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Presenter
Presentation Notes
Reasons for this presentation include observations of a trend towards decreased quality of subsurface data essential for understanding dam foundations and performing analysis.  Data is often collected without a focus on specific questions tied to performance and potential problems.  This happened to some extent for each of the dam failure case histories presented.

The entire dam safety community must continue to emphasize the importance of the geologic evaluation process and the key products (especially essential drawings) to the next generation.

Dam foundation evaluation experience may be harder to come by due to fewer new construction projects and mentoring is our obligation, especially with the large pending turnover in the Dam Safety community.

The risk assessment process provides focus on specific issues and an opportunity to improve the foundation evaluation process and drawings by bringing together diverse teams.


Purpose of this Presentation:

"oemlpha3|ze why studylng case
histories is critical and
demonstrate that data by |tself
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To emphasize to the next

generation of Dam Safety
professionals that there is
much homework to be done
and knowledge to be
transferred by studying and
understanding many
different dam failures from
the last century
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(Photos by Pete Shaffner)
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Presenter
Presentation Notes
Asking “so what” in regards to the various data collection is a useful way to focus our efforts on the data that is most valuable for answering specific dam safety questions.

How does the data improve our understanding of the most important foundation conditions?
How will the instrumentation help us detect failure initiation or progression specifically?
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Why Geologic Data Alone is Not
Enough by Itself
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Presentation Notes
Must emphasize over and over that asking the correct QUESTIONS before collecting or assembling data is extremely important to provide correct focus to all activities.

Without this focus on the most important questions, data collection is more expensive, and often does not provide as much reduction of uncertainty.

Tying data collection directly to the specific branch in the risk tree where uncertainty is high has been very effective.

We are seeing foundation stability and deformation analysis performed without a good understanding of the foundation material properties, geology and continuity.  There is a sad tendency to over-analyze before the geologic environment is properly understood.

This lack of focus can lead to very poor major decisions and has led to dam failure in many cases.



BUILDING STRONGg,




Left Abutment Slide

N~

St. Francis Dam
1928

Re-evaluation by
David Rogers 1992

Two of the world's leading
geologists at the time, John
C. Branner of Stanford
University and Carl E.
Grunsky, found NO major
problems with the foundation.

After failure Bailey Willis

__ \\ 7
\\\\\ recognized paleo landslides.
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Geology was mapped, smart people involved, didn’t understand the failure mode

Professor Bailey Willis, visited the site after the failure and recognized the paleo landslides along the left abutment 

Geology was mapped, but didn’t understand the failure mode and many people died due to misjudging the geologic setting.  The magnitude of the consequences were not considered.  

Geologic uncertainty was not accounted for in the design.

Having the data does not prevent failure.  Understanding the information and acting upon it is the solution.

Most failures are due to a lack of imagination, not a lack of data.

Every major dam failure can be shown to have collected a large amount of information and very qualified people have usually been involved in the design and construction.

Geologists and engineers were arguing about whether an enormous paleo slide might be present, some thought there was evidence to support this.  Drilling did not recover the slide plane (not a big surprise).


http://en.wikipedia.org/wiki/John_C._Branner�
http://en.wikipedia.org/wiki/John_C._Branner�
http://en.wikipedia.org/wiki/John_C._Branner�

From Rogers, 1992:
64 years later

Old slide Iin schist
not accounted for

=

No Drains
on abutment
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Presentation Notes
No drainage was considered during this era and it is very likely that increased water pressure in the foliated schist abutment contributed to this failure.

Drainage was being discussed by engineers of this era, including Terzaghi, Lane, Harza and others, but many of those discussions revolved around masonry dams on soil foundations.
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Presentation Notes

DESIGN DEFICIENCIES #1 (from David Rogers)

•The dam unknowingly built against paleolandslide
•Hydraulic uplift ignored in the design, leading to a lower factor of safety than designers realized
•Hydraulic uplift not relieved on sloping abutments ( a common problem until 1960s)
•Insufficient depth of seepage cutoff wall
•Cement heat of hydration effects ignored
•Low strength laitance layer between concrete placement lifts 
•Aggregate separation through trough placement
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Understanding these
abundant paleo slides
would have been very
Important during design
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geologist on a p‘fOJect will not, in
of itself, insulate such projects
from disaster.
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-David Rogers
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Presentation Notes
Additionally, the collection of geologic data will not necessarily prevent disaster.

Geologic information needs to be turned into knowledge by a team that understands potential failure modes and the dam’s vulnerabilities.


e Design for geologic uncertainty tied to potential

fatture modesand pastecase nistoeriest——————————
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Presentation Notes
Analyses and design can still happen in a vacuum, completely ignorant of past problems and failure modes and design standards.
This dam was not keyed into the foundation and the open and weak foliation planes parallel to abutment were obvious during construction.  

We are doomed to repeat the past if we don’t learn from it.

How can designers today not be familiar with this failure mode that killed hundreds of people at St Francis Dam?

The owner over-ruled the designers wishes to  stop the reservoir filling when major seepage occurred on the left abutment.


Malpasset Dam
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Malpasset Dam
1959

421 deaths

Very important engineering and
geology lessons, but it took at least
15 years for some dam building
organizations to understand this
failure mode and design for it.
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Presentation Notes
Geologic foundation mapping was performed and data were available.  
The geologists mapping this foundation may not have even known the design was changed from a gravity dam to an arch dam after the foundation was mapped.

This failure mode became a major consideration for arch dams after this failure, but it took decades for these changes to take place in some organizations.  

Arch dams were still being constructed in the 60”s and 70’s without any consideration for the vulnerability associated with removable foundation rock blocks.  How can we be so slow to learn?

Are we any better today and learning from mistakes made on other  projects?

National organizations like AEG are very important to create a forum for discussion of successes and failures.


Malpasset Dam

 Failure was caused by
hydraulic uplift of a large rock
wedge lying beneath the dam’s
left abutment
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Presentation Notes
 The Malpasset arch dam in France failed on its initial filling in 1959
• Dr. Pierre Londe spent 8 years unraveling the failure mechanism
• It was caused by hydraulic uplift of a large rock wedge lying beneath the dam’s left abutment 



Left Abutment Section as depicted by Pierre Londe

BUILDING STRONGg,



Presenter
Presentation Notes
There were some arguments regarding the possibility that permeability was reduced due to the loading, but these were later discounted.

This failure mode stresses the importance of studying and mapping the downstream abutment in order to identify any potential sliding planes that daylight.  Note in this cross section that the “crushed seam” and the release plane would not be easily identified in the foundation excavation.


englneerlng
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e He was mvestlga SI
type of dam being conSradered™==

» No discussion of forces

stresses, deformation, etc. S e

« Even during the subsequent‘lnqmry |nto the fallure the
comments by the geologists indicate a complete.le




Geologic Lessons Learned from Malpasset Dam Failure
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Geologic Lessons Learned from Malpasset Dam Failure

o Uplift forces acting on the foundation block were not
understood or accounted for (“new” vulnerability?).

« The geometry of the “system” was not understood or
analyzed

« Today we would incorporate grouting upstream and
drainage downstream

 Geologic mapping of the foundation and downstream
abutments to define the geologic discontinuities and
potential sliding blocks is essential

« Some of these lessons were not incorporated into the
Investigations, design and construction of concrete dams
for over a decade

« Some of these lessons are still being ignored today

BUILDING STRONGg,
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Here is an example of a mapped downstream abutment that identified a removable block 50 years after construction.

The lessons from Malpasset Dam were not learned by  Reclamation until after this dam was built.

The geologists and engineers working at Auburn dam in the early 1970’s discussed the foundation blocks and specifically looked for them.

This type of mapping is most easily done today using ground based photogrammetry with tools such as AdamTechnology or SiroVision or 3G.
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Presentation Notes
This sequence of drawings shows typical foundation  mapping that is very difficult to use and decipher many years later.

Today, knowing the failure modes, we need to specifically identify base and side planes forming potential blocks and highlight them on our maps.
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Presentation Notes
Very detailed foundation map could be much more useful if specific failure modes (removable foundation blocks) where searched for and identified when mapping.
Often it may be what lies directly below the mapped surface that is the most concern, making the mapping of the daylighting downstream features critical.


This is the full |
sized drawing |
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Presentation Notes
Useful mapping, but deciphering this data 50 years later is difficult in terms of finding base planes and side planes for potential foundation blocks.
It is important for geologists to be focused on the potential failure modes and to specifically address the data in terms of these.

There have been several cases where geologists mapped to this detail, but completely missed an underlying seam of great importance.  




Presenter
Presentation Notes
Can you find the removable blocks on this map?  It can take days and weeks if it was not considered when mapping.


“'Dam Foundation Map

This is not very helpful in its original form
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Presentation Notes
This is an example of having an incredible amount of information, but nobody really took the time during construction to understand the significance of all the information, to “extract” the most important key features, to understand potential failure modes, and to identify removable foundation blocks.  To do it later is much more difficult and extremely limited.
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Landslide Mass




The dam itself and the
foundation was not the
ISsue

The enormous consequences
associated with a massive
landslide into the reservoir
were not accounted for.

Politics played a major role in
operating the dam with known
sliding issues.

This was a failure of the
Imagination.
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Why case histories are critical
Many smart engineers and geologists, didn’t understand the failure mode until it was too late

Prior to the landslide that caused the over-topping flood, the creep had been 0.4 inches per week. During September this creep reached 10.0 inches per day until finally, the day before the landslide, the creep was measured at 40.0 inches (1 metre)


Enormous landslide scarp in limestone on left side of Vaoint Reservoir.
Volume estimated to be 340 million cu. yds

Resulted in a wave approximately 328 feet tall overtopping the dam.
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Before Slide

All imestone

After Slide

Vaoint
Landslide

View of left bank,
looking downstream
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300 million C.Y slide moved at 70 mph: Oct 9, 1963
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Langarone Italy
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1963; 2600 people killed
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Much instrumentation
Measured movement carefully
Knew the slide was moving
Ignored the warning signs until it was too late
Arrogance and ignorance


Vaiont Landslide Summary Facts

* Geologic work and slope stability first studied in 1928
 Eminent university professor was expert in dolomites

e 1959 Refraction survey concluded a slide plane did not exist
* 1960 team of geologists reported evidence of a major
ancient landslide on the left bank, noting a remnant mass and
a mylonite zone

* Geologists considered a large slide mass a possibility
 Three boreholes were drilled and the slide plane was not
recovered

 Assumed the slide if it existed was “stable”

e October 1960 noted accelerated slope movements and
large scarp

e Failed in 1963
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Vaiont Landslide Summary Facts
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What would geologists do today that was not done at
Vaoint Dam in the late 1950’s and early 1960’s?

 In steep terrain, look specifically for potential sliding
In the reservoir and evaluate the hazard using maps
and aerial photographs

e Capitalize on the Vaiont Failure to help focus
attention on the need for robust geological
Investigations beyond the dam footprint.

e Pay more attention to instrumentation thresholds and
establish “triggers” for emergency actions

 Be more involved in design decisions and account
for geologic uncertainty in the design

« Communications can regquire assertiveness, some
battles are worth fighting. e < oG




Teton Dam
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Teton Dam Faillure 1976

e June 4th, 1976: 11 people killed

e Only 20 gpm at 8 a.m. and 2 CFS at 9 a.m.

e 15 CFS at 10:30 a.m.

e Sinkhole at 11:30 a.m.

 Breach at 11:55 a.m.

* Intensely jointed volcanic rock known

e Untreated rock discontinuities with high gradients
* Very steep and deep cutoff trench

 No grouting of rock above bottom of trench
 Rock was mapped and joint intensity known
e Significance of information not understood

BUILDING STRONGg,
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Presentation Notes
Note very steep and fractured side slopes in cutoff trench.  Grouting performed in the bottom of this trench did not treat any of this material shown in the sidewalls.  Arching within the embankment due to these large, steep excavation slopes was believed to be a major contributor to the failure mechanism.  Gradients across the trench and grout curtain were very high.  Groundwater was very deep and far below the bottom of the excavation.
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Presentation Notes
Construction completed by USBR in 1975
On the Teton River in eastern Idaho
Intensely jointed rock.  Seepage control consisted of 70-foot deep, narrow, trenches and by a deep single-line grout curtain in the center of the core contact.
Also, concrete slurry was gravity fed into open bedrock joints upstream and downstream of the cutoff trench, but was inexplicably discontinued above a level 120 feet below the dam crest.  
Dam engineers had limited authorization to visit the site during construction, which could otherwise have allowed them the opportunity to require continuation of the joint plugging, or to reconsider the inadequacy of compacting erodible fill core material against open and jointed rock.
On June 5, around 7 am several small seeps were observed at the downstream to about 1/3 up the right abutment contact.   By 7:30 am, the flows were muddy and about 25 cfs.
By 10:30 am the muddy leakage had progressed up the abutment about 2/3 of the dam height.
Warnings were issued downstream
Shortly, a whirlpool was seen in the reservoir.
By 11:30 am, a large  hole had been washed out of the downstream face.
In the next 30 minutes, due to violent discharges and caving, the erosion hole neared the crest.
At 11;55 am, the crest was breached, the breach expanded rapidly through the full height of the dam.
By 6:00 pm, the reservoir was nearly empty of 250,000 acre feet
Flooding downstream inundated Rexburg and Sugar City, among 


BUILDING STRONGg,




BUILDING STRONGg,




Dozers Lost In Hole About 11:20 am
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25 am, June 5, 1976

About 11
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11:55 a.m.

Less than 4 hours from 20 gpm detected seepage to total breach
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Crest breaching at 11:55 am
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- The designers failed to understand and incorporate actual
~ geologic information into the design and geologists failed
to present any strong resistance against the

misinterpretation of this data.




e The jointing in the bedrock was known and measured
» The geology of the site was well-defined and explored
» Geologic'plan.and profile drawings were developed

A robust exploration program was performed

BUT

sCommunications between designers, construction forces,
and-geologists were very poor

o The VULNERABILITY of the dam te seepage and erosion
was not understood (silty embankment on open joints)

* The designers learned nothing from the major seepage
Incident at Fontenelle dam a decade earlier - it was not
published or discussed

» The schedule and budget pressures were enormous to
make NO CHANGES during construction
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- The existence of geologic reports, logs, maps, cross sections
and other data did not result In a robust design or_prevent
failure. - _

* The potential pro"l:“)'lefms Were notimagined or understood by
geologists-or engineers.

» Geologists need to do more than ¢ollect datak. 2l

« Everyone needs to assure they understand the geology
related to the dam’s vulnerabilities_ (potentiakfailtre moedes)
 _Geologic data must be collected with specmc quastlons and
potential failure modes in. mlnd " il

 Past incidences and faillures MUST be ghared, publishded,
studied and understood and-applied fo-current designs.
 There is no place for HUBRIS in dam design
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others
11 people were killed.  Property damage was in excess of a half billion dollars.


Auburn Dam Foundation Model, 1970's BUILDING STRONGg
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Presentation Notes
The Auburn dam Plexiglas model is an example of the high quality engineering geology and attention to detail required to adequately understand and analyze a concrete dam foundation.

It is remarkable that this highly functional, extremely focused team of geologists, geotechnical engineers and structural engineers worked together for years to understand this foundation.  This happened during the very same time that dysfunctional teams in the same organization were designing and constructing Teton Dam.  This pocket of excellence within the organization is an example of what a few smart, focused individuals with strong personalities can do when they truly understand the significance of the foundation geology modeling.  It did not require a directive or a policy for this team to succeed.  It required dedication to excellence.

At Auburn, basic volcanic rock was interspersed with faults and shear, most of which had continuous seams of gouge that varied from paper thin to several feet in thickness, and with other rock anomalies each with individual deformation moduli.  The resulting anisotropy required a definitive analyses to obtain the existing foundation modulus, and then a determination of which and how much of the geologic discontinuities need to be treated to obtain acceptable deformation moduli throughout the foundation.

This team was a learning machine, with everyone learning from each other.  Mentoring occurred constantly in all directions. 
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Geologists and engineers worked together daily to incorporate all new information from drilling as it was obtained in order to guide the exploration and the design.  Everyone on the team was learning from everyone else in an intense cross-mentoring environment.

At the same time this excellent collaboration was occurring between geologists and geotechnical engineers and structural engineers, the Teton Dam was being designed by the same organization with very poor coordination and collaboration between scientists and engineers.  This is an interesting observation of two different cultures existing simultaneously within one organization.  It also emphasizes excellence can be obtained with just a handful of experienced individuals with strong personalities and a clearly defined vision.

�The excellence experienced on the concrete dam side of the organization was driven by 3 or 4 very experienced people who understood the value this inter-dependency collaboration and insisted everyone understand the design goals and geologic conditions influencing major design decisions.  



The Auburn Dam Geologic
Exploration Philosophy
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Engineering
Geology Involves
high level detective
work
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Quality Engineering Geology work is very similar to detective work: it includes sorting clues, tracking down information, solving problems and building a case.

It is NOT about merely collecting data for someone else to figure out and use.

The detective work needs to be focused on solving the correct problems and confidence and uncertainty must be considered and included in building the case.


Fontenelle Dam Incident: 1965
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Factors helping prevent total failure
 Luck
 High clay content of dam materials resisted erosion
Volume of seepage limited by the size of the open joints in bedrock
 Outlet works capacity is about 18,000 CFS, allowed faster drawdown
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This is a very important paper since it compares three dams built by two  organizations and discusses why the organizational culture was a problem.

We have these same problems today on some projects with schedules and  budgets driving decisions rather than quality.

Understanding how these organizational problems can lead to public safety problems is  very important for us all to know.


Fontenelle Dam Incident
(1965 — 10 years before Teton)

Open bedrock fractures with high water flow connected to
reservoir

Discontinuities known but dam vulnerability not understood
Failure mode was not imagined
Large outlet works prevented failure

Incident was not published or shared resulting in no
learning and leading to Teton failure

Better communication of this incident with the dam safety
community may have saves lives!

BUILDING STRONGg,
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In the summer of 1964, the reservoir filled for the first time, water was about 50 feet deep and a 6 CFS seep occurred about 2000 feet downstream.
Filling was stopped and seepage evaluated, it was not considered dangerous.
As filling continued, seepage increased.  More seepage was seen on the right abutment near the spillway and on the left abutment about 3000 feet downstream.

In the summer of 1965 runoff was unusually high and the reservoir rose to within 2 feet of maximum.  Seepage was estimated at 70 CFS.
On September 3, 1965, a wet spot on the dam was noticed.  By mid afternoon water was flowing and erosion was starting, by evening flow was 5 cfs from the dam.
By the next morning on September 4th, flow was about 21 CFS and over 10,000 CY of material had been removed from the dam.
The Outlet works stilling basin was coffer dammed for repairs, this was removed to lower the reservoir.

By the morning of September 5th, the volume of flow had not increased, dumping rock into the hole appeared to have slowed erosion, but it force the water higher which produced caving higher up.
It was assumed that flow was through rock because flow was not increasing as erosion increased.
On September 6th an area on the crest about 20 feet in diameter dropped 30 feed suddenly.
Bedrock was exposed, and water was seen issuing from joints, the reservoir was 13 feet above the base of the cavity.
Heavy rock was dumped into the hole, reservoir continued to drop 4 ft. per day



Piping
Erosion
Conduit

0-9-65
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Instability led to progressive sloughing of the embankment.

This case study was never published until 2009 (Snorteland, Shaffner and Paul, ASDSO).
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This erosion incident
several months
earlier was labeled
as a “slope stability
fallure” and backfilled
with more permeable
material.

There were two of
these “incidents” prior
to the main problem,
but engineers failed
to comprehend the
seriousness of the
problem
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There were actually 3 separate incidents of seepage and stability problems adjacent to the spillway.  The significance of the problem was grossly underestimated.  
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Baldwin Hills Dam

California

« Completed in 1951, Failed in 1963
o 5 fatalities, 1000 homes damaged
e Over 11 million in property damage

* Reservoir had earth lining sandwiched between asphaltic
membranes and poor monitoring of drain

o Several minor, steeply dipping faults were mapped as passing
through the reservoir

« Differential settlement likely from oil wells or fault
consolidation

e Failed to account for geologic conditions
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Baldwin Hills Dam
California

Aseismic Movement
of Fault
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Constructed between 1947 and 1951 in Los Angeles
Built in a ravine, it was a continuous homogeneous compacted embankment 232 feet high.
The reservoir floor was a compacted earth lining sandwiched between asphaltic membranes.  An underdrain system collected seepage passing through the lining.
During construction several minor, steeply dipping faults were mapped as passing through the reservoir.

The dam failed on Dec 14, 1963,
Heavy water flow was noted from the underdrain system at 11:45 am
An attempt to lower the reservoir was made, but 24 hours would be required.
By 1:00 pm seepage increased greatly and a crack was noted in the lining on the upstream face
Evacuation was initiated
Sandbags were used unsuccessfully to seal the crack.
The dam was breached at 3:30 pm and the reservoir was empty by 5:00 pm.
5 people were killed, 1000 homes were damaged.
Over 11 million in property damage

No earthquake involved.  
Theory 1: Aseismic movement of fault from pumping of petroleum from deep formations disrupted asphalt liner and drain system. 
Theory 2: Differential settlement due to fractured and loosened fault zone material

(Another dam in Iceland had similar thing happen with no catastrophic release)


Note Population at risk: Evacuation saved many
lives




Note Oil Field
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Camara Dam
Brazil

June 4, 2004

Information from personal correspondce, Milton Kanji to Robin Fell
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Where were
the geologists?
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Smooth foliation surfaces left untreated in the foundation of Camara Dam led to a foundation failure upon first filling.  These planes were not recognized as a failure mode.  The understanding of the foundation was obviously inadequate.


Two days after first filling and failure
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During reservoir filling the dam showed several abnormalities as: artesian conditions and dirty water in some drain holes, leakage through the concrete and to the gallery, inundation of the gallery by clogging of the drain holes, leakage at the left abutment, etc.). 

The designer recommended emptying the reservoir several times. The state authority did not empty it, (mainly for political reasons as the cities around were in demand for the water).  No personal were maintained at the site.  The reservoir was about 3/4 full, it failed.
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View of left abutment from downstream
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The failure occurred at the foundation of the left abutment, through a continuous infilled plane of the micaceous silty clay (that same one that was thought during construction to extend only 3m inside the abutment). 

It was a great geological interpretation  mistake.



View along crest showing failed bridge and
continuous infilled fracture plane at left abutment
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Austin Dam
(Bayless Paper
Mill)
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Bayless Dam, Austin Pennsylvania

e The direct evidence of foundation sliding was
ultimately ignored by the owner.

» The risk of failure was either not understood or
ignored.

* Weak shale layers were not accounted for in the
design.

e Foundation sliding and the need for drainage were not
completely understood in this era
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January 17, 1910

Austin
Dam-50 ft
high
Built and operated by
Bayless Pulp & Paper Co.

Failed in 1911

On January 17, 1910 a bulge
appeared on the crest of the
dam. Measurements indicated
the dam had moved
downstream on its foundation.

The dam was taken out of
service. A consultant review
recommendation to strengthen
the dam was ignored.



Presenter
Presentation Notes
Although most concrete dams have performed extremely well, there have been a few notable exceptions.  A study of these failures is important to avoid repeating the same mistakes.

Bayless Dam was a gravity dam constructed by the Bayless Pulp and Paper Co. in the early 1900's.  
The dam and reservoir were of a fairly modest size, with the dam constructed to a height of 13 m. 
On January 17, 1910 a bulge appeared on the crest of the dam.  Measurements indicated the dam had moved downstream on its foundation.  
The dam was taken out of service.  A consultant review resulted in a recommendation to strengthen the dam.  This recommendation was ignored, and the dam was put back into service.  
On September 30, 1911 with water going over the spillway, the dam collapsed suddenly.  A review of the failure indicated that the foundation of the dam was too weak to accept the loads from the dam, and the dam failed by sliding on weak shale layers in the rock foundation.


Austin Pennsylvania
after Bayless Dam Failure

78 fatalities
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Bayless Dam Failure: September 30, 1911
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Sophisticated calculation is too
often substituted for painstaking
subsurface investigation.......
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Geology, the
foundation of
engineering
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Presenter
Presentation Notes
Am I preaching to the choir?
Need to continual discuss and show examples of excellent foundation drawings
Continually emphasize that geologists need to be working with geotechnical engineers on a daily basis
Without collaboration we lose the ability to mentor on each project and eventually we lose critical skills in the organization


“Over the years It became increasingly
apparent to me that the difference
between success and failure resided
not in the quality or quantity of
theoretical studies, but in the success
with which the fundamental properties
of the geological materials had been
evaluated originally or could be
determined as a result of field
observations during and even after
construction.” -Ralph Peck
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“Sophisticated calculation is too often substituted for
painstaking subsurface investigation. The ease or the
fascination of carrying out calculations taking into account
complex loadings, geometrics, and soil conditions leads
many of us to believe that realistic results will somehow
emerge even If vital subsurface characteristics are
undetected, ignored, or oversimplified. Unwarranted
comfort is often taken in the delusion that a range of
assumed values, possibly all of which overlook a vital
feature, guarantees that the correct result will be
bracketed by the calculated ones. Not only does this
practice lead to erroneous conclusions in specific
Instances, but it breeds a distaste for the painstaking field
work that may be required to disclose and evaluate those
subsurface features that will determine safety and
performance”

—Ralph Peck
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