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The foundation is an important element in the stability of any dam.  Understanding the foundation and the potential 
failure mechanisms associated with the dam foundation is critical to developing the final dam design.  This paper will 
discuss the challenges encountered with the foundation at the Taum Sauk Upper Reservoir Dam and the Wyaralong 
Dam. 
The Upper Reservoir of the Taum Sauk project is a 2.3 million cubic metre roller compacted concrete (RCC) dam 
located near Ironton, Missouri, USA.  The RCC dam was constructed in accordance with United States Federal Energy 
Regulatory Commission (FERC) guidelines to replace a rockfill dike that failed abruptly on December 14, 2005.  
Wyaralong Dam is a new RCC dam, for water supply, located on the Teviot Brook near the township of Beaudesert in 
south-east Queensland. 
Wyaralong and Taum Sauk each had challenges associated with identifying potential failure mechanisms in the 
foundation and with analysing the stability of the dam for these potential failure mechanisms.  The geology at the 
projects was very different, but challenges for each project were quantifying the amount of reliance that was placed on 
the rock mass at the toe of the dam, developing the shear strength parameters, and developing the associated failure 
mechanisms that would be analysed.   
The design of Wyaralong and the rebuilt Taum Sauk Upper Reservoir, including the geometry of the dam sections, were 
developed based on the foundation features at each project.  Foundation treatments and excavation designs were 
developed based on the stability analyses conducted during the design phase.  These foundation treatments included 
removal of weak layers or defects where necessary, but features were left in place in the foundation at selected locations 
at each project.  Where features were left in place, stability analyses concluded the dam was stable.  The stability 
analyses at each project considered three dimensional effects along features in the foundation where appropriate.   
As the foundation was uncovered during the construction phase of each project, the parameters used in the stability 
analysis conducted during the design phase were confirmed or adjusted.   The excavation and foundation preparation 
activities were adjusted as necessary based on actual conditions during the construction phase.   
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1.0 Introduction 

The foundation is critical to the stability of any dam.  
Understanding the foundation and the potential failure 
mechanisms associated with the dam foundation is critical 
to developing the final dam design.  The Wyaralong Dam 
and rebuilt Taum Sauk Upper Reservoir each had 
challenges associated with identifying potential failure 
mechanisms in the foundation and with analysing the 
stability of the dam for these potential failure 
mechanisms.  The geology at the projects was very 
different, but similar challenges were present during each 
project.  This paper discusses each of the projects and the 
challenges encountered.   
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2.0 Summary of Projects 

 
2.1 Taum Sauk 

The Taum Sauk Project consists of an Upper Reservoir 
and a Lower Reservoir connected by a vertical shaft, rock 
tunnel, and penstock.  The Powerhouse has two pump-
turbines with a total generation capacity of 450MW.  The 

original rockfill dike, constructed in 1963 to form the 
Upper Reservoir at the Taum Sauk Pump Storage Project, 
failed abruptly on December 14, 2005.  An aerial view of 
the breached section of the dike is shown in Figure 1. 
 

Figure 1:  Aerial View of the Breached Dike 

The original Upper Reservoir Dam was removed and 
completely rebuilt as a 2.3 million cubic metre (3 million 
cubic yard) Roller Compacted Concrete (RCC) dam in 
compliance with the US Federal Energy Regulatory 



Commission (FERC) Regulations and Missouri 
environmental permitting regulations.  The owner, 
AmerenUE, has reconstructed the Upper Reservoir of the 
facility to restore the storage capacity, and is operating the 
Reservoir according to the current Project License.  A 
plan view and typical section of the new Upper Reservoir 
are provided in Figures 2 and 3. 
 

2.2 Wyaralong 

Wyaralong Dam is located in south-east Queensland, 
Australia, near the township of Beaudesert.  The project is 
part of the South East Queensland Water Grid, providing 
water supply for this region of Australia.  When 
completed, the dam will have the capacity to store 
103,000 ML of water.       

Figure 2:  New Upper Reservoir Plan View 

 
 

Dam Decisions: Past Experiences, Fut

Figure 3:  New Upper Reservoir Typical Section 

ure Challenges 
 
 



Wyaralong Dam is a 48m high (above lowest foundation 
level), 490m long, roller compacted concrete (RCC) dam, 
with a centrally located ungated primary spillway and a 
secondary spillway on the left abutment.  The total 
volume of RCC will be approximately 190,000 m3.  The 
general arrangement and a typical section in the primary 
spillway are provided in Figures 4 and 5. 
 

 Figure 4: Wyaralong Dam Plan View 
 
 
 

 
 
 Figure 5: Wyaralong Spillway Typical Section 
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3.0 Summary of Geology 

 
3.1 Taum Sauk 

The Taum Sauk Upper Reservoir is constructed on top of 
Proffit Mountain, which is composed of rhyolite 
porphyry, underlain by a thick sequence of granite 
porphyry.  The foundation of the Upper Reservoir Dam is 
rhyolite porphyry.  The rhyolite porphyry is generally 
moderately hard to hard and intensely (distinctly) to 
slightly weathered.  There are generally three joint sets at 
the damsite.  Two of the joint sets are near vertical and 
strike nearly perpendicular to one another, with one set 
striking approximately to the northeast the other to the 
northwest.  A third joint set has a low angle dip, generally 
to the northeast, however there is quite a variation on this 
orientation.  Each of the three joint sets are usually spaced 
between less than 25mm to a metre, but on average about 
300mm.  There are three shear zones that traverse the site, 
one major and two minor in terms of surrounding rock 
disturbance.   

 
 

Dam Decisions: Past Experiences, Future Challenges 
 
 

 
The subsurface information provided by the Owner from 
the original construction of the rockfill dike and 
additional borings drilled during the design of the new 
RCC dam indicated the prevalence of weak seams within 
the foundation rock.  Initial test data indicated parts of 
these weak seams consist of low plasticity clay and silt.    
 
3.2 Wyaralong 

The bedrock at the Wyaralong Dam is Gatton Sandstone 
overlain by alluvium.  The Gatton Sandstone 
predominantly consists of feldspathic to lithic-feldspathic 
sandstone with a clay matrix.  The Gatton Sandstone also 
contains subordinate conglomerate, mudrock, minor coal, 
and fossil wood fragments.   
 
The average dip of the bedding at the site is 
approximately 14 degrees, with an average dip direction 
of ENE.  This means the bedding at the site generally dips 
downstream and into the right abutment.  Several sub-
vertical joint sets are also present at the site.  Weak layers 
identified at the site generally followed bedding.   
 
The rock at the damsite was classified based on the degree 
of weathering.  Weathering classifications used for 
classifying the rock were: distinctly weathered with 
seams, distinctly weathered without seams, and slightly 
weathered to fresh.   
 

4.0 Identification and Understanding of 
Weak Features 
During the design phase of each project, it was 
determined that weak layers were present in the 
foundation and that these weak layers would have an 
impact on the design.  At Taum Sauk, the key feature that 
had an impact on design was a clay seam.  At Wyaralong, 

the bedding planes and other specific weak layers that 
were located along bedding planes had an impact on the 
design.  The following sections discuss the identification 
of weak layers in more detail.   
 
4.1 Taum Sauk 

The subsurface information provided by the Owner from 
the original construction of the rockfill dike and 
additional borings drilled during the design of the new 
RCC dam indicated the prevalence of weak seams within 
the foundation rock.  The data available during design 
indicated that one major clay seam crossed the proposed 
alignment of the new RCC Dam in two locations. Figure 
6 shows the estimated location of this seam and the 

alignment of the rebuilt Upper Reservoir.   

Estimated 
Clay Location 

 
 
 
 
Testing was done on samples from the clay seam taken 
from core borings during the design phase.    Undisturbed 
samples were also taken by pushing Shelby tubes on the 
surface in the areas where the clay was exposed.  Tests 
included direct shear, consolidated-undrained with pore 
pressure measurements (i.e., CU-bar), atterberg limits, 
moisture content, and soil classifications. Initially a shear 
strength of 25 degrees was used in the stability analysis of 
the clay seam, and further test results confirmed that this 
value was appropriate.   
 
Access to the dam footprint for drilling was limited 
during the design phase of the project due to the old 
rockfill dike.  To get additional information on the 
foundation and specifically on whether continuous clay 
seams were present in the foundation, exploratory holes 
were drilled in the footprint of the new RCC Dam using 
air rotary drilling methods to a depth of 10 metres to 
approximately 30 metres (30 feet to approximately 100 
feet) below the proposed foundation bottom.  

Figure 6: Estimated Location of Clay Seam 
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The exploratory holes were drilled after the old rockfill 
dike was removed and the foundation was excavated to 
the design foundation elevation.  The typical layout for 
these exploratory holes is shown in Figure 7.  Each hole 
was logged by a video camera to determine if continuous 
clay seams were present within the RCC foundation.  A 
demonstration program conducted during the design 
phase indicated that a video camera could clearly identify 
clay seams within the foundation rock.   
 
The video logs were reviewed to determine if any clay 
seams were present, and additional exploratory holes were 
drilled if necessary.  There were two clay seams identified 
by the camera holes, both were in the southwest corner of 
the reservoir.  The camera holes were very useful in 
identifying the clay seams, and were also useful in 
identifying the depth of weathered rock.  
 
4.2 Wyaralong 

During the design phase of the project, geologic sections 
were developed based on the investigations conducted 
and rock was classified based on the degree of 
weathering.   Specific weak layers were also identified on 
these geologic sections.  Based on the geologic sections, 
the design foundation level for the dam was developed.   
The foundation level was chosen so that rock that was 
classified as ‘distinctly weathered with seams’ was 
removed from the dam foundation.  It was judged that it 

would take too much time and treatment to prepare this 
rock to provide a competent base for the dam and it would 
be removed.  Distinctly weathered rock without seams 
was generally left in place in the foundation because it 
provides a competent foundation for the dam.  The dam is 
generally founded on distinctly weathered sandstone in 
the abutments and on slightly weathered to fresh 
sandstone in the primary spillway section. 
 
Using the geologic sections, it was possible to look for 
potential interpolations of similar weak seams between 
boreholes in 2D (along sections) and 3D (between 
sections).  Potential planes of weakness were identified 
between groups of boreholes and surface exposures.  
These potential planes were then contoured to determine 
their dip and dip direction.  Planes that had a dip and dip 
direction that was consistent with the range of dip and dip 
directions measured for bedding and weak seams at the 
dam site were accepted and named “surfaces”.  Twenty-
three potential surfaces were identified.  These twenty-
three surfaces were combined into eight combined 
surfaces named surface A-H.  The location of these 
surfaces is shown in Figure 8.    
 
Shear strength properties for the different failure 
mechanisms were developed using different methods.  
Shear strength properties for bedding planes were 
developed using a combination of the Barton estimate of 
shear strength for rough surfaces and field measured 
roughness values.  For development of these parameters, 
the basic friction angle for the rock at the site was 
estimated through a combination of direct shear tests on 
core samples and direct shear tests on sawcut samples.  
Development of this basic friction angle was critical to 
the project.  A photo of a sawcut sample before testing is 
included in Figure 9.   

Figure 7: Typical Exploratory Hole Layout 

 
A friction angle of 38 degrees and cohesion of 30 kPa was 
estimated for bedding planes using the method described 
briefly above.  Shear strength properties for weak layers 
in the foundation were developed using direct shear 
testing on samples taken from cores.  The shear strength 
criteria developed for shear zones, which was the shear 
strength used for all continuous weak layers, was a 
friction angle of 29 degrees with zero cohesion.   
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Figure 8: Surfaces A - H 

 
 Figure 9: Sawcut Sample for Testing 



 
 
 
 

5.0 Stability Analysis and Design 

 
A key element of the stability analysis at both the Taum 
Sauk and Wyaralong dams was the identification of 
potential failure mechanisms and the reliance on the 
downstream passive rock wedge.  One of the issues 
during the design phase for each project was the amount 
of reliance that should be placed on the downstream rock 
wedge.  As a result, multiple failure cases were 
considered for each project.  Additionally 3D sliding 
stability analyses were conducted for each project because 
analysis of the weak layers was not a simple 2D problem.   
The following sections briefly describe the analysis 
undertaken for each project and the final design that was 
developed.   
 
5.1 Taum Sauk 

During the design phase of the project, the clay seam in 
the southwest portion of the reservoir was analysed to 
determine acceptable depths below the rock surface at 
which the layer could be left in place.  The dam was 
designed with upstream and downstream faces sloped at 
0.6H:1.0V and a crest width of 7.6 metres (25 feet).   
The sliding stability of the dam with respect to the clay 
seams was analysed using two scenarios at most 
locations.  The scenarios are described briefly below, and 
are shown in Figure 10.   

 Scenario 1 considers a base length 
assuming an upstream vertical 
failure under the heel of the Dam, 
and a downstream failure that 
extends the downstream face of the 
Dam at 0.6H:1V through the rock 
to the clay seam. 

 Scenario 3 considers a base length 
that follows the clay seam until it 
daylights along the face of the 
mountain downstream of the dam. 
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For the anticipated foundation conditions, the dam met 
the factors of safety required by the US Federal Energy 
Regulatory Commission (FERC) for all load cases.  The 
preliminary minimum depth to which clay seams or weak 
layers need to be removed was estimated to be 10 metres 
(30 feet).  Based on these analyses, guidelines for 
construction were developed in which clay seams should 
be removed if they were within 10 metres of the 
foundation of the dam and the dip of the seam is parallel 
to the base of the dam or dipping downstream.   
 
 
5.2 Wyaralong 

The dam section was governed by stability analysis along 
bedding planes and specific defects in the foundation.  
The dam was designed with a crest width of 6 metres, a 
vertical upstream face, and a slope of 0.8:1.0V on the 
downstream face. 
 
Stability analysis along bedding planes was conducted at 
four sections of the dam.  The sections chosen for analysis 
were the tallest section of the primary spillway, the tallest 
section of the primary spillway with a thin apron in the 
stilling basin section, the tallest section of the secondary 
spillway, and the tallest section of the non-overflow 
section.  Analyses were conducted at the sections 
described to ensure the critical section was analysed.  
Sensitivity analyses were also conducted to determine the 
impact of a varying bedding dip on the analysis.  For the 
stability analysis along bedding planes, several failure 
mechanisms related to the passive wedge at the toe were 
considered. A description of the failure mechanisms and a 
sketch of the failure mechanisms for the secondary 
spillway section are included in Figure 11.   
 
Case 1: Dam including spillway apron with full Hoek-
Brown rock wedge resistance; 
Case 2: Dam including spillway apron with only frictional 
component of Hoek-Brown rock wedge resistance; 
Case 3: Dam including spillway apron with no rock 
wedge at toe; (as a check only)  
Case 4: Dam section only with full Hoek-Brown rock 
wedge resistance; 
Case 5: Dam section only with only the frictional 
component of Hoek-Brown rock wedge resistance; 
Case 7*: Dam section only with no downstream passive 
wedge (as a check only). 
* Case 6 was previously considered but has been 
eliminated 

Clay Seam 

Downstream 
Ground Surface 

Dam Foundation 

Figure 10: Taum Sauk Sliding Stability Scenarios 
Analysed 
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Cases 1-7 were analysed to evaluate the impact of the 
passive wedge on the stability of the dam. Cases 1 and 4 
were evaluated with shear strength properties developed 
for the rock mass using the Hoek Brown method. These 
cases met draft Australian National Committee on Large 
Dams (ANCOLD) guidelines for factor of safety against 
sliding with reliance placed on rock bridges. Cases 2 and 
5 were evaluated using the frictional component only of 
the Hoek Brown shear strength for the rock mass at the 
toe of the dam. These cases met the draft ANCOLD 
guidelines for sliding factor of safety with no reliance 
placed on the rock mass. Cases 3 and 7 were generally 
evaluated as a check only to determine if the factor of 
safety was greater than 1.0 with no rock mass above the 
failure plane at the toe. These cases were evaluated to 
determine the amount of reliance on the passive wedge 
for sliding stability.  However, Case 3 became a credible 
failure mechanism for the secondary spillway should an 
extreme flood event erode the rock mass downstream of 
the concrete apron.  
Analyses similar to those listed above were conducted for 
the identified surfaces in the foundation.  The following 
conclusions were made about the required treatments for 
specific surfaces based on the analyses conducted: 

 Surface A – stability analysis determined it is 
acceptable to remain in place  

 Surface B – stability analysis determined it 
needed to be removed over approximately 20 
metres of the length of the dam.  

 Surface C – depth of the layer below foundation 
determined it did not need to be removed 

 Surfaces D through H – 3D stability analysis 

determined these layers could be removed to 
minimal depths. 

Figure 11: Wyaralong Failure Mechanisms Considered 

 

 

6.0 Geotechnical Issues During 
Construction 

The stability analysis, which supports the design of a 
dam, is often based on best estimates for the foundation 
geometry and properties.  These estimates are usually 
based on extensive sub-surface investigations and 
laboratory testing, however, they are still estimates.  
Therefore it is important that the analysis is reviewed and 
updated as necessary to reflect updated or changed 
conditions as the foundation is exposed and excavated 
during construction.    
 
Each of the parameters and properties assumed during 
design of both Taum Sauk and Wyaralong were 
confirmed and adjusted if necessary during construction 
as discussed in the following sections. 
 
6.1 Taum Sauk 

Foundation conditions encountered during construction 
were generally as expected.  The only clay seams 
identified were located in the areas where they were 
anticipated during the design stage.  These clay seams 
were addressed as they were exposed.  A plan was 
developed during the design phase to address weak layers 
in the foundation during construction so that when weak 
seams were encountered action could be taken to address 
them without delaying foundation preparation and 
construction activities.     



 
During construction, if clay was identified in three 
adjacent camera holes a three point analysis was 
performed to estimate the dip.  Stability analyses were 
then performed for the specific site conditions to 
determine the minimum depth to which the clay needs to 
be removed and to confirm that the dam meets stability 
criteria.  
 
The presence and details of the known clay seam were 
confirmed by camera holes.  A snapshot from the video 
log of one of the camera holes showing the clay is 
included in Figure 12.   
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The clay seam crossing the alignment of the dam in the 
southwest portion of the reservoir was addressed by 
removing the clay in the RCC dam footprint to a depth of 
10 metres (30 feet) as planned.  The monolith of the RCC 
dam where the remaining clay is the shallowest was 
analysed for sliding stability with the depths and dip 
determined using camera holes.  Figure 13 shows the 
conceptual scheme for removal of the clay seam.   
 

 
 
 
 
Figure 14 shows the foundation of the Dam where clay 
was removed, and Figure 15 shows excavation of the clay 
seam.  
 
6.2 Wyaralong 

The dip and dip direction, roughness, and other properties 
of bedding planes identified during construction were 
consistent with the assumptions made during design, so 

no additional sliding stability analyses were performed for 
bedding planes during construction.   
 
Surfaces D, E, G, and H were identified at approximately 
the anticipated locations in the right abutment and 
spillway section.  For each of these surfaces, the depth 
from the top of rock to the defects after excavation has 
been greater than required by the stability analysis.  This 
indicated no further analysis or excavation was required 
for these surfaces.   
 
Surface B was identified in the left abutment.  The 
foundation in this area was initially blasted to the design 
level and the presence of Surface B was confirmed.  The 
geometry of Surface B was slightly different from the 
geometry used in the design, so based on actual survey, 
additional analyses were undertaken.  Based on this 
analysis it was determined that Surface B needed to be 
removed over the majority of the footprint of the dam.  
An additional blast was done to remove the rock above 
Surface B, and a photo of the surface after the additional 
rock removal is included as Figure 16.  This planar 
surface was roughened to achieve the required frictional 
parameter for the RCC to foundation contact.   
 

7.0 Conclusions 

The foundation is a critical element to the stability of the 
dam, and the foundation is often very complex.  
Experience with the Taum Sauk Upper Reservoir and the 
Wyaralong Dam indicates that the identification of 
potential failure mechanisms is critical to the design and 
construction process for the dam.  One of the key issues at 
each project was the amount of reliance that was placed 
on the rock wedge at the toe of the dam.   

Figure 12: Camera Hole Video Log Showing Clay Seam 

 

8.0 Acknowledgements 
The authors would like to acknowledge the team involved 
in the design and construction of Taum Sauk which 
included the owner AmerenUE, the contractor Ozark 
Constructors (made up of ASI Constructors and Fred 
Weber), the US FERC, the Board of Consultants for the 
owner, and the Board of Consultants for the FERC.   
 
The authors would also like to acknowledge the team that 
makes up the Wyaralong Dam Alliance, consisting of 
Queensland Water Infrastructure Pty Ltd, Macmahon, 
Wagners, ASI Constructors, Hydro Tasmania Consulting, 
SMEC, and Paul C. Rizzo Associates.  The authors would 
also like to thank Professor Ted Brown and the Expert 
Review Panel for Wyaralong Dam for their contribution 
to the understanding of the dam foundation. 

Figure 13: Clay Seam Removal Scheme 

 
 
 
 
 
 
 
 
 



Figure 15: Clay Seam Excavation, Tam Sauk  

Figure 14: Excavation at Base of Dam to Remove Portion of Clay Seam, Tam Sauk  
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Figure 16: Surface B After Additional Excavation, Wyaralong  


