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Concrete Dam Failures, ICOLD 1995 

Failure Type Concrete Dams 
Overtopping 5  (9%) 
Foundation* 29  (54%) 
Uplift 4  (8%) 
Materials 5  (9%) 
Structural 6  (11%) 
Spillway 5  (9%) 
Total 54 

2 

What’s missing  from this table? *Includes Camara Dam 

Presenter
Presentation Notes
The main point of this slide is to point out that the majority of historical concrete dam failures have been the result of foundation deficiencies.  Overtopping failures in all likelihood resulted from foundation erosion and undermining, and uplift failures and spillway failures could also have been initiated by foundation problems.  What is missing is a Failure Type related to earthquakes – we don’t know of any concrete dams that have failed as a result of earthquake loading.



Camara Dam, Brazil 

• Originally designed as 
an embankment dam 

• Switched to 160-ft-high 
RCC gravity dam after 
majority of 
explorations were 
completed 

• Additional explorations 
for RCC dam were not 
adequate 

Failed June 17, 2004 

Presenter
Presentation Notes
This slide shows Camara Dam after the completion of construction.  As noted, the dam is an RCC straight gravity structure 160 feet high.  The dam was originally designed as an embankment structure, but the design was changed to RCC late in the design process after the majority of exploration had taken place, apparently primarily to reduce the footprint and economic impact.  The dam was designed by a Dutch firm, who changed the design apparently without much supplemental exploration or interpretation of the geologic conditions. 



Camara Dam, Brazil 

Not shown, line of drain holes drilled downstream of 
grout curtain at 3.5m spacing to depths of 35 to 90 ft 

Grout curtain to 
depths of 30 to 90 ft 

Presenter
Presentation Notes
This shows the basic geometry and design of the dam.  The downstream face is 0.8 H : 1 V, which is typically accepted practice for this type of structure.  A gallery was constructed through the dam, and a single line grout curtain with downstream drainage curtain were installed, again typical standard practice.



Camara Dam, Brazil 

Dam foundation gneissic migmatites with foliation dipping 30 to 
35 degrees toward the right abutment. 

Interpretation of soil 
pocket on left 
abutment to be 
excavated and filled 
with concrete. 

Presenter
Presentation Notes
A soil-filled cavity was known to exist on the lower left abutment.  However, the interpretation during foundation excavation was that this cavity was of limited extent, and the recommendation was made to excavate the soil material and backfill the excavation with concrete.



6 

Camara Dam, Brazil 
• Reservoir filled to 

within 5 m of full 
pool quickly in early 
2004 due to heavy 
rains 

• Filling continued 
into June 2004 

• Reports of material 
carried by drain 
flows, plugged 
drains, and wet 
spot d/s toe left 
abutment during 
this time period 

• Dam failed June 17, 
2004 

Note that dam bridged over 
failure zone 

Presenter
Presentation Notes
The dam failed on June 17, 2004.  There had been heavy rains in late January and early February of that year that filled the reservoir to within about 5 m or 15 feet of its maximum level.  The reservoir continued to fill more slowly from that point into June.  During that period of time, a crack in the gallery, heavy drain flows carrying soil material into the gallery, plugging of several drain holes, and emergence of a wet spot at the toe of the dam on the left abutment were reported.  At one point a recommendation was made to lower the pool but it went unheeded.  It is not clear how fast the reservoir could have been lowered.  Note that a portion of the foundation and dam is missing from the middle of the left abutment and that the dam arched over the remaining void.  This is unusual and indicates that stresses were redistributed around the unstable area, but the dam was not strong enough to buttress the foundation in this area.  This is why we typically do not rely on the dam to hold the foundation in place, even for massive concrete structures like RCC gravity dams.



Camara Dam, Brazil 

Note small embedment 
and shear zone 

Note possible disturbed rock 
blocks on lower left abutment 
during construction 

Presenter
Presentation Notes
The upper left photo indicates that sliding of the lower left abutment rock may have been an issue during construction due to the visible disturbed rock blocks.  The lower right photo shows how shallow the embedment was on the upper left abutment, and the shear zone is visible in this photo downstream.



Camara Dam, Brazil 

 
 

Arrow points to remnant of 
shear zone 
Note unfractured footwall 
Note direction of sliding 
toward channel 

Failure plane 

Profile developed 
post-failure 

Presenter
Presentation Notes
This slide shows how the actual extent of the shear zone was missed.  The exploration was not properly interpreted.  It is not clear which holes were percussion, or what they saw in the drill holes to indicate the shear was pinching out or not present.  In the upper photo, the shear zone is still visible in the undisturbed ground above the sliding mass, highlighted by the arrow, and that indeed the footwall at least is relatively unfractured and therefore would be of low permeability.  The foundation rupture zone is highlighted on the profile.  It is evident that there had to be some movement toward the channel to release the foundation block.



Camara Dam, Brazil 
• Flow along shear zone with limited drainage 
• High uplift pressures extend downstream 
• Erosion of shear zone infilling and sliding along shear zone 

 

Downstream portion may have slid 
toward channel first, removing 
passive block 

Presenter
Presentation Notes
This is the interpreted failure mechanism from Professor Milton Assisi Kanji.  He postulated that the shear zone was filled with pervious fill and the surrounding rock was relatively free of fracturing such that flow was confined along the shear zone.  Plugging of the drains led to little in the way of drainage of the zone, and therefore seepage and uplift pressures developed along the zone well downstream of the toe of the dam.  This large uplift pressure was enough to reduce the effective stress to the point where sliding occurred along the shear zone, taking a good portion of the dam with it.  Erosion of the soil material from within the shear zone may have contributed to the failure, although it is not clear exactly how this would have manifest.  It is possible the downstream portion of the block slid toward the channel first, removing the passive block.



Camara Dam, Brazil 

• 5 deaths 
• 800 homeless 

RCC 
collapse 

Presenter
Presentation Notes
This slide shows that the RCC was not able to sustain its arch over the foundation rupture and eventually collapsed.  The failure resulted in loss of life and extensive property damage downstream.



Other Notable Foundation  Failures 

St. Francis Dam, CA 

Malpasset Dam, 
France 

Austin Dam, PA 

Presenter
Presentation Notes
These are other noteworthy concrete dam foundation failures.  Due to time limitations they cannot be presented in detail.  The upper left corner shows a post-failure photo of Austin Dam, PA, a straight concrete gravity dam 52 ft high owned by a paper company which failed suddenly in 1911 by sliding on a weak nearly horizontal shale contact in the foundation, killing 78 people and wiping out much of the town of Austin, PA about 2or 3 miles downstream.  The right-hand photo is the post-failure condition of St. Francis Dam, a 205-ft-high curved concrete gravity dam constructed to bring water to the LA basin.  The dam collapsed suddenly 1928 due to sliding of the left abutment along an old slide plane parallel to schistosity in the metamorphic rock.  Wide spread destruction downstream resulted in 470 deaths.  The lower left photo shows the remains of Malpasset Dam, a 217-ft-high concrete arch dam in southern France.  The dam collapsed suddenly in 1959 due to movement of a large rock wedge upon which the left abutment was founded formed by an upstream dipping fault and a downstream dipping foliation shear.  The flood wave caused total destruction to the Mediterranean Sea killing 421 people.  



Elwha Dam, Washington 

Note: Internal erosion of concrete dam 
foundations not covered here – see section 
on internal erosion 

Presenter
Presentation Notes
This figure shows a cross section through Elwha Dam, a concrete gravity dam constructed on the Olympic Peninsula in Washington State on river alluvium.  The entire foundation washed out from underneath the dam in 1912 and the entire reservoir was lost.  Although no lives were lost, the figure shows the extraordinary measures that were taken to put the dam back in service.  The dam has been recently removed as part of fish passage restoration.  Internal erosion of concrete dam foundations is not covered in this section, but the concepts described in the section on internal erosion can be used to assess these types of potential failure modes.



Foundation Stability Analysis 

Identify 
potential 
sliding failure 
modes 

Presenter
Presentation Notes
Perhaps the most critical area for evaluating the foundation of a concrete dam has to do with sliding along geologic discontinuities within the abutment or foundation of a dam.  Planes or intersections that daylight downstream and form blocks upon which the dam rests should be identified and evaluated for sliding stability.  This shows schematically how this could occur.



Mapped Features 

Presenter
Presentation Notes
Major discontinuities that are continuous and weak in shear should be identified, and their location , orientation, and characteristics should be defined.  This slide shows the abutment of an arch dam founded on volcanic rock where major flow joints have formed.  The flow joints form base and side planes for large blocks upon which the dam rests and whose intersections daylight in the canyon wall downstream. In the past, it was common to map the foundation in detail; however the downstream abutments were not always exposed and were often unmapped. This is a very important area to investigate, looking for daylighting discontinuities that could influence stability.



Review Existing Foundation Maps 

Presenter
Presentation Notes
Reviewing and using these types of foundation maps is difficult and tedious.  The maps must be carefully searched for discontinuities important to stability, particularly low angle base planes that may daylight downstream along with continuous side planes.  Knowledge of precedents and case histories helps subsurface investigators understand potential failure modes and focus on key elements of the foundation.



Structural Contours for Major Bedding 
Plane Partings and Faults 

Presenter
Presentation Notes
It is important to portray the geologic information on plan maps, sections, profiles, and structural contour maps so that the geometry is well understood and appropriate evaluations and calculations can be made.  For this project, a difference in several degrees of bedding strike had a large influence on calculated stability.
Information from many different sources was combined to develop structural contours for each prominent “EP bedding plane”.  These planes represented potential sliding surfaces that included multiple bedding planes that aligned across faults.  Data available included: preconstruction exploration; construction mapping of the foundation and adits; critical construction photographs of the foundation; and post construction drilling and critical borehole geophysics performed in the existing drain holes.
EP3 was identified as the critical potential slide plane based on its close proximity to the dam foundation contact, and it’s extent from fault 1 at the upstream end of the dam down to fault 4 towards the bottom of the abutment. EP3 daylights downstream along with the intersections with several faults on the abutment. 



Plan Map 
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Geologic Plan Map 

Presenter
Presentation Notes
Developing  simple annotated plan maps is often very useful; incorporating the geologic structure mapping, cross section locations, location of tunnels, stereonets to show critical intersections, etc.



Geologic Plan Map Showing 
Foundation Block 

Presenter
Presentation Notes
 Another example plan map from an arch dam evaluation.  Including the outline of the foundation block shape and the stereonet to show the geologic structure is a very effective way to summarize site conditions.



 

 
Construction Photos 

Presenter
Presentation Notes
Example of how mapping can be performed on old construction photographs, tying them to the detailed geologic mapping.  This should be done during construction, but for this project it was not.  The value of photographs like this cannot be overstated; they can provide critical information that no amount of exploration could ever reproduce.





Shear plane 

Shale bed 

Presenter
Presentation Notes
 Another project, showing an example of finding and mapping critical discontinuities on old construction photographs.
Note the interesting use of the old arch dam as a platform to build the new arch dam.



TUNNEL B 

DSC00913 

Presenter
Presentation Notes
Existing adits or tunnels can provide excellent locations for sampling.  This unlined tunnel was discovered behind the snack room in the powerhouse of a concrete dam.  Here, large diameter samples were obtained by drilling directly along the strike of the bedding  planes.  Drain holes in adits and galleries can sometimes be an opportunity to run downhole geophysics and cameras.



Jointing Must also be Considered 

Orientation, continuity, and 
other properties need to be 
considered 

Presenter
Presentation Notes
Although the major mapped features are of most concern, joint patterns within the rock mass must also be considered.  The orientation, continuity, alteration, roughness, and other characteristics need to be determined.  Although typically not as continuous as the major discontinuities, they can form block boundaries, perhaps in a stepped fashion.  Intersecting joints can form a back release surface that is typically loaded in tension for a foundation block.  Joint orientations are generally defined by dip and dip direction or strike and dip as shown in the right hand figure.  Joint sets can be defined by contouring on a stereonet, a type of three dimensional protractor.  The figure on the left represents the projection of a lower hemisphere.  A line normal to each measured plane will pierce the hemisphere at a certain location which can be determined and plotted.  Contouring the points where the normal lines are plotted results in indications of the different joint sets, their central orientation tendencies, and their scatter.



Scale Effects 

Adapted from Bandis et al (1983) 

1 

2 

3 
4 

Presenter
Presentation Notes
A phenomenon that is often misunderstood and overlooked concerns scale effects for rough joints.  Bandis and Barton tested large rough joint specimens in direct shear.  They then cut up each specimen into smaller and smaller specimens and repeated the testing.  As can be seen from this figure, the average strength increased as the sample size got smaller.  This is because at a large scale, the small scale roughness is not engaged as the sample dilates along the large scale roughness upon shearing.  As the sample becomes smaller, the small scale roughness comes into play and dominates the strength.
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Direct Shear Test 

Presenter
Presentation Notes
-Although it has been proposed that saw cuts be tested to estimate the basic friction angle of discontinuities without roughness, experiences suggests that most saw blades polish the surface smoother than the natural rock grains and ignore any alteration along the joint walls.  Attempts to roughen the saw cut surfaces lead to other uncertainties.  Therefore, a better approach may be to subtract the dilation or effects of the small scale asperities using actual test data.
-These are test results from a direct shear specimen cut from the sample shown in the slide showing the tunnels.
- Strengths were picked at the onset of sliding, and the displacement at which sliding initiated was noted so that the dilation at that displacement could be determined.
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Direct Shear Test 

Remove small scale 
roughness 

Presenter
Presentation Notes
AN ATTEMPT WAS MADE TO REMOVE THE DILATION, OR ROUGHNESS COMPONENT, FROM THE STRENGTH DATA, AND ACCOUNT FOR ANY DEVIATION IN PLACING THE SPECIMEN HORIZONTALLY IN THE SHEAR MACHINE.
THE SLOPE OF THE HORIZONTAL DISPLACEMENT VS VERTICAL DISPLACEMENT CURVE, AT THE DISPLACEMENT WHERE SLIDING INITIATED, REPRESENTS THE DILATION.
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Corrected Strength 

σ
φ

φτφ *
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Solve for σ*tanφ (iteratively), increase 
strength for contracting plane, decrease 
for dilating plane 

Presenter
Presentation Notes
The shear strength without dilation would be Sigma TAN Phi.  Since the tangent function is not linear, an iterative approach can be used to solve for this value, which is then plotted to produce a corrected shear strength envelope.  Triginometric transforms can also be used to solve the equation directly.
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Results, Scatter Reduced 

Careful of tests on saw cuts 

Presenter
Presentation Notes
SAMPLES OF PROMINENT CPP PLANES WERE TESTED IN DIRECT SHEAR, AND FRICTION ANGLES WITH DILATENCY REMOVED WERE DETERMINED.  The scatter in the data was significantly reduced when the dilatency was removed.
Tests on saw cuts have been used to estimate the basic friction angle.  However, experience has shown that this can result in surfaces that are polished smoother than the basic grains of the rock and lower than expected strengths can result.
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Large Scale Roughness 

Presenter
Presentation Notes
The large scale roughness does come into play, and must be added to the basic friction angle to arrive at an appropriate in-situ discontinuity strength.  Roughness measurements can be made using photogrametry models, such as this one for a large joint surface.
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Renger’s Analysis 

• Roughness angle = 5o at a 
step width of 1% of the 
sliding plane length 

Presenter
Presentation Notes
- A FORTRAN COMPUTER PROGRAM WAS DEVELOPED TO COMPLETE THE THOUSANDS OF ROUGHNESS ANGLE CALCULATIONS AS A FUNCTION OF RELATIVE MOVEMENT or step width using measurements along different profiles in the assumed direction of sliding from a photogrametry model.  A step width equal to 1 to 2 percent of the sliding plane length is typically taken to estimate the roughness angle.



Foundation Water Pressures 

Used to estimate @ other RWS Elevations 

Presenter
Presentation Notes
Foundation water pressures acting normal to foundation block planes which reduce the effective normal stress must be estimated to perform a reasonable analysis.  Without going to an expensive and time consuming fracture flow model, it is usually very difficult to get good correlation between seepage model results and measured pressures within a fractured rock mass.  Therefore, for existing dams, foundation pressures are usually measured in many locations and a water pressure contour map is developed.  Care must be taken to assure the pressures portrayed are within a uniform flow or seepage zone.  Separate diagrams may be needed for confined aquifers, etc.  Although such diagrams assume the equipotential lines are essentially vertical, they are often more representative than results from a seepage model.  Pressures can be extrapolated to reservoir and tailwater levels different from those present when the piezometric pressures were measured using the differential head ratio (DHR).  The DHR is calculated for a given set of measurements.  Then the piezometric elevation can be calculated using the DHR, new reservoir level, and new tailwater level.  This may underestimate the pressures close to the upstream heel of the dam where moments from higher reservoir loading can create tensile zones and higher water pressures.  However, this is usually fairly localized.



Effects of Foundation Drains 

Drain depth (into fdn.) should be 
about 40% of hydraulic height, drains 
must be cleaned and maintained. 

Presenter
Presentation Notes
Foundation drains are typically considered the first line of defense against foundation instability.  Measurements at several large concrete dams show that the pressures downstream of a line of functioning drains are greatly reduced by the drainage, as shown in the figure on the right.  It can be noted that the original measurements made at Hoover Dam did not show as much pressure reduction, as shown in the upper figure on the left.  However, additional deeper drains were drilled and the pressures were brought down as shown on the lower left had figure.  In that regard, it is necessary that the drains penetrate the major zone of seepage.  Typically drains at about 40 percent of the hydraulic height into the foundation are adequate for this purpose.  Shallower drains can also be effective if the major zone of seepage is more shallow, but it may be necessary to measure foundation pressures at depth to verify this.  It is important to clean and maintain the drains in operating conditions for an adequate defensive measure.



Grout Curtain Effectiveness 

Arthur Casagrande 
1st Rankine Lecture 

If counting on grout 
curtain cutoff, must 
verify with 
measurements 

Careful when grouting 
under reservoir head.  
Grout may travel 
downstream and set up, 
backing up increased 
pressures upstream under 
the dam. 

Presenter
Presentation Notes
So what about grout curtains?  People often claim they are effective in reducing foundation water pressures and there have been a few cases where measurements seem to verify this.  However, in the 1st Rankine Lecture, Arthur Casagrande showed that for a fully penetrating cutoff, the cutoff efficiency drops to very low values with even a small percentage of open space in the cutoff as shown in the upper figure.  He also pointed to measurements made within the foundation of an embankment dam where there was very little pressure drop across the grout curtain.  If we think about it, although the grout holes are drilled in a line, the injected grout will travel in the direction of least resistance which could be in all directions.  Therefore, a wide zone is typically grouted and not a narrow “curtain”, and one would not expect a sharp drop across the line of grout holes.  If the grout curtain is being counted on to reduce foundation water pressures, it is essential that measurements be made to verify this is the case.  A special caution is needed when grouting under reservoir head.  Experience at several dams has shown that the grout tends to flow downstream under the flowing water, and sets up in a downstream location.  This can than form a reduced permeability zone downstream which backs pressures up toward the upstream area under the dam.  This can actually create a worse situation from a foundation water pressure standpoint.



Water Forces on Block Planes 

• Determine submerged 
area for each block plane 

• Discretize each plane 
wetted area 

• Calculate force for each 
area 

• Sum to get total force on 
each plane 

 

Presenter
Presentation Notes
This slide summarizes a possible procedure for estimating foundation water forces acting normal to block planes.  The intersection of the phreatic surface with the block planes must be determined unless the block planes are fully submerged.  Then, using the water pressure contours, the plane is divided into areas across which the variation in water pressure is generally uniform.  The pressures at each corner of these areas are calculated by subtracting the elevation of the point on the plane from the elevation of the water pressure contour directly above it.  The average pressure multiplied by the area gives a force, and the summation of all such forces gives a total force on the plane.



Dam Loads and Inertia Loads 

Include static loads 

For uncoupled 
analyses 

Presenter
Presentation Notes
Typically an uncoupled block stability analysis is performed first, whereby loading on the block is determined by a separate structural analysis, typically using finite elements.  These are then applied to the block as an external force, and a rigid block limit equilibrium stability analysis is performed.  This slide shows how the finite element mesh of an arch dam overlays four nested abutment blocks for an arch dam.  The loading from these elements and portions of elements are collected as a total resultant force.  Time varying earthquake forces can also be calculated in this manner.  The ground accelerations calculated at the block can be used to estimate time varying inertia forces by multiplying the accelerations by the block mass.  The rock mass modulus can be critical in calculating dam loads.  This is discussed further in the next several slides.




Rock Mass Modulus 
• Can be critical to calculating dam loading 
• Is not the laboratory modulus (intact material) 
• Is not the geophysical modulus (typically strain “rate” is too 

fast, strain is too low) 
• Is affected by joints and discontinuities 
Can use: 
• Empirical methods based on correlation of index properties to 

in situ test results 
• Methods based on joint stiffness, joint spacing, and intact 

rock modulus 
• In situ testing using calibrated geophysics and/or jacking tests 
• Back calculations to match observed response (e.g. matching 

natural frequencies measured by in situ forced vibration tests 
to those calculated by finite element methods) 
 

Presenter
Presentation Notes
This slide is hopefully self explanatory for the most part.  It is pointing out what not to use to estimate foundation modulus followed by what can be used instead.
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Empirical Methods - RMR 

Correlations with in-situ jacking tests 
after Bieniawski 

Presenter
Presentation Notes
On the lower quick and easy end are empirical relationships.  This is an empirical relationship between rock mass modulus and the Rock Mass Rating (RMR) index used primarily for tunnel support design.  There is an upper linear portion and a lower curved portion to the correlation.  Variables that go into RMR are covered in the next slide.



Example RMR Calculation 
Parameter Field Description Numerical Rating 

Rock Strength 170 MPa 13 

RQD 60 12 

Joint Spacing Average about 0.5 m 11 

Joint Condition Slightly weathered, slightly rough, 
some continuous, some open 

20 

Water Conditions Wet 7 

Orientation Adjustment Fair (for foundations) -7 

Total 56 

Modulus, E = 10(56-10)/40 = 14.1 GPa = 2.05 x 106 lb/in2 

Water and Orientation often assumed to cancel 
Plots on lower curved portion of correlation 

Presenter
Presentation Notes
This just shows an example of what goes into calculating modulus from RMR.  The water conditions and orientation adjustment are more related to stability than deformability and are often assumed to cancel.  The equation describing the lower curved portion of the empirical curve is used here to calculate modulus.



In Situ Jacking Tests 

Equipment and expertise? 

Presenter
Presentation Notes
At a higher level when determining modulus values is critical, in situ testing is appropriate.  This is a uniaxial jacking test setup used to measure in situ modulus.  Load from pressurizing 3-foot diameter flat jacks is transferred to the rock through aluminum columns.  Deformation of the rock is measured by dial gage at the surface and by multi-point extensometers at depth.  The load and deformation data are used to calculate modulus values for the loading pattern.  Even though this tests a large volume of rock in comparison to a laboratory test, it is still a rather small volume compared to a dam abutment.  It is not known whether any of these tests have been performed since the 1990’s.  The equipment and knowledge to conduct the tests may no longer exist in this country.



Seismic Tomography 

Correlated with jacking 
tests 

Presenter
Presentation Notes
Seismic tomography can be used to test a large volume of rock.  Sources and receivers are positioned within boreholes or other locations to get multiple crossing ray paths.  The tomographic reconstruction process is then used to adjust the velocities along each path to provide a consistent pattern.   This is a P-wave tomograph of a dam abutment developed by placing receivers within an exploratory adit and setting off sources along the  abutment contact.  Numerous in situ jacking tests were performed and correlated with P-wave velocities at the jacking test sites to provide a means of adjusting the tomographic velocities to modulus values for dam analysis.



Effect of Grouting on Modulus 

• Not much! 
• In two cases where jacking tests were performed before and 

after grouting (Davis Dam and Auburn Dam) there was 
virtually no change in the rock mass modulus 

• Point to point contacts along jointing may control the 
deformation of the rock before and after grouting 

• Starting with thinner grout mixes may result in a relatively 
deformable grout 

Presenter
Presentation Notes
This slide should be pretty much self explanatory.  Evidence from jacking tests is cited, and then reasons why grouting may not have had much effect on the rock mass deformability are then provided.



Is Foundation Modulus Important? 

Modulus Case Factor of Safety 

Block D 
Left Abutment 

Block E 
Channel Area 

Block F 
Right Abutment 

Case 1 (Soft) 2.8 2.1 3.2 

Case 2 (Stiff) 2.1 1.9 2.3 

Presenter
Presentation Notes
This slide shows the Factor of Safety calculations for three foundation blocks formed by upstream shallow dipping bedding plane discontinuities, steeply downstream dipping back release joints, and near vertical continuous side joints.  Block D steps between bedding plane partings on the left abutment, Block E potentially slides on a clay parting in the channel area, and Block F steps between bedding plane partings on the right abutment.  Uncoupled analyses were performed with dam loading calculated from 3-D finite element analyses. The foundation consists of variable foundation rock units and modulus values, with the stiff assumptions being roughly twice the soft assumptions.  As can be seen, lower factors of safety were calculated for the stiffer foundation modulus case.  This could make a big difference if the factors of safety were lower, or when calculating probabilities of factors of safety less than 1.0.



Dynamic Considerations 
• Too small of a foundation modulus can over-dampen the 

system calculations (i.e. low value is not conservative) 
• Alpha greater than 0.8 can over-dampen the system 
• Calibration to shaking tests desirable 

 

Presenter
Presentation Notes
When mass is included in the dynamic analysis of a concrete dam, the ratio of the concrete modulus to the foundation modulus can have a big influence on the radiation damping of the system.  When the foundation modulus is small compared the concrete modulus, excessive radiation damping can result.  Similarly, some programs use a reservoir bottom wave reflection coefficient (alpha) that is basically the fraction of the incoming waves that are reflected off the reservoir bottom.  A low value of alpha can significantly reduce the response of the structure.  Experience from eccentric mass shaking tests on concrete dams suggest that low empirically based foundation modulus values or low alpha values can result in an over-dampened model leading to unconservative results.  Therefore, calibration of finite element models to shaking tests is recommended for critical dynamic analyses.  The foundation modulus and other parameters are varied until the calculated natural frequencies match the measured frequencies.



Foundation Modulus Considerations 
• It is often desirable to have different foundation modulus 

values for static vs. dynamic loads 
• Linear-elastic analyses with load super-position can do this, 

but more difficult with nonlinear explicit analyses 
• Typically, stiffer foundation modulus values are more 

conservative relative to structural response and loading 
• But, should perform sensitivity studies to see what the 

difference is with respect to foundation load and stress 
distribution 

Presenter
Presentation Notes
This slide should be self explanatory.



Multi-Block Foundation Systems 
• Unless passive block is very 

thin, shearing through passive 
rock mass is unlikely unless 
the rock material is weak or 
there is an adversely oriented 
discontinuity 

• There must also be shearing 
along a near vertical feature 
between blocks 

• Results are highly sensitive to 
assumed interblock force 
angle theta – approaches 
friction angle at limit of 
equilibrium 

 

Presenter
Presentation Notes
The traditional 2-D gravity dam stability analysis usually involves a passive block downstream of the dam.  Although this type of analysis can be found in many guidance documents, it can be misused.  For one thing, unless the passive block is very thin, it is unlikely that shearing will occur through the rock mass unless the intact rock material is very weak or there is an adversely oriented discontinuity through going within the passive block.  In addition, in order for the passive block to move, shearing must occur along the boundary between the active and passive block.  Unless there is a near vertical joint or discontinuity in this location, this is unlikely.  Finally, the calculated factor of safety is typically sensitive to the inclination angle assumed for the interblock force.  At the limit of equilibrium this should approach the friction angle of the interblock plane.  It is usually taken as horizontal which may be overly conservative in some cases.
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Upper Stillwater Dam 

• RCC gravity 
dam 

• 270 ft. high 
• South flank 

Uinta 
Mountains, 
Utah 

Presenter
Presentation Notes
This is a case study about the reaction of the passive block to loading at Upper Stillwater Dam.  The dam is an RCC gravity dam over 200 feet high on the south flank of the Uinta Mountains in Utah.



Upper Stillwater Dam Foundation 

Presenter
Presentation Notes
Upper Stillwater Dam foundation and right abutment.  Note the interbedded nature of the Cambrian quartzose sandstone foundation.  In the abutments and beneath the main dam, interbeds of gray argillite, a lower strength material in between shale and slate, are present.
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Upper Stillwater Instrumentation 

Presenter
Presentation Notes
This shows the lines of instrumentation and a typical instrumentation layout at Line C in the spillway area.  Note that there is a weak layer, Unit L argillite, within the otherwise hard quartzose sandstone.  A passive rock mass is present downstream of the dam above the Unit L layer.  Of note are the vertical and angled MPBX’s passing from the gallery through the dam and into the foundation with anchors above and below the Unit L layer.  Piezometers were installed above and below the Unit L layer, and upstream and downstream of the line of drains.  Not shown is the vertical inclinometer passing through the dam and into the foundation through the Unit L layer at nearby sections outside the spillway.
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Presenter
Presentation Notes
This shows the response of the angled MBPX at line C during the first reservoir filling.  As the reservoir went up, the anchors below the Unit L argillite layer began to deviate while those above did not.  This meant that there was relative movement between the lower anchors and the anchor head, but not between the upper anchors and the anchor head.  This suggested that the block above the Unit L was moving with respect to the rock below the Unit L.
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Response of Other Instruments 
4th of July weekend - so, what do 
you do? 

Presenter
Presentation Notes
In addition, the inclinometer at this location showed a distinct offset in its profile across the Unit L argillite layer.  The piezometers showed relatively high pressures in the upstream and middle area of the foundation.  First filling occurred over the 4th of July weekend.  The decision was made to continue since it was concluded that failure was not in progress and the passive block was stable.  The following slide gives the reasons for this conclusion.  Nevertheless, instrument readings were taken twice a day and sent to the designers for review.  If there was any indication of accelerating movements, the designers were given the authority to stop the filling and start drawing down the reservoir.  This never occurred.
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Closing of joints and deformation of passive 
block opened existing thermal cracks – crack 
treatment required but no failure 

Presenter
Presentation Notes
This slide shows the reasons why failure was not considered to be imminent.  The downstream passive resistance was being mobilized through closing of joints in the rock mass which allowed enough deformation to open existing thermally induced cracks.  But since there was not an upstream dipping discontinuity, the movement stopped once the passive block was mobilized.  It should be noted that the foundation movement was enough to open some thermally-induced cracks in the RCC which required remedial repairs.



Distinct Element Analysis 
• For multiblock 

analysis, distinct 
element or 
discontinuous 
deformation 
analysis (DDA) 
evaluations are 
more appropriate – 
account for 
interblock forces 
and their 
orientations 

Presenter
Presentation Notes
A better approach to performing analysis of multi-block systems is to use a distinct element code such as UDEC or a Dynamic Deformation Analysis code (DDA).  This type of analysis accounts for the interblock forces and angles more appropriately.



Sliding Factor of Safety 

When factor of safety drops below 1.0 for 
dynamic analysis consider calculating 
“Newmark” displacements, but large 
displacements would be unrealistically 
conservative for uncoupled analyses 

Results from probabilistic factor of 
safety calculations 

1.0 

Presenter
Presentation Notes
It is useful to calculate factors of safety against sliding for concrete dam foundation blocks.  2-D and 3-D limit equilibrium analyses have traditionally been used to perform these calculations.  For risk analysis, probabilistic methods can be used for static loading as discussed elsewhere in this course.  For dynamic earthquake loading, a time history of factor of safety is typically calculated using time-varying forces.  In cases where the factor of safety drops below 1.0, movement is typically assumed to occur.  The “Newmark” method can be used to estimate the magnitude of the displacements.  However, when using an uncoupled analysis this can result in unreasonably large displacements since load redistribution will likely take place.   Since these dynamic calculations are typically more difficult, sensitivity studies are typically performed rather than using probabilistic calculation methods.



Nonlinear Coupled Analysis 
• Usually only undertaken if uncoupled analysis shows 

problems (i.e. large displacements) and it is believed a 
coupled analysis might show the foundation is o.k. (i.e. load 
redistribution keeps displacements small and structure stable) 

• Usually time consuming and expensive 
• Requires thorough exercising and testing of the model to 

convince reviewers that the model is behaving properly and 
the results are reasonable 

Presenter
Presentation Notes
If an uncoupled analysis indicates large dynamic foundation block displacements or interaction between the dam and foundation is thought to be important (e.g. the dam is stout and may buttress the foundation to some extent), it may be useful to perform a coupled analysis whereby the dam and foundation block are included in the same model.  This allows for stress redistribution and allows interaction between the dam and foundation.  However, these types of analyses are time consuming and expensive, and mistakes in model development can be made.  Therefore, it is essential to thoroughly test the model to make sure it is performing correctly and giving reasonable results.



Example Concrete Dam Fdn. Risk Analysis 
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Presenter
Presentation Notes
A case study of a 200-foot-high concrete arch dam foundation is presented to illustrate a risk analysis for a concrete arch dam foundation stability issue.



Potential Failure Mode 

Presenter
Presentation Notes
The dam is founded on steeply dipping limestone with the beds upturned nearly vertically.  A prominent bedding plane parting intersects with a continuous low angle joint in the right abutment to form a large foundation block upon which the upper right portion of the dam rests.



Potential Failure Mode 

Apparent Vulnerability = 
Potential Failure Mode 

Presenter
Presentation Notes
The original drainage curtain was constructed (drilled) through a fillet at the upstream heel of the dam.  A complex system of piping was used to convey water from the drilled drains to the drainage exit points.  The numerous bends in the piping made it impossible to clean and maintain the drains.  In addition, peizometers installed near the base of the dam in the channel area indicated rising foundation water pressures.  At high reservoir levels, water could be observed squirting out of rock bolt holes downstream of the dam on the right abutment.  All of these factors indicate an apparent vulnerability for the stability of the right abutment, which led to the identification and evaluation of a potential failure mode.



Potential Failure Mode 

• Unedited – (insufficient detail): Sliding of the concrete arch 
dam foundation 

• Edited – Initiator: High reservoir, continued increase in uplift, 
earthquake. 

 Step-by-step: Block (formed by bedding plane & joints) slides, 
uplift increases (as joints open), load is not re-distributed, 
foundation block displaces taking arch Blocks 1 thru 7 with it. 

 Breach: Rapid rupture of Blocks 1 thru 7 followed by partial 
collapse of upper dam where arch action lost. 

Presenter
Presentation Notes
This slide attempts to define a potential failure mode associated with sliding of the right abutment foundation block.  The top version is a one-liner that is not an adequate description of the potential failure mode.  This is followed by the three-part description that is more amenable to understanding what the team was thinking.  The dam is in a high seismic area, and in this case the team was evaluating a potential failure mode associated with earthquake loading.



Event Tree – Example Arch Dam 
0.002% 0.0011%
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0 0
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Post-E.Q. Breach 
Probabilistic Analysis 

Expert Elicitation 

Expert Elicitation 

Expert Elicitation 

Expert Elicitation Hazard Curve 

Hazard Curve 

Presenter
Presentation Notes
The potential failure mode description was translated into this event tree.  From left to right, first the joints defining the foundation block need to be nearly continuous to allow for release and sliding of the block.  The probability for this was determined by expert elicitation.  Next the reservoir level needs to be high enough to load the foundation block and cause consequences should it fail.  A threshold level above which the reservoir needed to be for this to occur was estimated by the team, and the probability of exceeding that level was determined from a reservoir level exceedance curve.  Several earthquake load ranges were included in the event tree and their probabilities were taken from seismic hazard curves. Expert elicitation was used to estimate the probability that the right abutment was adequately drained versus containing the higher pressures portrayed by a water contour diagram.  Several uncoupled dynamic analyses were performed for the dam and foundation.  The results of these analyses were used in expert elicitation to estimate the probability that movement would initiate during the earthquake shaking, and if so, whether there would be enough movement to cause breach during the shaking.  If the dam survived the shaking, the probability of post earthquake instability was evaluated using a probabilistic stability analysis, assuming uplift and strength distributions representative of post-earthquake conditions.



Probabilistic 
Analysis 

Enter the estimated weight of the wedge 5.12E+07 5.12E+07
8

Enter the x (E) component of Q 2.94E+07
Enter the y (N) component of Q 8.60E+06
Enter the z (UP)component of Q -3.05E+07

Input the dip of joint set 1 (degrees) Base 14 0.2443461 0.4712389 1
Input the dip of joint set 2 (degrees) Side 75 1.30899694 4.60766923 1
Input the dip of joint set 3 (degrees) Back 83 1.44862328 0.26179939 1
Input the dip of joint set X (degrees) 0 0 0 1

Input the joint set 1 dip direction (CW w/r N) 27 Base
Input the joint set 2 dip direction (CW w/r N) 264 Side R
Input the joint set 3 dip direction (CW w/r N) 15 Back
Input the joint set X dip direction (CW w/r N) 0 Extra

Block is above (0) or below (1) Joint Set 1? 0 0
Block is above (0) or below (1) Joint Set 2? 0 0
Block is above (0) or below (1) Joint Set 3? 0 0
Block is above (0) or below (1) Joint Set X? 0 0

Enter the magnitude of the water force along 1 4.00E+07 5.61E+08
Enter the magnitude of the water force along 2 2.00E+07 1.78E+08
Enter the magnitude of the water force along 3 8.00E+06 2.65E+08
Enter the magnitude of the water force along X 0.00E+00 5.98E+08

Enter φ1, the Joint Set 1 friction angle 35 0.61086524 (radians)
Enter φ2, the Joint Set 2 friction angle 35 0.61086524 (radians)
Enter φ3, the Joint Set 3 friction angle 35 0.61086524 (radians)
Enter φX, the Joint Set X friction angle 0 0 (radians)

        **************RESULTS************

The failure mode (see below) is failure mode #: 5
The sliding factor of safety for the failure mode: 1.32

List of possible failure modes:

1. The wedge will be unstable in the absense of cohesion 0 0
2. The resultant force points into the rock 0 ∞
3. The failure mode is sliding along I23 0 -0.77
4. The failure mode is sliding along I13 0 -4.47
5. The failure mode is sliding along I12 1 1.32
6. The failure mode is sliding along plane 1 0 0.56
7. The failure mode is sliding along plane 2 0 0.52
8. The failure mode is sliding along plane 3 0 0.37

RiskTriang(10,14,18) 

Post-EQ Stability 

2.9% 92.1% 5.0%

2.9% 92.4% 4.8%

1.000 1.693

4 6 8 0 2 4 6 8 0 2 4
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Fit Comparison for Dataset 1
RiskLognorm(1.3542,0.19848,RiskShift(-0.015639))

Input

Minimum 0.7626

Maximum 2.3350

Mean 1.3386

Std Dev 0.1984

Values 10000

Lognorm

Minimum -0.0156

Maximum +∞

Mean 1.3386

Std Dev 0.1985

2.9% 

1.0 Factor of Safety 

Presenter
Presentation Notes
This shows the spreadsheet that was used to perform the uncoupled post earthquake probabilistic stability analysis.  A three-dimensional three plane limit equilibrium analysis was programmed.  Distributions were input for the dip, dip direction, friction angle, and water force associated with each of the three planes (base joint, side bedding plane parting, and back release joint).   For example, the dip of joint set 1 was input as a triangular distribution with a lower value of 10 degrees, and upper value of 18 degrees, and a most-likely value of 14 degrees.  A Monte-Carlo analysis was performed and the probability of a factor of safety less than 1.0 was calculated.  



Probabilistic Analysis 
Parameter Spreadsheet Cell Regression 

Coefficient 

Joint set 3 dip direction (CW w/r N), Back B22 0.058 

Joint set 2 dip direction (CW w/r N), Side B21 -0.527 

Joint set 1 dip direction (CW w/r N), Base B20 0.154 

Dip of joint set 3 (degrees), Back B17 0.019 

Dip of joint set 2 (degrees), Side B16 0.048 

Dip of joint set 1 (degrees), Base B15 -0.333 

Estimated weight of the wedge C9 0.044 

f3, the Joint Set 3 friction angle, Back B37 0 

f2, the Joint Set 2 friction angle, Side B36 0.367 

f1, the Joint Set 1 friction angle, Base B35 0.648 

Presenter
Presentation Notes
The rank sensitivity analysis shows that the results are most sensitive to the dip direction of the side plane and the friction angle of the  base plane.  Additional sensitivity analyses were performed to look at what would happen if the distributions for these parameters were changed slightly.  Adjusting some of the distributions in an adverse direction increased the probability of FS<1.0 by about an order of magnitude.  This was used as the upper limit of a triangular distribution.



Example of Expert Elicitation 

Adverse (“More Likely”) Favorable (“Less Likely”) 
Drains cannot be maintained Conservative uplift perhaps used in 

analyses 
Piezometer levels are increasing Piezometers are not at base of block 
Water squirts from rockbolt holes Rockbolt holes are downstream of 

block 

Example Arch Dam, High Uplift Condition Exists 

Team estimate: 0.5-0.9  
Rationale: Adverse factors weighted more heavily, clear 
indications of plugging drains and higher water pressures 

Presenter
Presentation Notes
This an example of an expert elicitation  for the node that asks the probability that high uplift conditions exist under the right abutment rock block.  First the adverse and favorable factors are collected.  After initial estimates were made, the team discussed the factors and decided that the adverse factors outweighed the favorable factors, and that the estimated distribution should be weighted toward the likely side.  The team was concerned about the clear indications of drain plugging and increasing water pressures, which formed the “case” for this node.



Consequences 

• Primary consequences due to scattered residences in narrow 
canyon downstream 

• Population at risk in this reach about 60 to 80 
• High severity flooding can be expected in this reach with little 

warning associated with an earthquake failure 
 

Presenter
Presentation Notes
A detailed accounting of the consequences is not provided here.  However, the case for the consequences estimate relied on the fact that the primary consequences result from scattered residences in the narrow canyon downstream, that high severity flooding would occur in  this reach, and that little warning would likely be available for a seismic failure of the dam.



Uncertainty 
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Presenter
Presentation Notes
Here is the results of a Monte-Carlo analysis using the  event tree and input distributions.  It can be seen that the mean risk (annualized life loss represented by open circle) exceeds the guidelines, but that the annualized failure probability is below guidelines.  If an adequate case can be built, there is justification to take action to reduce risk here.  The class should be asked to remember the Mean Annualized Life Loss number because it will be compared later.



Example Dam Safety Case 
• Claim: The probability that the right abutment is founded on 

potentially unstable block bounded by continuous joints is 
high to very high (0.9-0.99) 

• Evidence to support the claim 
– Continuous side plane bedding joint mapped d/s of dam 
– Continuous base plane joint mapped d/s of dam 
– Construction photo shows base plane joint crosses 

foundation excavation 
– Although no specific release plane was identified, this area 

is in tension and joint sets mapped  u/s of dam could 
connect to form such a release surface 

Presenter
Presentation Notes
Here is an example of the dam safety case used to support the estimates that that the planes forming the right abutment block are continuous (the first node in the event tree).



Building the Case 

Presenter
Presentation Notes
Here is the construction photo mentioned in the previous slide showing evidence that the base plane crosses the foundation excavation.



Assessing Risks 
Example Dam:  
• Risks above societal risk guidelines 
• Case and evidence compelling 
• Urgency is moderate 
• Confidence high (additional work unlikely to change results) 
• Corrective action recommended 

– Install piezometers 
– Drain abutment (drilled holes)  

Presenter
Presentation Notes
Given that the first three bullets are confirmed, there is then justification to reduced risks.  In this case, the recommended corrective action is pretty simple and is shown in the lower bullets.



Risk Reduction Assessment 
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Presenter
Presentation Notes
This is an important slide because it shows how you would use the event tree to estimate the risk reduction afforded by the recommended corrective action.  In this case, all of the tree that represents undrained high uplift conditions would be zeroed out, since it is assumed that the recommended action would restore adequate drainage.  The resulting risk (annulaized life loss) is reduced by nearly an order of magnitude (ask the class what the previous value was), further justifying the recommended actions.



Construction Risk 

• Temporarily accept higher risk in order to secure long term 
risk reduction 

• Example Dam: Increased risk from introducing drilling water 
into joints 
– Relatively high static factor of safety 
– Drill water pressures localized 
– Drilling would occur late spring while reservoir being 

drafted 
– Drains drilled from lower level at upward or at shallow 

angles – will not charge the holes with hydrostatic head 

Presenter
Presentation Notes
Construction risks need to be addressed before performing any construction activities at a dam.  Addressing the construction risks was relatively simple in this case as shown in this slide.



Installing Piezometers 

Presenter
Presentation Notes
Photos of the construction – first installing piezometers.



Risk Reduction & Verification 

• Piezometer 
Measurements 

• Uplift 
Distribution 

• Calculated FS 
• Risk Estimate 

Verification 
 

Presenter
Presentation Notes
The drains were drilled, the drain flows were collected and monitored, the uplift distribution was adjusted, new calculations were made, and new risk estimates were made to confirm adequate risk reduction had been achieved.
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