/or downstream filter and transition zones should be self-healing, and of

such gradation as to also heal cracking within the core.

 Sufficient freeboard should be provided in order to cover the settlement likely to occur

during the earthquake and possible water waves in the reservoir due to mass movements.

In conclusion the Middle Awash Project is located in a very tectonically sensitive area and any

potential failure might as a result of earth is not allowed since its prime purpose is to protect the

settlement and important infrastructure downstream of the dam. Therefore, this calls for adapting

very conservative values and therefore 1:10000 years return period is considered for SEE and

1:1000 years return period for OBE considering the recommendation of ICOLD Bulletin 72 and

site specific facts.

5.2.6.1 Pseudo-Static Stability Analysis

Having criteria pseudo-static stability analysis will be done using determined parameters of earth

quake coefficients.

The Pseudostatic factor of safety equation is defined as:

 
)cossin(

tan)sincos(



kWW
kWWFS
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Where FS is the Pseudostatic factor of safety, W is the weight per unit length of slope, α is the

slope angel, ø is the friction angle of the slope material, and k is the Pseudostatic coefficient,

defined as
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Where h the horizontal ground acceleration and g is the acceleration of Earth’s gravity.

One of the drawbacks about the Pseudostatic analysis is that the method is conservative and also

it assumes that the earthquake force is constant and acts only in a direction that promotes slope

instability. Jibson, R.W. (2011) has compiled the following table based on some published

researches.

Table 5-5 Pseudostatic coefficients from various studies (Jibson, R.W., 2011).

Investigator Recommended

Pseudostatic

Coefficient (K)

Recommended

Factor of Safety

(FS)

Calibration Conditions

Terzhagi (1950) 0.1 (R-F=IX) >1 Unspecified

0.2 (R-F=X)

0.5(R-F>X)

Seed (1979) 0.10(M=6.50) >1.15 < 1m displacement in earth

dams0.15(M=8.25)

Marcuson (1981) (0.33-0.50)x

PGA/g

>1.0 Unspecified

Hynes-Griffin and

Franklin (1984)

0.50xPGA/g >1.0 < 1m displacement in earth

dams

California Division of

Mines and Geology

(1997)

0.15 >1.1 Unspecified, probably

based on <1m displacement

in dams

Note: - R-F is Rossi-Forel earthquake intensity scale, M is earthquake magnitude, PGA is peak

ground acceleration, g is acceleration of gravity
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Slopes composed of materials that build up significant dynamic pore pressures during earthquake

shaking or that lose more than about 15% of their peak shear strength during shaking are not good

candidates for pseudostatic analysis (Kramer, 1996). In fact, several case studies exist of dams that

passed a pseudostatic stability analysis but failed during earthquakes (Seed, 1979). The limitation

of pseudostatic analysis is that, because it is a limit-equilibrium analysis, it tells the user nothing

about what happens after equilibrium is exceeded. The analysis shows a slope to be either stable

or unstable, but the consequences of instability, or even the likelihood of failure, cannot be judged.

Most seismic coefficients used today are based on experience and results from deformation

analyses. For Middle Awash Dam, the horizontal ground acceleration ( h ) and vertical ground

acceleration ( v ) for OBE, SEE and MDE were tabulated below with considering the vertical

acceleration to be 50% of the horizontal acceleration.

Table 5-6: Design Peak Ground Acceleration (WWDSE, 2016)

Earthquake Type Horizontal Vertical

Operating Basis
Earthquake (OBE)

0.2135g 0.107g

Safety Evaluation
Earthquake (SEE)

0.3715g 0.186g

Maximum Design
Earthquake (MDE)

0.427g 0.2135g
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6 RESULT AND DISCUSSION
6.1 Introduction

Results of seepage analysis, slope stability analysis and settlement analysis was presented for the

best design and discussion using Geostudio 2007 software. SEEP/W to quantify the expected

amount of seepage through the dam and SLOPE/W to compute factor of safety for different loading

conditions.

SIGMA/W performs analysis of stress, deformation and soil-structure interaction of embankment

dam. The two types of stress analyses that are used in the evaluation of proposed embankments.

These are the total stress analysis and the effective stress analysis. The total stress analysis is used

in the design of embankments for loading conditions during construction, rapid drawdown, and

earthquake. The effective stress analysis should be used only in cases where the soils behave

drained and piezometer data are available.

6.2 Seepage through Embankment Dam and Foundation

SEEP/W software model with help of the hydraulic design parameters of the embankment dam

and foundation adopted in the design report.

The parameters of the dam are 434m of bottom width at maximum cross section, 12m top width,

dam crest length of 535m and dam height of 120m. The dam section geometry for model analysis

of the dam is selected considering the thick alluvium deposit under the dam foundation and at large

cross-section.

In SEEP/W, the presence of an upstream reservoir is reflected in the boundary condition assigned

to the upstream face of the embankment. The upstream boundary nodes are designated as head

boundaries with total head equal to normal water level in the reservoir plus elevation at river bed

(926 m). For estimation of seepage using SEEP/W, the downstream toe is assigned total head equal

to water head at dam toe (0.0 m) plus elevation head (H = 822m=elevation).  The downstream

slope is assigned a Potential Seepage Face type of boundary condition. A Potential Seepage Face

Review boundary is a Q = zero boundary with the Potential Seepage Face Review option checked.
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The total seepage flow through the embankment and foundation can be determined with a flux

section such shown below (Figure 6.1). An analysis of the expected quantity of seepage through

the embankment and dam foundation using SEEP/W software model which is the total flow per

unit distance into the section is computed as 1.1719x10-5 m3/sec and 6.7622x10-6 m3/sec.

respectively. The result showed that the expected quantity of seepage have considerable magnitude

with SEEP/W model for zoned dam case that considers foundation seepage.

Figure 6.1 location of phreatic line and total head distribution

Figure 6.2 Seepage through the dam body and foundation.
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Figure 6.3 Pressure difference through the dam body and foundation.

6.3 Static and pseudo static stability analysis of Embankment dam

6.3.1 Pseudo-static stability analysis of Embankment dam

The permeability of the rockfill and the transition zones is so great that the excess pore pressures

generated during cyclic loading dissipate quickly, and no significant accumulation of pore

pressures takes place during an earthquake. The pseudostatic force is used in a conventional limit

equilibrium slope stability analysis. The pseudostatic force is treated as a static force and acts in

only one direction, whereas the earthquake accelerations act for only a short time and change

direction, tending at certain instances in time to stabilize rather than destabilize the soil. The

vertical components of the earthquake accelerations are usually neglected in the pseudostatic

method, and the seismic coefficient usually represents a horizontal force (Jibson, R.W., 2011). For

the upstream and downstream slope the calculated factor of safety in LEM method during OBE

are 1.034 and 1.423 respectively.
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Figure 6.4 Steady state seepage with earthquake (upstream slope)

Figure 6.5 Steady state seepage with earthquake (downstream slope)

6.3.2 Loading condition and allowable factor of safety

The stability of an embankment depends on the characteristics of the foundation and fill materials,

on the geometry of the embankment section, and additional factors such as presence of water,

loading conditions etc.
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The stability of the Rockfill Asphalt Concrete Core Middle Awash Dam has been analyzed using

state of the art software Slope/W. The stability analyses had been conducted in order to determine

the factor of safety for various slip surfaces of:

 Upstream and downstream slopes under steady state seepage condition with or without

earthquake.

 Upstream and downstream slopes during construction

6.3.2.1 Stability of upstream and downstream slope during steady seepage condition

The analysis through Slope/W was based on Morgenstern-Price half-sine function method that

deals with both moment and force equilibrium equations. The calculation was done using c-

methods dependent on the drained condition of the fill layer. Effective strength parameters and

effective cohesion were applied through application of c- method. Entry and exit function was

selected as the slip surface method of analysis. The stability of downstream slope of embankment

dam, the most critical condition occurs when the reservoir is full and steady seepage condition are

established. The limit equilibrium method (LEM) result for downstream slope stability analysis

before earthquake is done for the assurance of static stability. For the upstream slope the calculated

factor of safety in LEM method is 2.03 against slope instability. For the downstream slope the

calculated factor of safety in LEM method is 2.128 against slope instability. Sliding masses and

slip surfaces are presented by the consecutive below figures of the analysis result.
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Figure 6.6 Steady state seepage without earthquake (upstream slope).

Figure 6.7 Steady state seepage without earthquake (downstream slope).

6.3.2.2 Stability of slope during construction

The stability of slopes should be checked taking into account the pore pressure developed.

Computation of stability during construction was performed using drained strength in free draining

materials. The pore pressures that develop in the embankment or foundation during construction
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may be higher than at any other subsequent time (Sherard, J.L, 1963) and computed results are in

line with this recommendation.

The minimum factor of safety against static slope stability analysis is 1.3, during construction

condition. The determined static factors of safety for upstream and downstream are 1.799 and

1.514, respectively in LEM.

Figure 6.8 Slope Stability Analysis during Construction Condition (D/S Slope).

Figure 6.9 Slope Stability Analysis during Construction Condition (U/S Slope).
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Figure 6.10 Pore-Water Pressure during Construction condition (U/S Slope)
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Table 6-1: Recommended and Computed Factor of Safety for different Loading Conditions

Loading condition

Recommended

FoSmin For u/s

and d/s

Computed FoS

Upstream Downstream Remark

During construction 1.3 1.799 1.514 OK

Steady state seepage at NFL

with earth quake (OBE)

1.1 1.034 1.423 OK

Steady state seepage at NFL

with earth quake (SEE)

1.1 0.761 1.156 OK

Steady state seepage at NFL

without earth quake

1.5 2.030 2.128 OK

Results of the analysis depicts that the minimum factor of safety for the OBE loading is 1.034 and

for the SEE it is 0.761. Theoretically, a factor of safety less than one means there will be slope

failure during the SEE loading condition. However, several published materials underline that a

factor less than one does not mean failure of the dam (Rubi Chakraborty and Arindam Dey, (2016),

John krahn, (2004)) and thus the possible deformation should be check before final conclusion is

reached. Accordingly the stress deformation analysis of the Middle Awash Dam using the

Quake/W and Sigma/w in combination with Slope/w have been checked and factor of safety is

greater than minimum recommended value.

6.4 Results of Settlement Analysis

6.4.1 Static Analyses

Static analysis of an embankment dam is carried out by considering mainly self-weight and

hydrostatic force in the analysis. Contours of compressive stress for the gravity loading are shown
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in Figure and observed that variation of compressive stress in to the dam body, these stresses are

varying from top to bottom. The maximum vertical, shear stresses and effective vertical stress

computed in the dam body and foundation are 3,865kPa, 951.1kPa and 2,655kpa respectively (see

figure 6.11, 6.12 and 6.13). The maximum vertical stress and effective vertical stress produced by

the embankment are located at the vesicular basalt and rhyolite foundation, this stress level is much

lower than the expected bearing capacity of the foundation rock and maximum shear stress is

located at the bottom of asphaltic concrete core at rhyolite foundation and minimum of stress is

occurred in highest part of the dams.

Figure 6.11: Computed Maximum total stress in dam body and foundation (static analysis).
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Figure 6.12: Computed Maximum shear stress in dam body and foundation (static analysis).

Figure 6.13: Computed Maximum effective vertical stress in dam body and foundation (static

analysis).
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6.4.2 Dynamic Analyses

QUAKE/W can be used for dynamic analysis of embankment dam subjected to earthquake shaking

or for dynamic analysis of point dynamic forces from a sudden impact load. QUAKE/W

determines the motion and excess pore-water pressures that arise due to shaking. Excess pore-

pressures computed by QUAKE/W together with the initial static pore-pressures can be used in

SLOPE/W to examine the effect on stability of the pore-pressures that arise due to shaking.

The maximum vertical and shear stresses computed in the dam body and foundation are 3,864kPa

and 949.8kPa respectively (see figure 6.14 and 6.15) which is much lower than the expected

bearing capacity of the foundation material.

Figure 6.14: Computed Maximum total stress in dam body and foundation (dynamic analysis).
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Figure 6.15: Computed Maximum shear stress in dam body and foundation (dynamic analysis).

As the impervious layer ranges from 0.5 m at the top to 1.2 m at the bottom, the horizontal

displacement must be at most less than 0.5 m in order not to have cracking through the core. The

maximum horizontal and vertical displacements were 0.496 m and 0.045 m for dynamic condition

respectively.

Figure 6.16: Maximum Horizontal Displacement in the dam body and foundation
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Figure 6.17: Maximum Vertical Displacement in the dam body and foundation.

The constitutive material model selected for the analysis is equivalent linear for the dam body

materials and foundation. The equivalent linear method has been widely used for seismic analysis

of new or existing embankment dams. The basic idea of the method is to reach equivalent

properties of the materials used in an elastic analysis, with the properties of the materials obtained

from laboratory testing (Seed, 1979).

In order to investigate the effects of a very severe earthquake, dynamic analyses of this dam under

Maximum Credible Earthquake level (MCL) have been performed well and the results are

discussed in this section.

The maximum deformation is about 0.998m and maximum crest settlement as a result of earth

quake shaking is about 0.033m as shown in figure 6.19.
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Figure 6.18: Magnified deformed mesh after earthquake shaking of 30 seconds duration

Figure 6.19: Dam Crest settlement at the end of 30seconds Elcentro earthquake shaking (MCE).
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Figure 6.20: Computed maximum peak X-acceleration after earth quake shaking (79% of dam

height).

6.4.2.1 Acceleration Time History

The dynamic analysis of the dam has been carried out by a Finite Element Method based state of the art

computer program QUAKE/W from Geo-Slope International Ltd. (QUAKE/W Engineering Workbook,

2007).

Horizontal and vertical acceleration time histories are key input parameters for QUAKE/W analysis.

Therefore, site specific horizontal and vertical Acceleration Time History for Middle Awash Dam

should be produced using the peak accelerations and records of actual earthquakes. However,

because there are no Acceleration Time History records near the dam site, actual accelerographs

recorded elsewhere have been used. The following three Acceleration Time History data have been

considered for the analysis (Messele Haile, 1996).

i) The 1940 Elcentro Record, USA (M=6.7, H=11 km, R=11.5 km).

ii) The 1995 Kobe JMA record, Japan (M=7.2, H=14.3 km, R=19 km).

iii) The 1968 Hachinohe record, Japan (M=7.9, H=0 km, R=200 km).
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The selection of the time history data is based on the earthquake magnitude, tectonic environment

and hypo central distance. The 1940 Elcentro record appears to have the closest resemblance with

the earthquake records reported as Middle Awash Multipurpose Dam Project site is located at the

rift axis just on top of the active rift floor. Hypo-central depths of well-constrained events are 5–

7km from modeled earthquakes in the main Ethiopian rift. The 1961 Kara kore earthquake

sequence where 3,500 earthquakes with magnitude 6.5 ≥ M ≥ 3.5 is not far from this planned dam

site. However, in order to represent other possible earthquakes with different magnitude, time

duration and frequency content, the 1995 Kobe JMA record (with shorter duration, big pulse) and

the Hachinohe record (with longer duration) have also been considered.

In order to remove site and path effects, deconvolved ATH data have been used in the analyses for

all the three cases (Messele Haile, 1996).

Also, the three ATH data have all been scaled to PGA values of 0.427g horizontal and 0.2135g

vertical corresponding to site specific MCE, and 0.3715g horizontal and 0.186g vertical

corresponding to site specific SEE. Figure 6.21 to 6.23 below show the deconvolved ATH curves

used for the analyses corresponding to the horizontal MCE are presented here.
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Figure 6.21: Horizontal maximum credible earthquake, 1940 Elcentro record.
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Figure 6.22: Horizontal maximum credible earthquake, 1995 Kobe JMA

Figure 6.23: Horizontal maximum credible earthquake, 1968 Hachinohe record
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6.4.2.2 Slope Stability Analysis after Earthquake Shaking

Slope stability analysis can be carried out by the limit equilibrium method (LEM) and the finite

element method (FEM). The global factor of safety can also be defined in a similar way by

determining the ultimate shear force and the actual driving force along the failure surface have

adopted the dynamic programming method to perform this optimization search, and they suggested

that this approach can overcome the limitations of the classical limit equilibrium method (Pham

and Fredlund 2003). The model requires the following parameters.

 Unit weight

 cohesion

 Internal friction angle

 Acceleration time history data

 Poisson’s ratio

 Damping ratio

 Maximum shear modulus

The constitutive material model selected for the analysis for both LEM and FEM are mohr-

coulomb and analysis type for LEM and FEM are Morgenstern-price and QUAKE/W stress

respectively for the dam body materials and foundation. Factor of Safety Using LEM and FEM

after Earthquake shaking was done under consideration of Elcentro 1940 Record.

In Equivalent Linear Dynamic analysis, QUAKE/W generated stress is incorporated in SLOPE/W

to determine the finite element based factor of safety values for the entire duration of earthquake

applied. Slope Stability Analysis using LEM and FEM after Earthquake Shaking have been

computed based on the following guidelines recommended by the International Commission on

Large Dams (ICOLD) Bulletin 72, has defined the Safety Evaluation Earthquake (SEE) which is

a replacement of Design Basis Earthquake (DBE), Operating Basis Earthquake (OBE) and

Maximum Credible Earthquake (MCE) and results are tabulated as follows.
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Table 6-2: Computed Factor of Safety after Earthquake shaking.

Computed Factor of Safety

Earthquake

type

LEM FEM

U/S D/S U/S D/S

OBE 2.022 1.979 1.819 1.825

SEE 2.022 2.000 1.842 1.824

MCE 1.816 1.177 1.806 1.121

Therefore, based on the above analysis results, it is possible to conclude that the rock fill dam with

Asphalt Concrete Core can withstand the earth quake shaking without further potential damage

and thus safe for further consideration. The computed factor of safety had been displayed with

minimum factor of safety and slip surface as indicated below.

Case 1 Using Maximum Credible Earthquake (MCE)

Figure 6.24: Computed Finite Element Slope Stability Analysis after Earth Quake (D/S).
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Figure 6.25: Computed Finite Element Slope Stability Analysis after Earth Quake (U/S).

Figure 6.26: Computed Limit Equilibrium Slope Stability Analysis after Earth Quake (D/S).

Asphalt concrete core

Old alluviam

Rhyolite Fault breccia

 f1

Rhyolite
Rhyolite

vesicular basaltRhyolite (2)

Rock toeHorin. blanket
Old alluviam

Fault breccia

 f2Rock fill Rock fill
 f1 f2

1.806

NWL=926m

Dam width(m)
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850

E
le

va
ti

on
(m

)

720
740
760
780
800
820
840
860
880
900
920
940
960

Asphalt concrete core

Old alluviam

Rhyolite Fault breccia

 f1

Rhyolite
Rhyolite

vesicular basaltRhyolite (2)

Rock toeHorin. blanket
Old alluviam

Fault breccia

 f2Rock fill Rock fill
 f1 f2

1.177

NWL=926m

Dam width(m)
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850

E
le

va
ti

on
(m

)

720
740
760
780
800
820
840
860
880
900
920
940
960



High Embankment Dam Alternative Design and Analysis                                    March, 2017
(In case of Middle Awash Multipurpose Dam)

Master Thesis 86 AAiT

Figure 6.27: Computed Limit Equilibrium Slope Stability Analysis after Earth Quake (U/S).

Case 2 Using Operating Basis Earthquake (OBE)

Figure 6.28: Computed Finite Element Slope Stability Analysis after Earth Quake (D/S).
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Figure 6.29: Computed Finite Element Slope Stability Analysis after Earth Quake (U/S).

Figure 6.30: Computed Limit Equilibrium Slope Stability Analysis after Earth Quake (D/S).
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Figure 6.31: Computed Limit Equilibrium Slope Stability Analysis after Earth Quake (U/S).

Case 3 Using Safety Evaluation Earthquake (SEE)

Figure 6.32: Computed Finite Element Slope Stability Analysis after Earth Quake (D/S).
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Figure 6.33: Computed Finite Element Slope Stability Analysis after Earth Quake (U/S).

Figure 6.34: Computed Limit Equilibrium Slope Stability Analysis after Earth Quake (D/S).
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Figure 6.35: Computed Limit Equilibrium Slope Stability Analysis after Earth Quake (U/S).

6.4.2.3 Settlement and Deformation

Embankment deformations under static loading occur as a result of volumetric changes, lateral

spreading, or shear displacements within the embankment and foundation materials. Volumetric

changes are due to either an increase in the normal stresses on a soil element causing a decrease in

void volume or dilation of soil elements undergoing shear. Lateral spreading and shear

displacements are due to squeezing, distorting, and localized shear failures of material elements as

the materials adjust to the stress conditions imposed by constructing the embankment and

operating the reservoir.

The rate at which these deformations occur depends on the dissipation rate of excess pore pressures

and the rate at which steady-state seepage conditions develop.

Often it is assumed that for strong rockfills the settlements are small, less than about 1% of the fill

height (Cooke 1991). It is further commonly assumed that the settlements develop essentially

during construction. Although these assumptions were correct for many dams, a few dams did

show much more settlements (Kjaernsli et al. 1992).

The degree of analysis performed on an embankment is highly dependent on the design under

consideration. For camber design, it is only necessary to estimate the amount of vertical settlement
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of the embankment crest. For this studies estimate can be performed by applying Quake/W,

Newmark Deformation finite element method using Elcentro, Kobe and Hachinohe earthquake

record and the result computed was using maximum design earthquake indicates no deformation.

Under comparison of above three earthquake records, in case of Hachinohe earthquake, duration

of earthquake is relatively uniform peak acceleration in most of the cycles and causes strong factor

that result deformation in embankment dams. But the obtained result using newmark deformation

analysis does not indicate occurrence of deformation. Computed factor of safety and deformation

using Hachinohe earthquake record for maximum design earthquake (MDE) is as indicated below.
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Figure 6.36: Computed slope stability (Newmark deformation analysis).

Figure 6.37: U/S Slip surface factor of safety versus time (Newmark deformation).
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6.5 Design of Chimney Filter

6.5.1 Design of Vertical Chimney Filter

The capacity of the vertical drain is seldom a critical issue, because the quantity of seepage through

the embankment dam fill is small and the vertical drain width is dictated by construction and other

factors such as earthquake considerations. However, its capacity should be checked by Darcy’s

equation.

Discharge, q = 1.1719×10-5 m3/s/m (from seepage analysis by SEEP/W software). Permeability of

filter, k = 1.0 x 10-4 m/s (assumed).

Angle of discharging face with horizontal = α= 90°.

Thickness of inclined filter, t, is given by Darcy’s law:

kiAq  6-1

Where, A = t × 1 = t; i = sin = 1.

1.1706×10-5 = 1.0 × 10-4 ×1 × t

t = 0.117 m

Considering a factor of safety of 2.883, t = 3.0 m.

According to USBR, 1987 and Fell et al., filter design from construction practical considerations

for using small construction equipment’s and to account for leakage through cracks in core of the

dam, it is proposed to provide a 2.4 to 3m thick vertical coarse filter.

However, from construction practical considerations and to account for leakage through cracks in

core of the dam due to strong earthquake shaking, it is proposed to provide a 3 m thick inclined

coarse filter. In addition to the coarse filter a 2.5 m fine filter should be provided as transition

between the impervious core and the coarse filter.
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6.5.2 Design of Horizontal Filter

Total discharge through dam & foundation, q = 1.5696×10-5 m3/s/m (from seepage analysis by

SEEP/W software).

Permeability of filter, k = 1.0 × 10-4 m/s, Length of blanket filter, L = 97 m

Thickness of blanket filter, t, is given by:

L
ktq

2


6-2

 1.5696×10-5 = 1.0 × 10-4 × t2 /L

 t =3.902 m.

Considering a factor of safety of 10 cm, t = 4 m. It is proposed to provide a 4 m thick coarse blanket

filter. Moreover, a 1.5 m thick fine filter should be provided between the foundation and the coarse

filter in order to protect internal erosion of fines from filter to downstream fill of embankment

dam.
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7 CONCLUSION AND RECOMMENDATION

7.1 Conclusion

This paper presented High Embankment Dam Alternative Design and Analysis of the Middle

Awash Multipurpose Dam, a major embankment dam material using clay core, the biggest

challenge is the hauling distance at an economically feasible distance and the dam is located at

Ethiopian rift valley of seismic zone. In addition Earthfill and rockfill dams with clay core have

some problems such as voluminous material in cores. Therefore, they need a long time for

construction, and during constructing this type of core moisture and compactibility must be

controlled. Besides, clay is sensitive to climate due to rainy conditions.

Due to these problems and for constructing more economical earth dams an alternative approach

is developed by substituting clay core with asphaltic concrete core. They are mainly used in areas

where natural impermeable materials of sufficient quality or quantity are not available.

Seepage discharge and the phearatic line used for both the initial stress and dynamic analysis of

the dam were computed, the steady state seepage analysis when the reservoir water level is at

normal level was first computed by the Seep/W component of the Geo-Studio 2007 software

developed by the GEO-SLOPE International Ltd, in 2007. Seep/W uses darcy’s law. The steady

state analysis of Seep/W assumes that the water inflow is equal to the water outflow. During the

analysis of rapid drawdown stability, transient seepage, in which the inflow is not equal to outflow,

was used and acceptable result was conducted in line with recommended design standards.

In first stage, stability of slope under static and pseudo-static condition is investigated in terms of

factor of safety using Morgenstern-Price limit equilibrium method. The slope stability analysis is

the important consideration in design of embankment dam using slope/w of Geo-studio 2007

software and the analyzed conditions are:- upstream and downstream slopes under steady state

seepage condition (with or without earthquake), upstream slope under sudden drawdown

condition; and upstream and downstream slopes under during construction and end of construction

condition. After computing the seepage and contour of pore-water pressure in the dam and

foundation a static slope stability analysis was done by Limit Equilibrium Method. For all loading
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condition the results obtained in this study were meets factor of safety requirements proposed by

USACE, 2003. But using pseudostatic analysis with earthquake horizontal ground acceleration of

0.3715g corresponding to SEE minimum factor of safety computed were 0.761 and 1.156 upstream

and downstream respectively. Since a factor of safety by itself does not mean the slope will

necessarily totally collapse further analysis made with respect to dynamic analysis and the result

obtained were safe for design consideration.

The dynamic analysis was conducted using constitutive material model selected for the analysis

for both LEM and FEM are mohr-coulomb and analysis type for LEM and FEM are Morgenstern-

price and QUAKE/W stress respectively for the dam body materials and foundation. The dynamic

analysis result indicates the factor of safety after earthquake using elcentro earthquake record, the

minimum factor of safety was computed for maximum credible earthquake and resulted as 1.121

and 1.177 using FEM and LEM respectively.

The Quake/W analysis type, Newmark Deformation finite element method using Elcentro, Kobe

and Hachinohe earthquake record the minimum factor of safety was during Hachinohe earthquake

record which was 1.98 under consideration of maximum credible earthquake and indicates no

deformation. This implies that additional cumber height was not much required. But considering

the complexity of the middle awash dam project and existing foundation condition 1% of the dam

height is consider as cumber height is sufficient and can accommodate any possible deformation

at the end of construction and normal reservoir operation.

In conclusion, the results of the proposed method and embankment dam design considerations can

assist designers of asphaltic core dams in judgment about dam stability during static and dynamic

analysis.
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7.2 Recommendation

Based the analysis presented above it is possible to recommend further detail design of the rock

fill dam with Asphalt Concrete Core. Because the dam can withstand the earth quake shaking

without further potential damage and cost effective.

Therefore the following recommendations should be under consideration:

 Due to the sensitivity and complex nature of soil behavior, the more suitable material

characteristics (strength, hydraulic conductivity, etc…) should be well design and used in

the construction of the embankment dam.

 Further study on similar topic the numerical software should use integrated Geo-studio

software suite enables you to combine multiple analyses using different products into a

single modeling project.
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APPENDIX A: - Alternative Slope Stability Result
Table A-1: Recommended and Computed Factor of Safety for different Loading Conditions

Loading condition

Recommended

FoSmin For u/s

and d/s

Computed FoS

Upstream

(1.75H:1V)

Downstream

(1.65H:1V)
Remark

During construction 1.3 1.602 1.535 OK

End of construction 1.3 1.650 1.588 OK

Steady state seepage at NFL

with earth quake (OBE)

1.1 0.316 1.071 Unsafe

Steady state seepage at NFL

with earth quake (SEE)

1.1 0.636 0.854 Unsafe

Steady state seepage at NFL

without earth quake

1.5 1.697 1.528 OK

Figure A.1: Slope Stability Analysis during Construction Condition (D/S Slope).
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Figure A.2: Slope Stability Analysis during Construction Condition (U/S Slope).

Figure A.3: Slope Stability Analysis end of Construction Condition (D/S Slope).
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Figure A.4: Slope Stability Analysis end of Construction Condition (U/S Slope).

Figure A.5: Downstream Steady state seepage at NFL with earth quake (OBE)
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Figure A.6: Upstream Steady state seepage at NFL with earth quake (OBE)

Figure A.7: Downstream Steady state seepage at NFL with earth quake (SEE)
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Figure A.8: Upstream Steady state seepage at NFL with earth quake (SEE)

Figure A.9: Steady state seepage without earthquake (downstream slope).
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Figure A.10: Steady state seepage without earthquake (upstream slope).
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APPENDIX B: - Middle Awash Dam Reservoir Capacity
Table B-1: Elevation Area and Volume of the Reservoir with Sediment Accumulation

Eleva-
tion Area (m2) Avg.Area

(m2) Volume(m3) Tot.volume
(m3)

crest
length

50
Year
sedim
ent
level
(m)

MFL
(m)

NFL
(m)

Dam
height
(m)

822 781.0594 0.00 0.00 0.00 32.21 857.00 938.00 926.00 0
823 6978.2466 3879.653 3879.653 3879.65 38.70 857.00 938.00 926.00 1
824 9326.1473 8152.19695 8152.19695 12031.85 44.11 857.00 938.00 926.00 2
825 11276.2051 10301.1762 10301.1762 22333.03 49.50 857.00 938.00 926.00 3
826 13080.0704 12178.1378 12178.13775 34511.16 54.53 857.00 938.00 926.00 4
827 14702.1165 13891.0935 13891.09345 48402.26 59.20 857.00 938.00 926.00 5
828 16329.6049 15515.8607 15515.8607 63918.12 63.51 857.00 938.00 926.00 6
829 18024.6071 17177.106 17177.106 81095.22 67.55 857.00 938.00 926.00 7
830 19760.4304 18892.5188 18892.51875 99987.74 71.33 857.00 938.00 926.00 8
831 21462.7274 20611.5789 20611.5789 120599.32 74.28 857.00 938.00 926.00 9
832 23132.5609 22297.6442 22297.64415 142896.97 77.02 857.00 938.00 926.00 10
833 24873.7608 24003.1609 24003.16085 166900.13 79.86 857.00 938.00 926.00 11
834 26607.53 25740.6454 25740.6454 192640.77 82.64 857.00 938.00 926.00 12
835 28408.1714 27507.8507 27507.8507 220148.62 85.68 857.00 938.00 926.00 13
836 30294.9233 29351.5474 29351.54735 249500.17 88.85 857.00 938.00 926.00 14
837 32244.0809 31269.5021 31269.5021 280769.67 92.15 857.00 938.00 926.00 15
838 34249.4631 33246.772 33246.772 314016.44 95.75 857.00 938.00 926.00 16
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839 36362.0169 35305.74 35305.74 349322.18 99.65 857.00 938.00 926.00 17
840 38827.6935 37594.8552 37594.8552 386917.04 104.78 857.00 938.00 926.00 18
841 126590.404 82709.0488 82709.0488 469626.09 113.49 857.00 938.00 926.00 19
842 139529.11 133059.757 133059.7571 602685.85 170.15 857.00 938.00 926.00 20
843 159165.213 149347.162 149347.1616 752033.01 182.46 857.00 938.00 926.00 21
844 174043.295 166604.254 166604.2539 918637.26 193.22 857.00 938.00 926.00 22
845 187201.16 180622.227 180622.2274 1099259.49 210.31 857.00 938.00 926.00 23
846 199638.58 193419.87 193419.8701 1292679.36 219.42 857.00 938.00 926.00 24
847 214271.945 206955.262 206955.2623 1499634.62 228.53 857.00 938.00 926.00 25
848 226877.226 220574.585 220574.5852 1720209.21 235.01 857.00 938.00 926.00 26
849 242254.757 234565.991 234565.9913 1954775.20 240.98 857.00 938.00 926.00 27
850 251356.804 246805.78 246805.7804 2201580.98 246.15 857.00 938.00 926.00 28
851 260851.762 256104.283 256104.283 2457685.26 250.95 857.00 938.00 926.00 29
852 272963.657 266907.709 266907.7092 2724592.97 255.17 857.00 938.00 926.00 30
853 283305.291 278134.474 278134.4737 3002727.44 259.22 857.00 938.00 926.00 31
854 293663.16 288484.225 288484.2253 3291211.67 262.67 857.00 938.00 926.00 32
855 303195.338 298429.249 298429.2489 3589640.92 266.13 857.00 938.00 926.00 33
856 554852.513 429023.925 429023.9254 4018664.84 269.33 857.00 938.00 926.00 34
857 617242.131 586047.322 586047.3219 4604712.16 271.78 857.00 938.00 926.00 35
858 645507.398 631374.764 631374.7644 5236086.93 273.96 857.00 938.00 926.00 36
859 671740.127 658623.762 658623.7621 5894710.69 275.92 857.00 938.00 926.00 37
860 697931.376 684835.751 684835.7514 6579546.44 277.78 857.00 938.00 926.00 38
861 725013.255 711472.315 711472.3154 7291018.76 279.57 857.00 938.00 926.00 39
862 752089.905 738551.58 738551.5797 8029570.34 281.23 857.00 938.00 926.00 40
863 1067722.36 909906.13 909906.13 8939476.47 282.86 857.00 938.00 926.00 41
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864 1163834.21 1115778.28 1115778.281 10055254.75 284.48 857.00 938.00 926.00 42
865 1215425.66 1189629.94 1189629.936 11244884.68 286.09 857.00 938.00 926.00 43
866 1266664.37 1241045.02 1241045.019 12485929.70 287.88 857.00 938.00 926.00 44
867 1324207.14 1295435.75 1295435.755 13781365.46 289.78 857.00 938.00 926.00 45
868 1552651.02 1438429.08 1438429.079 15219794.54 292.18 857.00 938.00 926.00 46
869 1610875.86 1581763.44 1581763.442 16801557.98 294.68 857.00 938.00 926.00 47
870 1669833.36 1640354.61 1640354.612 18441912.59 297.23 857.00 938.00 926.00 48
871 1737299.85 1703566.61 1703566.607 20145479.20 299.85 857.00 938.00 926.00 49
872 1808100.19 1772700.02 1772700.021 21918179.22 302.70 857.00 938.00 926.00 50
873 1876086.67 1842093.43 1842093.429 23760272.65 305.99 857.00 938.00 926.00 51
874 1944480.45 1910283.56 1910283.559 25670556.21 309.74 857.00 938.00 926.00 52
875 2000507.14 1972493.79 1972493.794 27643050.00 313.80 857.00 938.00 926.00 53
876 2055952.93 2028230.04 2028230.037 29671280.04 317.90 857.00 938.00 926.00 54
877 2108656.33 2082304.63 2082304.631 31753584.67 322.33 857.00 938.00 926.00 55
878 2165635.28 2137145.8 2137145.803 33890730.47 327.44 857.00 938.00 926.00 56
879 2221390.93 2193513.11 2193513.106 36084243.58 332.78 857.00 938.00 926.00 57
880 2271444.03 2246417.48 2246417.48 38330661.06 336.78 857.00 938.00 926.00 58
881 2320822.2 2296133.11 2296133.114 40626794.17 340.24 857.00 938.00 926.00 59
882 3130366.62 2725594.41 2725594.41 43352388.58 343.41 857.00 938.00 926.00 60
883 3201118.61 3165742.61 3165742.612 46518131.19 346.55 857.00 938.00 926.00 61
884 3275322.98 3238220.79 3238220.794 49756351.99 349.78 857.00 938.00 926.00 62
885 3345722.5 3310522.74 3310522.742 53066874.73 353.11 857.00 938.00 926.00 63
886 3417083.39 3381402.95 3381402.946 56448277.67 356.55 857.00 938.00 926.00 64
887 3488399.64 3452741.52 3452741.515 59901019.19 360.47 857.00 938.00 926.00 65
888 3562682.51 3525541.08 3525541.077 63426560.27 364.72 857.00 938.00 926.00 66
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889 3643759.21 3603220.86 3603220.862 67029781.13 369.16 857.00 938.00 926.00 67
890 3722935.12 3683347.16 3683347.165 70713128.29 373.61 857.00 938.00 926.00 68
891 3802676.52 3762805.82 3762805.819 74475934.11 377.86 857.00 938.00 926.00 69
892 3917141.8 3859909.16 3859909.16 78335843.27 381.87 857.00 938.00 926.00 70
893 3983122.05 3950131.93 3950131.926 82285975.20 386.77 857.00 938.00 926.00 71
894 4070191.73 4026656.89 4026656.89 86312632.09 389.86 857.00 938.00 926.00 72
895 7355159.71 5712675.72 5712675.716 92025307.81 392.88 857.00 938.00 926.00 73
896 7473765.95 7414462.83 7414462.827 99439770.63 395.69 857.00 938.00 926.00 74
897 7588934.98 7531350.47 7531350.466 106971121.10 398.48 857.00 938.00 926.00 75
898 7704705.04 7646820.01 7646820.011 114617941.11 401.17 857.00 938.00 926.00 76
899 7823516.04 7764110.54 7764110.54 122382051.65 403.71 857.00 938.00 926.00 77
900 7938945.28 7881230.66 7881230.659 130263282.31 406.25 857.00 938.00 926.00 78
901 8047678.53 7993311.9 7993311.9 138256594.21 408.75 857.00 938.00 926.00 79
902 8158205.6 8102942.06 8102942.061 146359535.27 411.20 857.00 938.00 926.00 80
903 8275467.79 8216836.69 8216836.692 154576372.96 413.63 857.00 938.00 926.00 81
904 8387215.59 8331341.69 8331341.691 162907714.65 416.05 857.00 938.00 926.00 82
905 8491259.73 8439237.66 8439237.664 171346952.31 418.47 857.00 938.00 926.00 83
906 8594723.39 8542991.56 8542991.561 179889943.88 420.88 857.00 938.00 926.00 84
907 9587819.54 9091271.46 9091271.463 188981215.34 423.30 857.00 938.00 926.00 85
908 9721074.72 9654447.13 9654447.128 198635662.47 425.78 857.00 938.00 926.00 86
909 9881356.31 9801215.51 9801215.513 208436877.98 428.25 857.00 938.00 926.00 87
910 9996450.65 9938903.48 9938903.478 218375781.46 430.81 857.00 938.00 926.00 88
911 10111333.1 10053891.9 10053891.86 228429673.32 433.50 857.00 938.00 926.00 89
912 10228241.7 10169787.4 10169787.36 238599460.68 436.22 857.00 938.00 926.00 90
913 10384073.6 10306157.6 10306157.63 248905618.31 439.12 857.00 938.00 926.00 91
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914 10514184.8 10449129.2 10449129.19 259354747.50 442.16 857.00 938.00 926.00 92
915 10660935.9 10587560.4 10587560.35 269942307.85 446.07 857.00 938.00 926.00 93
916 10787831.2 10724383.5 10724383.54 280666691.39 454.48 857.00 938.00 926.00 94
917 10913392.1 10850611.6 10850611.64 291517303.03 458.81 857.00 938.00 926.00 95
918 11312962.6 11113177.4 11113177.37 302630480.40 462.36 857.00 938.00 926.00 96
919 11464205.8 11388584.2 11388584.23 314019064.64 465.68 857.00 938.00 926.00 97
920 11591561 11527883.4 11527883.4 325546948.04 468.86 857.00 938.00 926.00 98
921 11733139.6 11662350.3 11662350.28 337209298.32 471.86 857.00 938.00 926.00 99
922 11861733 11797436.3 11797436.29 349006734.61 474.87 857.00 938.00 926.00 100
923 12052891.2 11957312.1 11957312.08 360964046.69 477.85 857.00 938.00 926.00 101
924 12190309.1 12121600.1 12121600.13 373085646.83 480.85 857.00 938.00 926.00 102
925 12326715.5 12258512.3 12258512.3 385344159.12 483.74 857.00 938.00 926.00 103
926 12455279.1 12390997.3 12390997.32 397735156.44 486.35 857.00 938.00 926.00 104
927 12584967.3 12520123.2 12520123.22 410255279.65 488.80 857.00 938.00 926.00 105
928 12796416.8 12690692 12690692.03 422945971.68 491.44 857.00 938.00 926.00 106
929 12995741.5 12896079.1 12896079.12 435842050.80 494.20 857.00 938.00 926.00 107
930 13185498.8 13090620.1 13090620.12 448932670.92 497.59 857.00 938.00 926.00 108
931 13362662.6 13274080.7 13274080.67 462206751.59 501.40 857.00 938.00 926.00 109
932 13540343 13451502.8 13451502.79 475658254.38 505.58 857.00 938.00 926.00 110
933 13735767 13638055 13638055 489296309.38 509.74 857.00 938.00 926.00 111
934 13943922.9 13839844.9 13839844.92 503136154.30 513.61 857.00 938.00 926.00 112
935 14180408.9 14062165.9 14062165.86 517198320.16 517.26 857.00 938.00 926.00 113
936 14347967.6 14264188.2 14264188.21 531462508.37 520.07 857.00 938.00 926.00 114
937 14496473.4 14422220.5 14422220.47 545884728.84 522.71 857.00 938.00 926.00 115
938 14639127.2 14567800.3 14567800.29 560452529.13 525.27 857.00 938.00 926.00 116
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939 14800353.2 14719740.2 14719740.21 575172269.35 527.75 857.00 938.00 926.00 117
940 14949175.4 14874764.3 14874764.31 590047033.65 530.30 857.00 938.00 926.00 118
941 15515943.2 15232559.3 15232559.31 605279592.96 532.89 857.00 938.00 926.00 119
942 15708964.1 15612453.7 15612453.69 620892046.65 535.83 857.00 938.00 926.00 120
943 15892583.1 15800773.6 15800773.62 636692820.27 541.63 857.00 938.00 926.00 121
944 16102236.9 15997410 15997410.02 652690230.29 547.79 857.00 938.00 926.00 122
945 16327896.7 16215066.8 16215066.83 668905297.12 551.76 857.00 938.00 926.00 123
946 16560056.4 16443976.5 16443976.55 685349273.67 555.70 857.00 938.00 926.00 124
947 16775419 16667737.7 16667737.71 702017011.38 559.48 857.00 938.00 926.00 125
948 16998814.3 16887116.7 16887116.65 718904128.03 563.19 857.00 938.00 926.00 126
949 17261614.7 17130214.5 17130214.51 736034342.53 566.89 857.00 938.00 926.00 127
950 17484628.9 17373121.8 17373121.8 753407464.34 570.56 857.00 938.00 926.00 128
951 35604389.8 26544509.3 26544509.34 779951973.67 574.33 857.00 938.00 926.00 129
952 46557208.8 41080799.3 41080799.29 821032772.97 578.17 857.00 938.00 926.00 130
953 55035275 50796241.9 50796241.9 871829014.87 582.13 857.00 938.00 926.00 131
954 67331843.9 61183559.5 61183559.46 933012574.33 586.26 857.00 938.00 926.00 132
955 123838349 95585096.4 95585096.38 1028597670.71 590.81 857.00 938.00 926.00 133
956 144506603 134172476 134172476.2 1162770146.90 596.69 857.00 938.00 926.00 134
957 152678835 148592719 148592719.1 1311362866.05 606.83 857.00 938.00 926.00 135
958 161324247 157001541 157001541 1468364407.01 612.60 857.00 938.00 926.00 136
959 170319522 165821885 165821884.7 1634186291.69 618.09 857.00 938.00 926.00 137
960 179151839 174735681 174735680.6 1808921972.26 622.44 857.00 938.00 926.00 138
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