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Appendix C 

Geotechnical Analysis and Design 

C.1 Subsurface Investigation 
Geotechnical Boring Program 
A boring program was established to collect subsurface data necessary to evaluate the 
construction of existing embankments, type and condition of dam foundation materials and 
complete the analysis of several preliminary design features.  Borings were also advanced at 
several properties near the dam site to evaluate materials for potential use as borrow, for 
earthen embankment construction.  The geotechnical investigation was carried out by Braun 
Intertec.    

Borings ST-1 and ST-2 were drilled through the north embankment.  Borings ST-4 through 
ST-7 were drilled within the breach limits of the earthen dam.  Borings ST-8 through ST-10 
were drilled through the embankment that remains south of the breach.  Borings ST-11 and 
ST-12 were drilled through the existing powerhouse and spillway bridge deck.  All borings 
were advanced to sufficient depths to allow analysis and evaluation of soil and bedrock 
foundations for embankment/structural stability and seepage. 

Soil samples were collected with split spoon and Shelby tube samplers.  Blow counts 
(N-Values) were recorded by the Braun drilling crew.  Soil samples were classified and 
tested.  Testing on the soil boring samples included moisture content and dry density, 
Atterburg Limits, unconfined compression testing, and gradations. 

Boring ST-11 and ST-12 were advanced through the existing walls and piers of the 
powerhouse and spillway.  Continuous core samples were collected in the concrete and 
underlying bedrock foundation.  Percent recovery and Rock Quality Designation (RQD) were 
recorded by the Braun drilling crew for all bedrock core collected.  The bedrock core was 
classified and representative samples tested for unconfined strength. 
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Borings were also drilled at several properties in the vicinity of the dam to determine the 
extents and accessibility of loess and till materials for potential use in reconstruction of the 
earthen portion of the dam.  Borings were advanced on the Wilson, Freiburger, and Harbach 
properties.   Soil samples collected from the borings were classified and tested for moisture 
content,   compaction testing and Atterberg Limits. 

Borrow and Subsurface Soil Conditions 
The north embankment subsurface material consists of up to 28 feet of sand and gravel fill 
material, underlain by approximately 10 feet of sandy lean clay.  The sandy lean clay is 
underlain by approximately 15 feet of poorly graded sand to approximately elevation 852, 
where limestone bedrock is encountered. 

At the center of the channel, boring ST-5 indicates that the bedrock has dropped off 
substantially (approximate elevation 842).  A thick (20–25 ft) gravely sand (SP) layer lies 
between the base of the channel and the weathered limestone.  At the south end of the 
channel, Borings ST-6 and ST-7 indicate a thin layer of sandy lean clay underlain by 70 to 
80 ft of gravely sand material.  No bedrock was encountered.  Likewise, borings ST-8 
through ST-10, advanced through the south embankment indicate clay fill materials underlain 
by gravely sand. 

Sandy gravels encountered were primarily medium dense to dense with very little fines and 
high gravel faction.  Bedrock encountered was generally moderately hard highly weathered 
limestone.  Rock encountered at the north end of the power house was good in quality with 
high recoveries and RQD values.  Boring ST-11 drilled directly through the power house 
showed moderately hard to hard vuggy limestone with relatively high recovery and RQD 
values as well as 3,300 psi to 11,000 psi unconfined compressive strength.  From the south 
end of the powerhouse extending south into the channel, rock samples recovered showed low 
quality rock with numerous voids.  The rock showed very low recovery and RQD values. 

The borrow evaluation borings typically encountered two soil types underlying the topsoil.  A 
silty clay loess, overlying a silty clay glacial till soil.  The loess soils, while potentially 
acceptable for embankment construction were typically encountered at very high moisture 
contents, requiring excavation and spreading (farming) in order to get the material to an 
acceptable moisture content for placement and compaction.  The till soils typically provide a 
superior material for embankment construction and have in-situ moisture contents closer to 
those required for placement and compaction in an earthen embankment.  The till soils were 
encountered at depths of 12 feet or more, under the loess soils, so significant excavation 
would be required to develop these soils for borrow.  Additional future investigations by the 
Contractor may locate the till soils at shallower depths for borrow development.  Both 
materials indicate acceptable strength and seepage properties for use in earthen dams.  

Design Parameters 
Parameters were developed for use in the seepage and slope stability analysis based on 
published tables in EM 1110-2-2504 [6].  Laboratory test Atterberg Limits were used to 
determine effective (drained) parameters for fill materials (empirical correlation between 
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friction angle and plasticity index from triaxial tests on normally consolidated clays) [6].  
Refer to Table C-1 below for design parameters. 

Table C-1  Geotechnical Design Parameters 

Material Type Unit Weight 
(pcf) 

Undrained Shear 
Strength, c (psf) 

Friction 
Angle, φ 

(deg) 

Drained 
Friction 

Angle, φ’ 
(deg) 

Glacial Till (CL) 110 2000 0 28 
Loess (CL) 110 1000 0 28 
Foundation (SP) 125 0 30 30 

 

At the time of this report, Braun was in the process of drilling one additional borrow site 
boring and one additional boring through the powerhouse.  The boring logs and 
corresponding subsurface data for the two additional borings will be provided in subsequent 
submittals. 

The full preliminary geotechnical report developed by Braun Intertec [1] is included within 
this appendix. 

C.2 Seepage Analysis 
Methods 
Seepage analysis was conducted for proposed embankment and seepage control measures 
using GeoStudio’s SEEP/W finite element seepage modeling program.  Soil classification 
and laboratory gradation results were used to develop input seepage parameters.  Permeability 
coefficients were determined according to Hazen’s empirical formula using D10 values 
(particle diameter corresponding to 10% passing).  The proposed service and auxiliary 
embankments (located within the current breach) were modeled with various cutoff depths 
and configurations.  Horizontal blanket drains were also included in the model, for safe 
collection and conveyance of seepage flows, without saturating the downstream slope of the 
embankments.   

Results 
Exit gradients (exit gradient is defined as the rate of change of total head pressure with 
distance) and seepage flow rates were analyzed to come up with an optimized and adequate 
cutoff/drainage system.  To achieve the target factor of safety of 1.5, the target exit gradient 
was assumed as 0.67.  This assumes a critical gradient of the material of 1.0.  To achieve the 
target gradient, the sheet pile cutoff was designed as 35 feet below base of the new 
embankment (into sand foundation).   

All seepage computations are provided following the narrative portion of this appendix. 
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C.3 Stability Analysis 
Methods 
Stability analysis was carried out using GeoStudio’s SLOPE/W (2007) modeling program 
[3].  Spencer’s Method was used to find minimum factors of safety for various loading 
conditions.  The United States Army Corps of Engineers’ Slope Stability Engineering Manual 
[4] was consulted for required loading conditions and factors of safety for new earth and 
rock-fill dams.  The Iowa Department of Natural Resources Technical Bulletin on Dam 
Design Criteria [5] was used as a baseline for the determination of embankment slopes.  An 
end-of-construction case was analyzed on the downstream embankment slope using total 
stress (undrained) soil parameters.  The minimum required factor of safety for the total stress 
condition is 1.3.  Also, long-term steady state seepage conditions were modeled using 
effective stress soil parameters (drained parameters) with a required minimum factor of safety 
of 1.5.    For the long-term steady state condition, a maximum surcharge pool was assumed 
with water to the top of the spillway crest (top of labyrinth weir).  To account for the 
decreased water surcharge loading as a result of the labyrinth weir, 50% of the water 
surcharge load was considered along the width of the weir.  A rapid drawdown condition was 
not modeled because it is unlikely that the pool will ever be rapidly drained.   

Results 
For proposed new embankment sections, slope stability was analyzed for embankments 
constructed of locally available borrow materials (identified in Braun Intertec investigation of 
borrow areas) as well as roller compacted concrete (RCC).  It was determined that 3 
horizontal on 1 vertical slopes are required for the both the upstream and the downstream 
faces of embankments constructed of loess or till in order to satisfy all design requirements.  
Roller compacted concrete faced embankments meet design requirements if constructed with 
2.5 horizontal on 1 vertical downstream slopes.  

Results of the stability analysis for the various modeled cases are provided in Table C-2 
below. 

Table C-2  Stability Analysis Results 

Spillway Design Case Min. FOS 
(FSmin) 

Required FOS 
(FSreq) 

Service Total Stress 1.995 1.3 
 Effective Stress 1.539 1.5 
Auxiliary Total Stress 1.916 1.3 
 Effective Stress 1.607 1.5 
Auxiliary (RCC)1 Total Stress 1.817 1.3 

 Effective Stress 1.498 1.5 
1 Note that RCC option for aux. spillway was modeled with 2.5:1 slopes. 

 

All stability computations are provided following the narrative portion of this appendix. 
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C.4 Settlement Analysis 
General 
Long -term consolidation settlement is not anticipated as embankment construction will take 
place on subsurface sands.  Given the sand foundation material, a majority of settlement will 
occur as construction proceeds.  Settlement within the embankment fill will be limited by 
proper placement, moisture control, and compaction of embankment fill.  As mentioned 
previously, some of the loess borrow material may require drying prior to placement in order 
to achieve desired compaction and density values. 
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ST-11 Core Photographs 
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