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PREFACE

The Proceedings of the Repair, Evaluation, Maintenance, and Rehabilita-

tion (REMR) Research Program Workshop, "Assessing the Stability of Concrete

Structures on Rock," were prepared for the Office, Chief of Engineers (OCE),

US Army by the US Army Engineer Waterways Experiment Station (WES). The

proceedings provide a record of the papers presented and the reports of the

five working groups.

The meeting was organized by WES under the direction of Mr. William F.

McCleese, REMR Program Manager, and Mr. Lucian Guthrie, OCE Technical Monitor.

Acknowledgements are extended to the following: CPT Wylie Bearup for arrang-

ing for the meeting place, video equipment, tape recorders, and paper

supplies; each of the speakers who gave a presentation on the first day of the

workshop and who furnished a summary for these proceedings; the chairman of

each working group who presided over the discussions and presented the

findings and conclusions of the working group before the workshop attendees;

and the recorders for keeping a record of the working group activities and

preparing the report for these proceedings. The proceedings were compiled

by Mr. 'McCleese.

The Workshop was funded by REMR Research Program under Work Unit 32306,

"Stability of Existing Concrete Structures on Rock." OCE supervision was pro-

vided by Mr. Jesse A. Pfeiffer, Jr., Directorate of Research and Development;

and by Messrs. John R. Mikel (Chairman), Tony C. Liu, and Bruce L. McCartney

of the REMR Overview Committee. Mr. Lucian Guthrie and Mr. Paul R. Fisher

were the OCE Technical Monitors.

Director of WES at the time of the workshop was COL Allen F. Grum, USA.

The present Commander and Director of WES is COL Dwayne G. Lee, CE. Technical

Director is Dr. Robert W. Whalin.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)

UNITS OF MEASUREMENTS

Non-SI units of measurement used in this report can be converted 
to SI

(metric) units as follows:

Multiply By To Obtain

acres 4,046.873 square metres

degrees (angle) 0.01745329 radians

feet 0.3048 metres

inches 25.4 millimerres

kips (force) per square foot 47.88026 kilopascals

kips (force) 4.448222 kilonewtons

miles 1.609347 kilometres

pounds (force) per square inch 6.894757 kilopascals

pounds (mass) per cubic foot 16.01846 kilograms per cubic metre
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PROCEEDINGS OF REMR WORKSHOP ON ASSESSMENT OF THE

STABILITY OF CONCRETE STRUCTURES ON ROCK

INTRODUCTION

The Repair, Evaluation, Maintenance, and Rehabilitation (REMR) Workshop

on "Assessing the Stability cf Concrete Structures on Rock" was held at the

Holiday Inn, Vicksburg, Mississippi, on 10-12 September 1985. The Workshop

was sponsored by a research work unit under the REMR program entitled, "Stabi-

lity of Existing Concrete Structures on Rock." Dr. Carl Pace of the WES

Structures Laboratory and Mr. James Warriner of the WES Geotechnical

Laboratory are the principal investigators for this work unit.

The stability assessment problem is a multidisciplinary problem which

requires the combined efforts of geotechnical and structural personnel for a

total solution. A good representation of both groups was present at the

workshop. The objectives of the Workshop were:

(1) To promote and establish a good rapport between the geotechnical

and structural personnel that would lead to a better understanding of the

total problem and a system approach to developing the best possible guidance.

(2) To identify shortfalls in present criteria, procedures, and

techniques.

(3) To identify some potential solutions to the identified shortfalls

and field input on the areas where research is most needed and most likely te

produce significant results.

The first day of the Workshop was devoted to presentations on the

experiences, problems, and current practices relating to stability of concrete

structures on rock. On the second and third days, attendees were assigned to

one of five working groups which met concurrently to summarize existing proce-

dures, identify shortfalls, and recommend potential solutions and directions

for future research. The presentations that were given and a record of the

activities of each working group are documented in these Proceedings.
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ATTENDEES

REMR Workshop of the Stability of Concrete Structures on Rock

Vicksburg, Mississippi 10-12 September 1985

Group FTS Phone Commercial

Name Organization No. No. Phone No.

Agostinelli, Vic LMVED-TS 5 542-5933 (601) 634-5933

Anderson, Robert WESGR 4 542-3245 (601) 634-3245

Banks, Don WFSGR 542-2630 (601) 634-2630

Bearup, Wylie WESSC-A 3 542-3815 (601) 634-3185

Berezniak, Jack NABEN-F 1 922-4431
Boggs, Howard BuRec, Denver 776-4000 (303) 236-4000

Buttrey, Cal TVA 4 856-3336 (615) 632-3336
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DeLoach, Stephen ETL-TD-EA 4* 385-2816 (202) 355-2816

Dempsey, Lavane NCDE-S 1 725-7593

Doak, Saim NCRED 5 (309) 788-6361

Dowding, C. 11. Northwestern Univ. (312) 491-4338

Dressler, Don DAEN-ECE-D 3* 272-8674 (202) 272-8674
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Groves, Chris Shannon & Wilson -
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Hadala, Paul WEFSGV 2* 452-3475 (601) 634-3475

Jackson, Lawson SWDED-G 2 729-3278

John, Robert ORPED-G 2 722-4126

Johnson, Carrett NPSEN-DB-ST 1 399-3790
Kleber, Brian LMSED-FI 4 273-5638 (314) 263-5638

Kling, Charles SAMEN-DN 3 537-2635

Kovari, Kalman ETU-Zurich 4
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Long, Stuart ORPED-GG 1 722-4164

McCleese, Bill WESSC 5** 542-2512 (601) 63t1--2512

Munger, Dale DAEN-ECE-G 3 272-0210 (202) 272-0210

* Working Group Chairman.

** Working Group Recorder.
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Name Organization No. No. Phone No.

Nicholson, Glenn WESGR 1* 542-3611 (601) 634-3611

Oliver, Lloyd SAMEN-DG 1 537-3684
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Singhal, Avi WESSC (ASU) 4** (601) 965-6901
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7



ACENDA

REMR Workshop on the Assessment of the Stability of
Concrete Structures on Rock

Conference Room at Holiday In

Tuesday

Sept. 10, 1985 Presentations Speaker

8:30 a.m. Welcome, Announcements, Bill Mc3leese
Objectives, and Plans

8:40 a.m. Summary of Experiences, Thurman Gaddie
Problems, and Needs of
Ohio River Division

9:10 a.m. Summary of Experiences, Hari Singh
Problems, and Needs of
North Central Division

9:40 a.m. Survey of Stability Larry Schlaht
Investigations of Concrete
Structures on Rock

10:10 a.m. Coffee Break

10:30 a.m. Stability Analysis of Carl Pace and
Troy Lock and Dam Chris Groves

11:10 a.m. Current Practices of Harold Buttrey
Tennessee Valley Authority

11:40 a.m. Lunch

12:00 p.m. Current Practices of Howard Boggs
Bureau of Reclamation

1:10 p.m. Current Practices of Jerry Foster
Federal Energy Regulatory
Commission

1:40 p.m. Computer Codes Available N. Radhakrishnan
to Assist in Stability
Analysis

2:10 p.m. Coffee Break

2:30 p.m. Experiences in Stability Kalman Kovari
Analysis and Borehole
Micrometer
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AD P 00568.
SFE OF ROCK ANCHORS TO IMPPOVE STABILITY OF
STRUCTURES WITHIN THE OHIO RIVER DIVISION

Mr. Thurman Caddie

U.S. Army Corps of Engineers,
Ohio River Division

1. Within the last 20 years, rock anchors have been used to repair fractures

and to improve stability of 28 structures within the Ohio River Division.

Twenty-two of these applications were for the purpose of assuring stability of

both new and existing structures. A tabular summary of these 22 stability

applications is presented in Table I. The stability criteria used for the

design of rock anchors are shown.

2. It will be noted that the stability criteria shown vary substantially.

This variation is considered warranted as the criteria were based on the

degree to which foundation strengths, geologic conditions and loadings were

known or could reasonably be determined. Less conservative factors of safety

were used where detailed foundation investigations were conducted (by means of

calyx holes, hand-cut foundation block specimens, Joint and fault mapping, and

extensive laboratory testing) and reasonably conservative failure plane

assumptions were employed. Previous maximum loadings on existing structures

were carefully considered. Where appropriate, consultants were employed to

evaluate design parameters, analyses, and procedures.

3. In summary, considerable engineering judgement went into selecting design

criteria that were compatible with the degree of certainty to which other

design parameters could reasonable be established. In the author's view, it

would be inappropriate for the Corps to establish firm stability criteria for

remedial work, without closely relating factors of safety to the methods and

procedures for investigating foundation conditions, assigning strengths and

numerically analyzing stability.

4. Slides of remedial work were shown and discussed.

* A table of factors for converting nor-SI units of measurement to SI
(metric) utits is presented on page 4.
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Tuesday
Sept. 10, 1985 Presentations Speaker

3:10 p.m. New ETL, "Stability M. K. Lee
Criteria for the
Rehabilitation of Navigation
Concrete Structures"

3:30 p.m. Measurement for In-Situ Wayne Clough
Backfill Pressures

4:00 p.m. Adjourn*

Wednesday

Sept. 11, 1985 Working Group Sessions (Total of 5)

8:00 a.m. Meet in Main Conference Room for
assignments and instructions.

8:15-11:00 a.m. Individual Working Groups meet in
separate rooms to derive an outline for
their final presentation and report.

11:00-12:00 a.m. Main Conference Room. Each Chairman will

make a 10-minute presentation on the
outline and plans of their working group.

12:00-1:00 p.m. Lunch

1:00-4:30 p.m. Individual Working Croup meetings

4:30 p.m. Adjourn

Thursday
Sept. 12, 1985 Working Group Sessions (Total of 5)

8:00-12:00 Individual Working Group meeting

12:00-1:00 p.m. Lunch

1:00-3:30 p.m. Presentations by Chairmen of each
Working Group (30 minutes each)

3:30 p.m. Adjourn

*NOTE: Working Group Chairmen and Recorders will meet for a 15-minute

discussion to be led by Avi Singhal.
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SLIARY OF EXPERIENCES, PROBLEMS, AND NEEDS OF

NORTH CENTRAL DIVISION

ADPOO 682 Hari Sngh

U.S.Army Corps of Engineers,
North Central Division

1. North Central Division (NCD) has the responsibility of maintaining

existing Corps structures located in the Great Lakes areas, along the Upper

Mississippi River and its drainage areas, and along part of the St. Lawrence

Seaway. Some of these structures are founded on rock, especially those along

the Illinois Waterways in the Rock Island District, the St. Lawrence Seaway in

the Buffalo District and in the Sault Ste. Marie area in the Detroit District.

A great majority of these structures are navigation locks, and the remaining

are spillway structures for earth clams.

2. ER 1110-2-100, "Periodic Inspection and Continuing Fvaluation of Complete(

Civil Works Structures," 1973 with changes to 1977, requires in part: "Sta-

bility of principal concrete and earth structures should be reviewed, based on

current criteria in cases where original design criteria were less coiserva-

tive." In compliance with this ER, our districts have launched their respec-

rive program to evaluate the stability of all their structures on rock

foundations. However, because ol many other responsibilities, they have not

been able to allocate enough resources to complete the evaluations of ai. , of

the structures, and only about 25 percent of the structures have been

evaluated.

3. The evaluation analyses performed by the districts and reviewed by the

North Central Division Indicate that a great majority of the structures do not

satisfy the current stability requirements. The overturning requirement was

the most critical for all ol the evaluated structures. The requiremerits for

sliding were satisfied in the majority of cases.

4. Results of the evaluation analysis of three lock structures have been

shown in Tables I thru 4 and Figures I thru 3. These results are typical of

all of the evaluations conducted to date in the North Central Division. The

14



results clearly indicate that the Corps of Engineers' requirements for stabil-

ity are not satisfied in these three examples. Remedial measures in the form

of posttensioned anchors are needed to stabilize the structures. The esti-

mated costs for the remedial measures for the Eisenhower Lock is about

$20 million; for the Davis and Sabin Locks the estimated costs is about

$10 million. Lockport Lock was reevaluated on the basis of a revised value of

coefficient of earth pressure and a less severe criterion for stability as

outlined in Table I of Draft ETL "Stability Criteria for Rehabilitation of

Navigation Concrete Structures" (Appendix B). The revised analysis met the

requirements of the Draft ETL; therefore, no remedial action was taken to

stabilize the structure when the structure was rehabilitated last year for

other structural deficiencies.

5. An in-depth review of the method of analysis, loads considered, and the

shear strength parameters used in the evaluations revealed that our methods of

computing earth pressure - and the shear strength selection procedure for rock

foundations are very conservat ;Are.

6. PM-1lUO-2-2502 (29 May 1961) requires evaluati/rn of earth pressure against

structures on a rock foundation on the basis of the at-rest pressure (K ) con-
0

dition. This leads to overestimation of the earth pressures in two ways:

(a) evaluation of K for compacted soils is very complicated and there is ioto

enough information either in Corps manuals or published literature for a rea-

sonable evaluation of this parameter. Designers, therefore, assume a very

conservative value for K to protect themselves from embarrassment in case0

failure occurs: (b) the K condition does not appear reasonable for evaluationO

of all structures on rock foundations. Structures which are founded on rela-

tively softer rock will undergo laterai movements under load due to the elas-

ticity of the foundation materials. This lateral movement results in a state

of stress in the backfill which is between the active pressure condition (K)
a

and ,0 . Therefore, it is necessary to develop a method to evaluate K for0 0

compacted backfill with reasonable accuracy to be used iii the evaluation of

the structures on hard rock, and a criterion to choose a coefficient of earth

pressure between K and K to evaluate structures on relatively softer rock.
a o
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7. The selection of shear strength parameters for sliding stability in Corps

projects depends upon the ability and the judgement of the person responsible

for exploration and testing. Corps manuals do not provide guidelines on how

to select specimens for testing and what failure criteria (peak, ultimate, or

residual) should be used in determining design shear strength. In the absence

of any guidelines, the shear strength parameters for reevaluation are selected

on the basis of the shear strength of intact rock, and the sliding friction of

saw-cut specimens. Specimens of grout over saw-cut rock are tested to repre-

sent shear strength parameters at the concrete-rock interface. None of the

above strength parameters truly represent the actual condition along a poten-

tial. failvre plane. Sliding failute generally occurs along an existing dis-

continuity; therefore, shear strength parameters of discontinuities should be

used in design rather than the shear strength of intact rock and the sliding

friction angles of precut rocks. It is, therefore, necessary to provide

guidelines on selection procedures for shear strength parameters, selecting

test specimens, etc., for discontinuities.

8. Traditional methods of evaluating overturning stability neglects a signif-

icant element of stability. It appears reasonable to believe that when a

retaining structure tends to rotate about its toe, a surface of rupture (plane

or curve) with resistive shear stresses acting along it has to develop in the

backfill materials when the backfill materials extend considerably beyond the

heel. This resistive force adds stability to the structure and should be con-

sidcred in an evaluation of overturning stability. North Central Division

strongly feels that a research program should be launched to study and evalu-

ate the magnitude of such a resistive force and to incorporate this resistive

force into our existing method cf overturning stabilit) analysis.
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TABLE 2

LOCKPORT LOCK - STABILITY ANALYSIS

Lock Chamber Land Wall

Anchor Force
Req'd to Meet

Bearing Overturning Sliding Factor Sliding Factor
Pressure Criteria of Safety of Safety

ksf k/ft Lower Bound Upper Bound
Case (Ult = 1,991) (80 k/ft provided) Rock Parameters Rock Parameters

1 16.6 61.7 2.8 18.0

II 18.6 60.7 1.8 13.2

III 17.6 40.7 2.4 15.8

IV 18.7 46.9 2.5 16.0

TABLE 3

LOCKPORT LOCK - STABILITY ANALYSIS

Lock Chamber River Wall

Bearing Sliding Factor Sliding Factor
Pressure of Safety of Safety

ksf Base Area Lower Bound Upper Bound
Case (Vlt = 1,991) (in Compression) Soil Parameters Soil Parameters

1 9.0 1001 1.5 17.4

I1 18.0 100% 14.9 153.9

Case i: Normal operating condition. Lower pool in lock chamber at
EL.539.00, backfill saturation to EL.549.00.

Case 1I: Extreme operating condition same as Case j with backfill
saturation raised to FL.561.0O0.

Case III: Extreme maintenance condition, same as Case I, with lock
chamber unwatered to lock floor, EL.523.

Case IV: Same as Case I with Earthquake loading.
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TABLE 4

STABILITY RESULTS, DAVIS & SABIN LOCKS

REQUIRE-
CONDITION SECTION MENT RESULTS

Lock dewatered, Narrow wall F.S. 2 2 F.S. = 1.25
sliding toward near upstream w/o floor
chamber end

F.S. > 2.0
w/floor

Lock dewatered, Narrow wall Resultant 3' outside
overturning near upstream in middle the middle
toward chamber end 1/2 1/2

Lock at low pool, Narrow wall Resultant 4.8' outside
overturning near upstream in middle kern
toward chamber end 1/3 (kern)

Lock dewatered, Upstream gate Resultant 0.25' with-
overturning toward monolith used in middle in middle
chamber as bulkhead 1/2 1/2

Lock dewatered Upstream gate F.S. 2 F.S. >> 2
sliding toward monolith used
chamber as bulkhead

F.S. may be

Lock at low Lock Floor slightly less
pool - uplift than 2

Sabin lock at high Narrow wall F.S. 2 2 F.S. > 2.0
pool sliding away on north side
from chamber near down-

stream end

Sabin lock at Narrow wall Resultant Resultant
high pool on north side within kern within
overturning away near down- kern
from chamber stream end
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Si\ ' OF STJABILITY INVEFSTIIGATI ONS OiF CONCRFTF TK( i

LarrY Schlaht - *&~h

U.S. Army Corps of FnTgil)Ct -,
Omaha Dsrc

1. Omaha District personnel conducted a surve" ini earl.-

methods and criteria used or completed and onlgoilir-+1ii. V

for Corps of Engineers concrete structures on rock fouW:It Is

was funded uindtor the Repair, E\'aluat ior , %Iainten~ance all,

.Research Prog ram and a c( raft report on t he su rve' >co:- 1

District in Jun-e 1985.

2.Yr. Schlaht 's presentation at the stahiliL,. rc

surveyv. lie discussed the waY thfe -survey! was, ccndlicte.t ,

survev, and the conclusions reached. "f(it cIusKr:

of1 the dra ft surveY report art, provided he I i%.

tLit ion was drawn f rom thl: part of the report . it. r

duced be low) has bee'i modifiled sl ightly v' t, re, c t

of the report.

Cinteria References

a. In the course o. communlcatig wit'i manyv 0I :,e '- <~ti

Of fices during this su rvex , it ha"s !le! :Iso sJK. n

some confusion, but also dissatisatfr rxovne '

able criteria for the stabil itv o!_ concrete structure,

foundations.

b . Some of the confusion may come! from thle f acit LthI,,t t here1-, ire ::,ernn01

references withiin the Corp6 of Eug incers on stah ii itv ' r it Cr1:!

depending on the type of -structure. Other sources or coTI1n i: is ,

be the result of changes made in the criteria . For i.s t ,'C, 't,

dam design stabilitY criteria were formerly give:i in UNII~O --

in 1958, then modified byv FIT 1110O-2-61I in I1(40, rlk,,dfied irrrU

- -- - --- A-.-2



FTL 1110-2-184 in 1974, and finally modified to the current procedures

by ETL 1110-2-256 in 1981.

c. Some incontinuity has also evolved by the changes. The last change

of criteria (ETL 1110-2-256) in 1981 changed the method and required

factor of safety for determining the sliding stability for all con-

crete structures on rock foundations and left the designer to refer

to a particular previous reference for other criteria such as

overturning.

Overturening Criteria

d. For those structures which were found to be inadequate for overturn-

ing criteria, the evidence of this survey which includes opinions

from various other Corps offices indicates that the majority of the

inadequacies probably are the result of more conservative uplift

assumptions used for the reevaluation as compared to the original

analyses. IMost uplift assumptions for reevaluations assumed a

straight-line distribution at the base of the structure varying from

full headwater to full tailwater pressure and the pressure was

assumed to be acting over the entire area of the structure under con-

sideration. Most of the older original design analyses generally

assumed values which were about fifty to sixty-seven percent less

than the reevaluation assumptions.

e. Some of the structures which were found to be inadequate for over-

turning, were simply the result of using a higher seismic coefficient

than that used in the design. For one of these structures, a wave

force with a magnitude ten times greater than that used in the origi-

nal design was also applied.

Sliding Criteria

f. For the structures which were found to be inadequate for sliding cri-

teria, it is assumed that the principal reason for the deficiency is

that the shear strengths used in the reevaluations were substantially
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below those used in the original design assumptions for the cases

where either shear friction formula or limit equilibrium analyses

were computed. It is noteworthy that for two projects, the lock and

spillway structures at the Troy Lake projects and the lock chamber

walls for the Lockport Lock project, the required factors of safety

were lowered when using lower bound strengths and raised, in the case

of the Lockport Lock, when using upper bound strengths. Even these

changes in required factor of safety did not keep these projects from

being deficient in sliding stability I .

Recommendations

g. The following recommendations are made with the objective of improv-

ing the overall system of stability investigations procedures and

criteria:

(1) Consider combining all or most structural stability procedures

and criteria into one reference document to eliminate confusion.

(2) Consider additional research using instrumentation data to

determine the possibility of using less severe uplift assump-

tions for reevaluation analyses.

(3) Consider changing the criteria for the required factor of safety

to allow more flexibility for variations in shear strengths and

loading conditions. As an example, it may be desirable under

certain circumstances to require factors of safety for different

shear strength assumptions such as upper bound shear strengths

and lower bound shear strengths (residual) similar to that done

at the Lockport project. Aeditionally, consideration should be

given to requiring a reduced factor if safety for maximum reser-

voir conditions in addition to the factor of safety for normal

For the Troy Project, this statement is based on the stability analysis

conducted by VES. ShannonkWilson, Inc. later performed a stability analysis
of the Troy Project and their conclusions are included in the presentation
by Mr. Chris Groves (page '36).
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or usual conditions and for earthquake or extreme loading condi-

tions. Reduced factors of safety for lower shear strengths have

been used at the Troy Lake project and the Lockport project.

Also, reduced factors of safety have been used by the St. Paul

District and Pittsburgh District.

(4) Consider adding more discussion on the selection of shear

strengths in any document where criteria are revised. Included

should be a thorough discussion on the determination of shear

strengths accounting for the effect of deformation or strain

incompatibility; t)pe of testing; geological input in the selec-

tion of shear ,strengths; and effect of the confidence in the

drilling, sampling, and testing programs on the selection of

design shear strengths. It also would be appropriate to stress

the importance of the selection of the design shear strength and

to adopt a selection criteria based on the confidence level of

the testing prograi.

(5) Consider the presentation and listing of computer programs which

are acceptable for ana]ysis of structures in revised stability

criteria documents.

(6) Consider additional research of other owners of structures, such

as the Bureau of Reclamation and others, to determine whether

they have had similar problems of inadequacy under reevaluation

processes.
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STABILITY ANALYSIS O1 IROY LOCK AND DAM

Carl Pace

Structures Laboratory
US Army Engineer Waterways Experiment Station

I. Troy Lock, Dam, and Powerhouse are located on the Hudson River in upstate

New York (Figure 1) 156 miles from New York Harbor. Trov Lock and Dam allows

entrance to the New York Barge Canal which connects to the Great Lakes. This

makes Troy Lock and Dam an important link for shipping and pleasure craft in

the northeast.

2. Surface concrete of Troy I.ock and Dam is in a deteriorated condition (Fig-

ures 2, 3, 4, and 5). Because of this deterioration, the New York District

decided in 1978 to have the Structures Laboratory of the Waterways Experiment

Station (WES) evaluate the condition of Troy Lock and Dam and determine what

rehabilitation should be performed.

3. The first phase of the study consisted of a condition survey where:

(a) cracks were mapped, (b) soniscope and impact hammer measurements were

taken, (c) construction drawings were reviewed, and (d) operation and main-

tenance problems were discussed. From the first phase of the study, it was

concluded that internal cracking in the lock and dam was structurally insig-

nificant and that the interior concrete was probably in sound condition.

4. The second phase of the study involved a coring program, testing and

evaluation of the cores, stability analysis, and stress analysis. The coring

program was fairly extensive as shown in Figure 6. Both horizontal and verti-

cal cores were obtained from the lock and dam. Vertical cores were taken in

the backfill behind the landwall to obtain samples from which an estimate of

the horizontal backfill pressure coefficients could be obtained. The vertical

core which was taken through the lock and dam and approximately 25 ft into the

foundation showed that the foundation material was very uniform with steeply

dipping bedding planes. No weak planes in the foundation (which could cause

stability problems) were indicated.
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5. The cores from the concrete were used to obtain profiles of depths of

deteriorated concrete, and the concrete and foundation core were tested to

obtain strength data. Direct shear tests were performed on the concrete and

shale core which were located at or near the structure-foundation interface.

6. Soundings were taken downstream of the dam to deterwine if there were any

scour areas which would affect the stability of the dam monoliths. The dam

was constructed in 1915. Figure 7 shows that downstream strut resistance does

not exist. Rock anchors extend from the dam monoliths into the foundation to

help stabilize the darn and were assumed in the stability evaluation to add

resistance forces.

7. The compressive strength of the foundation material was found to be weaker

than the concrete at the structure-foundation interface. The unconfined com-

pressive strength of the foundation material was only 900 psi and the tensile

strength was 43 psi. The lock and dam is not high and the low bearing pres-

sure of the foundation was not a significant problem. The compressive

strength of the foundation core increases substantially with confining

pressture.

8. Conservative values of € = 3n1 24' and c = 0.04 ksf were used in the sta-

bility analysis. These values were obtained from direct shear tests on cut

surfaces of shale and concrete close to the structure-foundation interface.

If the interface of the structure and foundation (slaty shale) is irregular

and scme of the slaty shale material has to be sheared for the structure to

slide, the and c values are higher than those used. The shear strength

parameters for the slaty shale is t - 42 to 500 and c = 10 to 230 psi.

9. 1 felt more comfortable in reducing the safety factor for sliding than in

increasing the t and c parameters. I used safety factors that were one half

of those stipulated in the Corps' engineering manu-ls. These were 4 for all

case loadings on existing structures without earthquake and 2-2/3 for normal

operation with earthquake.

10. There were several reasons why I used conservative values for t and c and

reduced safety factors. In general, It was because of uncertainties in the
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evaluation. Some of these uncertainties are discussed in the following

paragraphs.

11. The irregularities at the interface of the structure and foundation are

not known. Even though the coring program was extensive, the core holes were

too far apart to determine with any degree of certainty the asperities of the

structure-foundation interface. It would have been too expensive to expand

the coring program to define the asperities with any degree of certainty.

12. Secondly, lock and dams generally vibrate to some degree due to the pas-

sage of water. This is true of Troy Dam even during normal operating con-

ditions. In fact, when I was in the gallery of the dam, it seemed to be

vibrating so badly that I thought for a minute it was going downstream. I

know that vibrations are not usually as bad as they seem and I think this is

true at Troy Dam. I did not know and do not know what the vibrations mean in

relation to stability. The vibrations which I experienced were during normal

operation; in times of ice passing over the dam or some other abnormal

condition, the vibrations could be more severe.

13. I do know something about how vibrations can affect the sliding stability

of a concrete block. I had a vibrator mounted on the top of a 28,000-lb con-

crete block sitting on a concrete floor. Without vibrations it took 10,000 lb

of static load to slide the block. With the vibrations at the natural fre-

quency of the block a static load of only 250 lbs moved the block. The vibra-

tions reduced the failure load by a factor of 40. Vibrations at a dam are not

likely to be at the dam's natural frequency; however, they do not have to

reduce the sliding resistance by a large factor to cause problems. I did not

know then and do not know now what effect the vibrations may have on

the sliding safety factor of Troy Lock and Dam.

14. Other uncertainties included the effects of eczentric loading on shear

resistance, uplift forces on the structure, and backfill pressures on the

landside lockwall. Since funds were not available to investigate all these

uncertainties, I used conservative shear strengths with a logical reduction in

sliding factor of safety.
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15. The stability analysis indicated that some landwall monoliths of the lock

did not meet the criteria for overturning and a lot of the lock and dam mono-

liths did not meet the sliding stability criteria. Reaction blocks and

posttensioning were designed to add additional stability to those monoliths.

16. Reaction blocks were chosen to add additional resistance to sliding

because they do not stress or change the structure in any way. Posttensioning

a structure could cause stress concentrations in the stricture, especially

around block-outs, culverts, or other areas where changes in geometry exist.

17. In my report to the New York District, I recommended that only 15 to

20 percent of the required force be applied in the posttensioning strads

which were designed to strengthen the monoliths against overturning. Thin

would prevent the addition of large loads to the strands and the strtucture at

times when they are not needed. A slight movement of the structure would add

the necessary loads to the posttensioning strands to prevent overtijrning ot

the structure.

18. Even though I designed systems to add stability to the moruoht hs it Fro,

Lock and Dam, I believed the structure to be stable if scour holes were

filled. This was only a belief; therefore, conventional analysis had to be

followed. I would like to have had sufficient funds to research uncertain-

ties, do parameter studies, and try to better define the stability of Troy

Lock and Dam.
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Figure 2: Overview of upstream portion, Tray Lock
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Figure 3: Typical view of' filling and emptying culverts
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Figure 4: River wall-loctation where dam join3 river wall

Figure 5: 9ivpr,31ie of river wall
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Figure 6: Overall view presenting core !()at ions in the Ne~

lock, dam, and headgate section
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REVIEW OF METHODS OF ANALYZING THE
STABILITY OF CONCRETE STRUCTURES ON ROCK FOUNDATIONS

ADP 0 0 56 8
Chris Groves

Shannon & Wilson, Inc.

Summary

Mr. Groves discussed the findings and conclusions of Shannon & Wilson,

Inc., in their stability evaluation of Troy Lock and Dam. He used slides of

some of the photographs and plates contained in their report "Instrumentation

Performance and Stability Evaluation, Troy Lock and Dam," August 21, 1985.

The following paragraphs are from the report transmittal letter to the

SNey York District:

"~."This report presents the results of the study which evaluates the physi-

cal parameters that significantly affect the structure's stability. It also
includes the instrumentation and testing conducted to evaluate these parame-
ters, the stability anal ses, and recommendations which were developed for

corrective measures.
The instrumentation program indicates that there are no significant

structural movements of the lock and dam, and that the uplift pressures along
the structures are linear as assumed in Corps manuals and in their stability
analyses. We have determined that the critical failure mode for sliding is
through a hypothetical stress relief joint which is assumed to run completely
across the structure a short distance into the foundation. A foundation fric-
tion angle of 450 was used in the stability analysis. This is higher than the

value used in the W.E.S. analysis, but still conservative in our opinion. In
our opinion, the analysis confirms that the lock and dam have adequate factors
of safety and are stable for all loading conditions in sliding and overturning
with one exception. The exception is the section containing lock Mono-
liths L-4 through L-7 which has 38 to 49 percent of its base in compression
during static loading conditions, whereas 100 percent is normally required.
Safety factors of 2.7 to 3.0 were calculated for overturning. In addition,
these monoliths have a low (1.6) overturning safety factor during earthquake
loading.

There are several options for dealing with these four monoliths includ-

ing I) accept them as they are, 2) conduct additional analyses, and 3) improve
them structurally such as with shallow tiebacks. We recommend that an assess-
ment be made of these options along with cost studies. In view of the excel-
lent performance of the structure, the risk associated with Option 1) may be
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Figure 7: Original nonstruction, Tray Dam
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acceptable. If the cost of Option 3) is favorable, the installation of several
tiebacks may put the matter to rest.

The report also includes recommendations for repair of the structures,
suggestions for ongoing monitoring of existing instrumentation, and precau-
tions which should be followed during the repair program."

The Conclusions and Recommendations sections of the Shannon and Wilson,
Inc. report on Troy Lock and Dam is reproduced below for ready reference.

CONCLUSIONS

Considerations for Acceptable Stability Criteria

ETL 1110-2-256, Sliding'. E:tability for Concrete Structures, dated 24 June
1981 emphasizes the impcrtance of suiecting the appropriate laboratory test
for the probable mode o. failure. It specifies minimum required sliding fac-
tors of safety of 2.0 and 1.3 for noroal static loading and seismic loading
conditions, respectixelv. Th. same values were used by WES in its evaluation
of Troy Lock and Dan., and they are the values which we have adopted. Note
that ETL 1110-2-256 superseded FTI. 1110-2-184, Gravity Dam Lesign Stability
dated 25 February /94 and, it is assumed the minimum sliding factor of safety
contained in ETL 1110-2-22 Desigr e: %avigation rock Gravity Walls dated
19 April 1967 no longer applies. The latter two FTL's had minimum required
sliding factors of safety lor normal static loading and seisrric loading
conditions of 4.0 and Z.67, respectively.

Regarding the minimnm acceptalile perceit of base in compressiou,
ETL 1110-2-22 requires 75 perctnt ior both the normal and dewatered operating
conditions, assuming at-rest carth pressures. When considering earthquake
loading along with norma; ,qperating coiditions, the base pressure resultant
must remain inside tlv lEase and tle allowablt foundatior pressures must not be
exceeded. Wc have no basis for suggesting revisions to these criteria.

Sliding

Based rn o.ur analy.es;, the i!fr irufm, factors of safety for sliding of the
lock walls and tihe dam mono].hth Irsed on the rvailabl.e data are as follows:

Factors of Safety

Minimum
Case Computed

1) No rmal OI e erat i on
Lands ide Ydt Yoiol 1ih I I--' through 1.-7) ............... 2.4
Riverside Yor'mo ]i th (P- '6) ........................ 2.7
Dan , onol i rh ........................................ .2

2) Dewatered Case
Iandside 'o oi ith (1,-4 tl-ogl 1-7) .............. 2.2
Upstrtam River.sih'i >,njrtolith (h-36) ............... 1.9

3) Normal Operation ,, tscu -yt,-atic Earthquake
Landside , Ioolith (1-20).......................... 2.0
Riverside >.(colith (0- h arid R-50) ............... 2.1
Dam Monolith ...................................... 1.8
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4) Dewatered Case & Pseudo-Static Earthquake
Landside Monolith (L-4 through L-7) ............... 1.8

Riverside Monolith (R-36) .......................... 1.8

These factors of safety have been computed assuming that a horizontal
stress-relief crack exists below the base of each of the monoliths. The shear

strength of this discontinuity is based on a combination of mineral friction

and asperity, neglecting cohesion. Our selected peak friction angle is

50 degrees, and published data from in situ tests indicate shear strengths

higher than the adopted value of 45 degrees are highly likelv. The piezome-
ters confirmed that such relief cracks, if present, do not transmit high
hydrostatic pressures beneath the structure. Assuming this failure mode the
resulting factors of safety are, in our opinion, conservative, and generally
acceptable.

Overturning

The Overturning analysis utilized the method shown on Plate 40, and is
consistent with the methods of analysis which define factor of safety as the
ratio of available soil and rock strengths to the utilized soil and rock
strengths. Development of the strength of the backfill and friction on the
back of the wall was included in the aralysis. The factor of safety as
oefined above the percent of base in compression are summarized below for the
worst cases. Note the first entry, for example. While the percent of base in
compression in only 49 percent, there is a factor of safety of 3.0 against
exceeding the allowable foundation bearing pressure.

Factor of Safety Percent of
Available Soil & Rock Strength Base In

Condition Utilized Soil & Reck Strength Compression

Actual Actual

Normal Operation

Landside Monolith (L-4 through L-7 , 3.0 49
Riverside Monolith (R-30) 9.0 75
Dam Monolith 43.9 100

Dewatered Case
Landside Monolith (L-4 through L-7) 2.7 38
Riverside Monolith (R-36) 50

Normal Operation & Pseudo-Static
Earthquake

Landside Monolith (L-4 - L-7) 1. 1
Riverside Monolith (R--36) 4.8 38
Dam Monolith 48.3 100

Dewatered Case & Pseudo-Static
Earthquake

Landslde Monolith (L-4 - L-7) 1.6 20
Riverside Monolith (R-36) 3.4 29

38



The percent of base in compression listed above is based on at-rest
pressures. It is not possible to verify these calculations with field
measurements, but in our opinion they are conservative.

The lowest factor of safety shown above, i.e., 1.6, was computed on
landside lock Mlonoliths L-4 through L-7. It should be noted, ronoliths L-4
through L-7 have much smaller base widths than adjacent monoliths, refer to
Plate 13, resulting in both smaller than acceptable percent of base in com-
pression and factor of safety. In our opinion, factors of safety and percent
of base in compression are adequate in all other instances for the lock and
dam monoliths. However, it should be noted that riverside Nonolith P-36 has
50 percent of its base in compression for the dewatered case 'ith a factor of
safety of 6.8 on bearing capacity. Since there is no uncertainty regarding
loads in this case, and since performance has been favorable, we consider
Monolith R-36 to be adequate.

It appears that there was a design change for Monoliths L-4 through L-7,
probably to reduce the amount of rock excavation. However, the reason was not
documented in the construction records. Rock anchors may have been installed
in these monoliths to improve stability, but there appears to be no practical
wa' to verify the number and capacity of such anchors. should they exist. It
may be possible to locate such anchors using ground penetrating radar. This
method has not been evaluated.

The stability of Monoliths L-4 through L-7 is particularly ip nuestion
under earthquake loads. However, the performance history of the structure has
been excellent and adds nothing to these concerns. The options at this point
include 1) doing nothing and accepting the apparent small amount of base in
contact, 2) conducting additional analyses, or 3) providing structural means
of improving the stability. Additional analysis could Include evaluating the
side shear between monoliths as a group or evaluating the adhesion on the
vertical concrete-rock interface behind the landside lock wall. These foctors
are normally not considered in the stability anal'sis of monoliths, but max'
make a significant contribution to stabilitv. Structural means of improving
stability could include rock anchors, shallow tiebacks to concrete deadmen, or
underpinning the structure to increase the base width and embedment into rock.

RECOMDIENPAT IONS

Continued Monitoring

Monitoring of the instruments should be continued at ronthlv intervals
for a period of at least several years in order to develop long term data on
the response of the instruments over the various loading conditions and tem-
perature extremes. As a minimum, the monitoring should continue until one
year after the concrete repairs are completed. The ;nstrument data should be
plotted and reviewed quarterly by an engineer knowledgeable in dam design,
instrumentation and the lock performance history. iLimit values for each
instrument should be established and the field persoonel takJiig and reducing
the data should notify the responsible engineer immediately if the limit
values are exceeded.

Evaluation of Options

Ve recommend that parametric and cost studies be conducted to determine
if additional studies, as discussed in Section 8.3, of the landside Mono-
liths 1-4 through L-7 are likely to produce acceptable results. The relative
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costs of deep and shallow tieback schemes should also be determined. It these
studies indicate that the cost of a tieback solution is relatively sma!l, we
would recommend the installation of a tieback anchor system on landside Mono-
Iiths 1-4 through L-7; this may al :o le accomplished on several other monolith
structures, depending on the factor of safety mnd the percentage of base in
compression established by the COE as the governing criteria.

F'ill Foundation Voids

Undercutting of the dant monoliths has been identified at three locations.
The voids created at these locations should be filled with concrete to prevent
further deterioration of the foundation under the dam.

11recautions

Sealing of the monolith constructior joints could result in the blocking
of natural drainage paths, resulting in higher hydrostatic pressures behind
the landside lock monolith. If these repairs are made, it is our recommenda-
tion that one-way drains be installed through the locb monolith to drain the
water level in the granular backfill.

Flasting to remove the deteriorated concrete could result in an increase
ir the lateral soil pressuiet. acting on the landside monoliths. ,Mleasures
should be taken to control blasting to minimize accelerations of the structure
and backfill which could result in increased soil pressures.

Additional instrumentation should be installed and monitored prior to and
during the blk;ting to measure wall mcvecments and rotation during the blasting
operat iors.

Methods of analv:.iig the stability of concrete structures on rock foundations

are summarized in a report prepared by Shannon & hi ,-on, Inc. un'er REMR Pro-

gram, Contract No. DACW' 39-8i-Y-4183. The report is titled, "Review of Methods

of Analyring the Stabilitv of' Concrete Structures on Rock Foundations," and is

included in these proceedings as Appendix A.
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" ., FSESSMENT (IF STABI 1ITY ('F CONCRE',F
STRUCUI' ' N ROCK

Haiold Buttrev

Hubert Deal, Jr.

Tennessee Val'ev Authority

I The Tennessee Val ley Authority (TVA is ar ridependent agenc. oi the led-

eral government created by ACT of Congress in Xay 1933. It is a corporation

clothed with the power of government 1;ut possessed with the ':leyibili tv and

initiative of a private enterprise. 't is charged . the TVA Act with the

duty of piaxring for the proper us.e, conservation and development n: the natu-

ral resources of the Ternessee River drainage basin. -\A serves an areg, in

the southeas-t made up of parts of seven states: Teres, e, Alabama, Missis-

sippi, Kentucky, Virgitia., North Cciolina, and Veorgia (F\iure 1). The legis-

lation which created TVA directs the agency to regulate tic s tream flow of the

Tennessee k iver system in the operation of its dar s and reservoirs primarilv

for controliing floods and promoting navigtio'n and so far as may be consis-

tent with these purposes to generate hydroelectric power. TVA also has the

authority to take recreation into account in operating its reservoirs re the

extent that it is rot inconsistent with their operation for flood control,

navigation, and electric power generation. TVA owEs a total of 53 Gams most

of which have been designed, constructed, and qre operatcd v.' the Agency,

Thev include concrete gravity, eaithfili, and rcckfill danis or comlninrtIons of

these types. They vary In height fr, a few feet for some of tice earthfit

dams to 480 l eet for the Fontana Dam, a corcrete jruxit\ struc tore. Figure

proKodes some facts about major TVA dams and reservoirs. )
2. TVA has e-sentially cnrrpleted the cevelopment of the ma.,jor hydro sit in

the Tennessee River basin, ard thus has not designed an'.' new dams since the

mid-1970s. Consequently, the hydro design. unit has decreased con.iderahly in

number of persorrel since the earlier days of TVA.

3. The present hydro effort af TVA consist of a continuirg inspection and

maintenance program and an evaluation and modification as needed of some :1 ot

our dams in compliancc with the Federal Guidelines for Dam Safety. Therefore,

our Interest in their assessment of the ,,tabilitv of concrete structures on

rock would be In support of these efforts.
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FACTS ABOUT MAJOR TVA DAMS
AND R ESERVOIRS

Lake
Area Shore El3,atdoi LAke Volume
of (ine (fr ea bove (acrt-fc. } Utlmate

DIMI elgtl Lake at "e k'el) Top Usefal Generatlag
Mda Ma. DaM of at Full Full Nor- Top of Coa- Con. Closure Cost Capacity
River leight Iength laSke Pool Pool Mal of Gates trolled structliOs of (ll. kW and No.

Prmject (feel) Feel (ml) (acres) smi) .ws. Gales El"r. Storage Started dam lion)4e) of Units ()

Kentucky$ 206 8,422 14 160.300 2,380 354 375 6,129,000 4,008.000 1938 1944 $119 175.000(5)
Pickwick Landing* 113 7,115 53 43,100 496 408 418 1,105.000 417,000 1934 1938 210 220.040(6)
Wilson (d ) 137 4,541 16 15.100 154 505 508 640,200 53.200 1938 1924 119 629.40(2 1)
W ee!er* 72 6,342 '4 67.100 1,063 55.0 556 1,071.000 351.000 1933 1936 89 361.800( 11)
Guntrsvile0 94 3,9-9 '6 67,9W83 949 593 595 1,052.000 172,300 IY35 1939 54 115,200
Nickajack (c)* 81 3,767 46 10.370 192 632 635 252,400 32,300 1964 1967 71 103.950(4)
Chickanauga* 129 5.8'0 59 35,400 810 675 685 739,000 347.000 1936 1940 40 120.000(4)
Watts Bar* 112 2.960 96 39.0w0 771 "35 '45 ,I'15,000 379,000 1939 1942 35 166,500
Fort Loudoun* 12.2 4.190 61 14,(.1 360 807 815 393.000 111,000 94,0 1943 41 139,140

Tributary

Normandy 110 2,'1.4 17 !. 160 73 859 880 127.000 60,400 1972 1976 37.4 -

Colurrbia (b) 105 2.325 54 12.4." 216 603 635 363.000 283,000 1973 (1986) - -
Tims Ford I'S I ,.t.V4 14 10,f :46 965 895 608.000 282.60D 1966 1910 52 45,0001(1)
Apa~lachis 150 1,308 10 1,100 31 1-272 1.290 57.800 9,800 1941 1943 24 82,80D(2)
filwma,e¢e 107 1.376 2"2 6,090 163 1,4'0 1.527 434,00D 306,000 1936 194W 23 117, 1 00(2)

Cha'uge 144 2.8'0 13 ".050 132 1.905 1,928 240,500 122,500 1941 1942 9 10.000(l)
0O-..¢c No. I (d) 135 .0 8 1.8)0 47 818 838 84,400 31.400 1910 1911 10 18,000(5)
Ocoec No. 2(J) 30 "50 . . . . 1.115 - - 1912 1913 29(f) 21.000(2)
0cocr No. 3 I10 612 7 4,0 24 1,413 1,435 3.300 3,080 1941 1942 9 28,800(I)
Blue Ridge (d) 167 1 . it 3,"90 65 1,590 1,691 195,900 183,90 1925 1930 5 20.000(t)
No:rtely 194 2, 100 20 4,190 106 L'35 1,790 174,300 117,100 1941 1942 a 15,000(1)

Melton ui ll' ]3 1.020 44 5.690 173 790 796 126,000 31.900 1960 1963 38 72,000(2)
Normi 26,5 I .W,, 129 114.200 800 9W6 1,034 2.552,000 1,922,000 1933 1936 32 100,900(2)

Tc!liko* 129 ".238 33 15.F-0 373 807 815 "7,300 126.000 1967 1979 137 (a)
Fontana 4,51) 2.165 29 10.640 248 1,580 1.710 1,443.000 946.000 1942 1944 77 238.500(3)
Douglas 2(2 1,705 43 30.4.30 555 940 1,002 1.475.000 1,252,000 1942 1943 45 120,600(4)
Cherokee I'S 6.760 54 30.300 393 1,020 1,0"75 1.541,000 1,148.000 1940 1941 36 135,180(4)
Fort
Patmck Henry 95 -37 10 872 37 1.258 1.263 26,900 4.200 1951 1953 12 36,000(2)
BRX, r, e 160 1.42 33 4.310 130 1,330 1.385 193,500 148,500 1950 1952 27 75,000(3)
Sou:h Ho!ston t5 IN ) 24 7.18 80 168 1.675 1.742 764,000 438.000 1947 1950 31 35,0" 1)
Watauga 31g ,#)0 16 6.430 106 1.915 1,975 677,000 354.000 1946 194.8 32 57.6CK3(2)
Grea! Fafls 1d)
(in Curr5-crlarid
Va!l y) 92 K.0 22 2,110 . 0 780 P05 50.200 35,700 1915 1916 II 31,860(2)

Wiltu.sr 73 35 2 72 4 1.645 1,650 715 327 - 1912 3 10.700
Nolichucky 94 4S2 - 3.3 26 1238.9 1240.9 2.070 - - 1913 1.5 -

Pumped
Storage

Raccoon Mountain 230 8..500 - 528 - 1,530 - 38,10 36,340 1970 (19-78) (334) 1,530.000(4)

foisi 652.A85 11.431 24.181.665 13.712.547

*All main river dams and Melton Hill Dam are equipped with locks. A canal provides traffic access to Tellico Lake.
(a) Tellico project has no powerhouse. Streamflow through navigable channel to Fort Loudoun Reservoir will increase average annual energy through

Fort Loudoun powerhouse by 200 million kWh.
(b) Under construction. Limited construction work at Columbia.
(c) Nickajack Dam replaced the old Hales Bar Dam 6 miles upstream.
(d) Acquired, Wilson by transfer from U.S. Corps of Engineers in 1933; Ocoee No. I, Ocoee No. 2, Blue Ridge, and Great Falls by purchase from TEP

Co. in 1939. Subsequent to acquisition, TVA heightened and installed additional units at Wilson.
(e) Cost of original construction plus major additions or rehabilitation.
(f) Includes cost of rehabilitation begun in January 1980.

May 1982. Information Office FIGURE 2
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We have particular interest in tle change in the strength parameters, with

time in sucl, areas as the rock-conct ete contact, construct ion ioints, and on:

ary rock seatus, heddi ag planes, etc. Yethods to assess or estimate the c:ojge

in stretgth parameters with time are also of primary interest.

5. Since the mid-1960s at TVA we have usc6 the maximir, probable flood (MI

as the design flood and the prcbable maximum flood (PYF) to set can freeboard

and spiliway containment wall heights. Also the operating basis earthquake

and the maximum credible earthquake (-TE) have bee. developed for each site

since that time.

IVA A-.,sessment ot 'tahilitv of Concrete Structures on, Rock
Overturning Criteria

6. IVA's overturTning criteria appears to e the same as that of most other

organirations and has not changed to any significant degree in recent years.

We are using the same critcria in our dan: safety reevaluations that was used

for most of our origirc1 des igs , that is:

a. The resul tant of a I I forces act in, above a," horizontal pIane thrcugh

a Car- should fail within tie middle third of that plare for normal

loading cond itions (Figure 3).

h). For the opezating basis earthquake (OBE) combined with other forces,

the resultant of all f(,rces sthal ' I I such that at least one-ha] f of

th base is in cor:pressio:,., assuming n: tension (Figure 4).

c. For extreme loadinig conditiors such as the probable maximum flood and

the maximum credible earthquake the resultant of all forces shall fall

with'n the base. i" the resultant falls outside the Vase for the ,NICE

and if other methds- orf anal's.,;'s, such aIs the energy methods, indicate

that the structure will rot overturn Luring these extreme loadings,

then the structure is censidered adequate j-r these loadings.

Basec Stress Criteria

7. Compression on the rock foundation shall not exceed %FC psi. Where foun-

dation exploration and e>cavation reveal areas of weakness in the foundation,

modification to the 500 psi may be required. Compression in the concrete

shall not exceed 0.25 f'.
C



NORMAL LOADING DAM,
RESULTANT OF ALL LOADS (R) TO INTERSECT ANY
BASE WITHIN MIDDLE THIRD OF THAT BASE
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OPERATING BASIS EARTHQUAKE
COMBINED WITH NORMAL LOADS

RESULTANT OF ALL LOADS TO INTERSECT ANY
BASE WITHIN MIDDLE HALF OF BASE

------ LSUMMER
POOL LEVEL

EARTH AND SU- H

WHERE APPLICABLE OPERATING BASIS
EARTHQUAKE
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8. No tension is permitted on any base being analyzed except for the follow-

ing loading conditions and is as given below:

a. Dead load only - 15 psi (Figure 5).

b. Horizontal loads acting in two directions, producing tension in one

corner of the base - 15 psi (Figure 5).

c. For normal loadings combined with volume change or loads due to the

maximum probable flood conditions stresses may be increased by 25 per-

cent. For normal loadings combined with the design earthquake,

stresses may be increased by 50 percent.

Uplift Criteria - Dams

9. For most of TVA's dams on rock foundation, means for measuring uplift

pressures were installed during initial construction or have been added later.

Most of TVA's dams have a line of foundation drains located a short distance

downstream of the upstream face. In the earlier days of TVA various assump-

tions were used for uplift, such as uplift being from headwater at the

upstream edge of the base being analyzed to tailwater at the downstream edge

of the base acting over two-thirds of the base area. This assumption was

modified on occasion for what was considered to be site-specific conditions.

Monitoring of the uplift measuring devices and foundation drains led to uplift

assumptions we use today and have used for several years.

10. These assumptions are:

a. Uplift acts over 100 percent of base area.

b. When the base being analyzed is below minimum tailwater elevation,

the intensities of pressure for any plane shall be assumed to be

equal to full reservoir head (H) at the upstream face, tallwater (T)

at the downstream face, and T + 0.25 (H-T) at the line of drains.

c. When the base being analyzed is above minimum tailwater elevation and

where the assumed plane of analysis is all or partially in rock,

intensities shall be assumed to be equal to H at the upstream face,

zero at the downstream face, and H/2 at the line of drains. Where

the plane of analysis is through the concrete, intensities shall be

in b, above.
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ALLOWABLE BASE TENSION

15 PSI
TENSION

DEAD LOAD CASE

/ _ -15 PSI.. ., ._F:I - TENSION

HORIZONTAL LOADS ACTING IN MORE THAN
ONE DIRECTION - PRODUCING' TENSION IN
ONE CORNER OF BASE

FIGURE 5
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d. Where there are no drains, uplift is considered to vary in a straight

line from headwater at the upstream face of the dam to tailwater at

the downstream face.

Uplift Criteria - Locks

11. Where a lock wall is subjected to a differential head, the higher head is

designated as H and the lower head as T (Figure 6.). The intensity of uplift

on any base shall be assumed equal to T + 2/3 (H-T) at the higher head side

and equal to T at the lower head side. Where a plane cuts through a lock wall

culvert with a head H in the culvert, the intensity shall be taken equal to

full head H from the inside face of the lock wall and extending across the

culvert opening. From this point, the intensity varies uniformly to tailwater.

12. For blocks serving as part of the dam, the uplift intensity is assumed

equal to H at the higher head side and equal to T at the lower head side.

13. Uplift pressure on navigation locks is assumed to act over 100 percent at

the base area.

Uplifting Criteria

14. An extensive geologic exploration program was carried out on the founda-

tion of all dams TVA has designed and constructed on a rock foundation. Even

though this program identified weaknesses in the rock such as weathered bedding

planes, seqms, etc., that could affect stability analysis, in only a few cases

has TVA attempted to take core samples and test these weaknesses to define

strength parameters. As such, the parameters used for intact rock are consid-

ered to be conservative and in reality in most cases have been overly conser-

vative. However, for probable weak seams the assumptions may not have always

been conservative.

15. TVA still uses the shear friction method for determining resistance to

sliding for structures on a rock foundation. We are familiar with the limit

equilibrium method but have not used it to the extent as outlined in the Corps

publications. Unless the exploration program indicates a need to establish

more precise values, we have used 0.65 for tan 0 and 250 psi for the unit

shear strength in the rock foundation and at the rock-concrete contact and

400 psi for concrete. We require the factor of safety to be at least four
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using this method. For the dams we have designed since the early 1960s, we

have taken into account any passive wedge where the exploration indicates the

quality of rock appears to support this judgment. Where used, this has been a

judgment decision not based on test. We have not attempted to anchor an

otherwise questionable wedge to sounder rock in order to provide for passive

support.

16. TVA has the facilities to extract and test rock cores to determine

strength parameters of any weak areas, and in the past has tested NX-size

cores taken from shale layers and 3.0-foot-diameter calyx cores drilled from

the foundation of a damsite :o check the strength of weak seams. In our

safety analysis of our dams, if it proved economically advantageous to go to

the expense of testing weak areas of a foundation and analyze by the limit

equilibrium method, and allow a lower factor of safety, we would do so.

Special Case - The Tims Ford Dam

17. The Tims Ford Dam is a rockfill dam with a sloping impervious core that

was designed and constructed by TVA in the mid-1960s in Middle Tennessee. It

is approximately 1,580 feet long and 175 feet high. Original plans called for

a conventional concrete gravity dam, ogee spillway, intake, and powerhouse.

After construction began, a program of foundation exploration consisting of

extensive core hole drilling and several 36-inch-diameter calyx drill core

holes was initiated. It was found that what initially appeared to be bedding

planes between shale and limestone layers were continuous weak seams of decom-

posed shale (Figure 7). The presence of the weak seams and the fact that they

daylighted downstream gave concern as to whether they would have sufficient

shear strength to resist sliding in the foundation when the concrete dam was

loaded. A program was developed and initiated to perform shear strength tests

of the weak seams by removing and testing 36-inch-diameter cores drilled from

the foundation. As a result of these tests it was determined that the shear

strength of the foundation was too low to provide an adequate factor of safety

against sliding to ensure the safety of the concrete structures. Therefore,

the decision was made to abandon plans for a concrete gravity dam and to

provide a compacted rockfill dam with sloping impervious core instead.
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18. The results of the testing program led to the conclusion that the sta-

bility analysis of the dam should be done for two sets of strength parameters

for the weak seams. They were 0 - 20 degrees and cohesion of 600 psi and

0 = 25 degrees and cohesion of 0 psi. A * of 20 and cohesion of 600 psi
proved to be the controlling strength.
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.... OFBUREAU OF RECLAMATION CURRENT PRACTICES
OF CONCRETE STRUCTURES ON ROCK FOUNDATIONS

r~ 'oHoward Boggs
A ). -Bureau of Reclamation

Introduction

1. The Bureau is currently in the process of rewriting criteria and preparing

design standards and guidelines for concrete dams. The large thick books,

Design of Arch Dams, Design of Gravity Dams, and Design of Small Dams, are to

become Design Standards. We are going to put out a standard for everything.

2. The Bureau and others have similar criteria for retaining walls, that is,

a safety factor of 1-1/2. The training walls and channel floor are all self-

contained. So far as concrete structures are concerned, the following comments

will address mainly concrete dams. The Bureau has about 55 concrete dams of

which 28 are arch.

3. For concrete dams, we have basically four types of structures, arch or

gravity, and new or existing structures. The criteria differs somewhat for

each one. An extensive discussion will not be presented about United States

Bureau of Reclamation (USBR) arch dams except to show their influence on the

design and analyses of gravity dams using those concepts. From the structural

analysis of arch dams, the designer becomes very cognizant of three-

dimensional, homogeneous, isotropic structures. This awareness is carried

over to the gravity dam design. Concrete blocks re all uniformly cooled from

base to crest, keys are formed during construction between the contraction

joints, and ultimately all of the contraction joints are grouted. A similar

concept applies to gravity dams also. With gravity dpms, the primary interest

is in sliding using the sliding friction method which is the resistance divided

by the driving force to define the safety factor. In arch dam analysis, we are

primarily interested in stresses. \

4. Safety factors for both stress and sliding stability arch and gravity

structures are: (a) 3.0 for the usual loading combination which includes
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mainly the reservoir operation with gravity and temperature, and which occurs

about 96 percent of the time, (b) a safety factor of 2.0 for the unusual or

flood condition with gravity and temperature which occurs about 4 percent of

the time, and (3) a safety factor of greater than I for the earthquake or

extreme condition which is the rest of the time. For allowable stresses, the
2 2

maximum stress for the usual condition is 1,500 lb/in , 2,250 lb/in for the

flood loading and less than the concrete strength for the extreme loading.

5. Currently in the USBR, foundation analyses include the sliding friction

(or the Coulomb equation) and applicability of the passive wedge analyses.

Suggested safety factors are 4 for the usual condition, 2.7 for the unusual,

and 1.3 for the extreme condition. Foundation treatment is the usual type;

consolidation grouting, curtain grouting, and drainage systems. Special con-

ditions are addressed such as in the case of sedimentary beds dipping upstream

or where a horizontal keyway is required. In general, treatment is similar to

that provided by other agencies.

Loads

6. Usual. Individual loads applied to the dam are the usual reservoir opera-

tion which is either normal water or the minimum, gravity, temperature, silt

and ice. Temperature for an arch dam is extremely important; on smaller dams

it is more important than the water load. For this reason, very extensive

thermal and stress analyses are made to determine the effects. Ice is applied

as a pressure of 5 kips per foot of ice thickness per linear foot of structure.

Normally, the ice load is not a problem. The size of concrete structures

50 feet or greater tends to mitigate the effects of the ice load. Silt load

is considered as an increase of about 22-1/2 pounds per cubic foot on the water

load density.

7. Unusual. The flood load in any analyses is the Probable Maximum

Flood (PMF) condition which is the maximum height f the dam for new struc-

tures. A continual re-evaluation of the flood condition results shows that

some structures may be overtopped. Overtopping of concrete dams is a concern,

but not catastrophic at this point in time. In 1967, an arch dam, Gibson Dam

in Montana, overtopped for about 3 days without structural damage except for

inundation of the abutments and the service road being washed out. Later,
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the abutment, for some distance downstream, was covered with 5 feet of

concrete in lieu of increasing the spillway size.

8. Extreme. The USBR method of earthquake analysis is to perform a response

history analysis on all concrete dam analyses when required. Magnitudes and

corresponding epicentral distances for historical events within a 200-km

radius are tabulated. From this list, the most severe Maximum Credible Earth-

quake (MCE) is selected and a smooth response spectra is developed based on

known accelerograms. Digitized accelerograms are developed, scaled appropri-

ately for the direction, and applied to the particular type of structure,

whether it is a three-dimensional arch or a two-dimensional gravity dam. The

three directions are upstream-downstream, cross-canyon, and vertical.

Methods of Analysis

9. Stress analyses for the gravity dam or the arch dam use the ordinary beam

theory or the finite element method. Also used for the arch dam is the trial

load method or the computerized version called Arch Dam Stress Analyses System

(ADSAS) analyses. The finite element method currently in use is SAP-IV, linear

elastic method. Three-dimensional finite element method analyses assume con-

ventional concrete dams are monolithic. Proper evaluation of results from

earthquake analyses may require a somewhat subjective judgment. The ADINA

computer program, from M.I.T., is being modified in an attempt to realistically

assess contraction joint response during earthquake. Currently, Chopra's

EADHI and EAGD-84 computer programs are being used for our gravity dam analy-

ses during earthquakes.

Foundation

10. In the foundation, primary analyses are the shear friction factor of

safety, passive wedge analyses, and some of the progr~ssive failure modes

where appropriate. This latter method is used in conjunction with the finite

element method analysis.
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Instrumentation

11. The correlation between design and prototype behavior is determined from

structural analyses and instrumentation. Many instruments are installed in

each dam during construction. On a routine basis, measurements are recorded,

plotted, and evaluated. This procedure is very time consuming, but is the only

sure method of back-checking the original design assumptions. Some of the

instruments installed in our dams are strain meters, stress meters, joint

meters, thermometers, and weirs. In the foundation, instrumentation includes

piezometers, MPBX's in at least two directions along the line transverse to

the axis, and pressure gauges. Plumb lines are a very reliable and informa-

tive measure of the deflection of the structure throughout the year, ana

repeatability of plumb line measurements is extremely valuable and accurate in

developing trends or noting anomalies.

12. In high double curvature arch dams, where the vertical drop down the crown

cantilever to the base is not totally within the sections, a substitute for the

plumbline using tiltmeters is being installed in Morrow Point Dam on the Gun-

nison River, Colorado. Computed deflections from the tilt and the subsequent

double integration in the vertical direction from base to the crest will be

compared with measured deflections from a juxtaposed plumb line to determire

if another measuring device is applicable and accurate. Surface measurements

include the customary surveying methods, Electronic Distance Measurement (EDM),

and collimation. Accuracy of collimation measurements sometimes become margi-

nal because of the distance across the canyon. This fact serves to emphasize

the need for redundancy in structural behavior measurements.

'3. Extensomcters anchored in the dam and the foundation have proven to be

very valuable in measuring the reaction of the structure to the applied loads.

At Glen Canyon Dam, a 700-foot-high structure on the Colorado hiver, extenso-

meter measurements showed that alter about 7 years that structure and the

reservoir settled down before the system began to repeat the oscillations due

to the temperature and the water fluctuation. Extensometers in the foundation

In Pueblo Dam, a 180-foot--Igh massive head buttress dam in Colorado, showed

the crest to be deflecting upstream. Our instrumentation group rechecked the

measurements and inquired if new personnel had been assigned the job of making
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measurements. After confirming the accuracy of the original data, engineers

from the design and instrumentation sections evaluated the collimation dato

along the crest, the extensometer data from the foundation, and other measure-

ments before deciding that the dam really was moving upstream at the crest.

This conclusion was confirmed with a two-dimensional finite element analysis

of the massive head buttress, the foundation under the daw, and the reservoir.

Results showed that when the foundation deflected from the reservoir load, it

rotated the dam upstream.

14. Weirs installed in the foundation gallery to measure seepage proved to be

a very unique measuring device in another aspect. Periodicallv, in Hungry

Horse Dam in Montana, anomalous increases in the flow on one side of the dam

were recorded which were completely off the scale, but in a ycar or two they

would return to normal. Back-analvt:is disclosed that there were several

simultaneous earthquakes irn tht area. In addition, geological and construc-

tion records showed the dam was built across a fault. Thus, whenever an

earthquake within a hundred miles of the dam occvrred, the drain flows would

temporariiy and significantly increase before resuming normality.

15. Uplift is a hydrostatic condition affecting all concrete structures tc

some degree. Based on calculations and measurements, uplift iii thin arch dams

is not a major concern. Stress analyses including uplift have shown that most

any variation in uplift assumption is not going to significantly change the

stress or stability of the dam. Hoever, within a gravity dan, uplift i,;

important. Uplift varies linearly from reservoir pressure to one-third the

pressure difference between reservoir and tallwater at the line of drains to

tallwater pressures, presuming the drains are working.

16. To substantiate stability and track stability including uplift, operable

drains and companion measurable weir flows are compared with pressure gauge

icadings, such as, if the pressure goes up and the flow goes down, a problem

might exist. Four or five pressure gauges are generally equially spaced along

a radial line, i.e., radial to the upstream face in the transverse direction.

Three or more lines of pressure gauges are located longitudinally across the

dam, whether it Is arch or gravity.
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Maint enance

17. To assure that structures are operating as designed or in an acceptable

fashion, two investigations are used: Review of Maintenance (ROM) and Safety

Evaluation of Existing Dams (SEED). Since the late 1940's, a ROM program has

been organized in which the staff from our Denver office, regional offices, or

project offices would go out every, 2, 4, or 6 years routinely and examine the

structures. These inspections primarily addressed chipped paint, grass grow-

ing on the abutment, seepage, grass on the downstream face of the dam, or an),

other such thing that would cosmetically be unacceptable. These reports have

become very valuable in evaluating the history of the structure. Always during

the inspection, the staff would take many pictures. Consequently, 1.,hen a

problem appears to be developing, we peruse the photographs searchiug for a

sequence of what has happened in or on the structure during the last 40 years.

ROM reports have become very valuable in the sense that sometimes from histori-

cal reports the design conditions can be determined. These documents coupled

with the instrumentation and ROM records are about the only way that some

structures can be evaluated. In evaluating records dating back to the early

1900's, specifications (usually with only about four drawings) are very

limited as far as trying to reconstruct early structural behavior, especially

during construction and early operation of the structure. Therefore, all

documentation is very valuable in assessing the current structural safety.

18. In the SEED program the structure is inspected by a team of qualified

people, i.e., civil and mechanical engineers and a geologist, who also review

and evaluate the design data, construction records, instrumentation records,

or other data. Subsequently, the team recommends additional studies. And

then once those recommendations are made, other sections of the organization

respond to it. The SEED reports usually recommend a state-of-the-art earth-

quake analysis. From these recommendations ard limited data, a structural

analysis is made of the dam and foundation. If something is amiss, such as a

tensile stress that exceeds the probable tensile stiength, more data may be

needed either from another field trip by the analyst, or from in situ or

laboratory tests. A second inspection may be necessary because of distress

potential from the structural analysis. Old structures may have cracks from

either structural or material deterioration, and pose problems with stability.
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Additional data are required piior to modilication 0e.igns under ;Zafetv of

Dams (SOD) authorization.

Concerns about the Stability of Coicrete Dams

19. What does stability really mean? flow can we accurately measure stability?

Can we develop a process relating ainalytical methods with structural model

methods or prototype methods? The finite element method of analysis is very

eflicient and accurate method; however, it is still an analytical method and

results should be verified with other types of measurem.ents.

20. If we have structural damage from d! carthquake, or if we have a flood

that exceeds the capacity o' the re ervoir, and we anticipate overtopping,

what is the effect from overtopping cr earthqu;,ke oamage rej:arding the scour

and potential instability?

Current I'SBR Cncrete Don Pesearch

21. Current research is limited on concret dnns. one project we hove going

on now is the development of a contracti,r ieint finite eleme;it code for the

ADINA computer program. lhis Joint elerent isa nonilnear elerent that acts;

during an earthquake or during eytreme temperature loading to accurately model

the response and redistribution o l{,ads On an ancd, dam or gravftv darn.

22. The application of fracture mechanics to cmcrete dar., is being evaluated.

Existing USBR methods of analyses fri cracking of gravi tv d;ans or arcl, dams

are conservative and should be confirmed or modified.

23. Another ongoing research project is intended to determine the effective-

ness of foundation groutin;g dnri coristructfon. Fnknowns to be determined

are (a) how long does it last?; (h) ec,, elficient is it?; (c) rust the founda-

tion be regrouted?; and (d) does it really do tle job? 'Io evaluate these

parameters, acoustical measurements and other downhole neasureirents are per-

formed before and after grouting. If vou know of anv answers to these ques-

tions, the Bureau would welcome assf stance and test resnlts.
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FEDERAL ENERGY REGULATORY CO>NIlSSION
DAM SAFETY PROGRAM

ICA PJerry Foster

Federal Energy Regulatory Commission

Tnt roduct ion

1. The Federal Fnerg:- Rep'ulatorv Commissioi, (FFRO~, Of fice of Hydrorow-.er

Licensing, is responsible for the regniation of ncrtfederal 1-vd'roelectrfc power

projects. All hydrcelectric facilities not owned and operated by a .-ederal

agency, such as the Corps of Engineers, TVA or UFFR, must obtain an opera ting

license from fERC. The Yederal Power Act, first cnacted iu ]bfC, gives PFB

broad powers to insure public safety: and proper utilization of water resolurcos

for hydroel'ectric poiwer general-'cr. FERC ctirrently has )uri-;diction over

approximateiy 2200 hydr(electric pro-ects invol1ving approximately 711 !dms

over 35 fect in height and, therefore, has a keen. interest In the salet' U

existing dams.

2. he dam safer;' programn at FFRC is administered in tiwo way's. First, all

projects tor which an) apjplication tor 1license isc received or for whic1h a m~ajor

change in development. 's proposed, must be certified as "sale and adequote" by

Design Revi(-N Branch (L!RB-) Fnginecrs.~~c prjc issIetd oarv

of the hydreologic, hydraulic, gectechb" fal axe structural adequac.' of its

major leatxxres. Prior to licensing, all\ {roiects must be ,-hown to b < safe,

either by staff or appLicant studies, or a\plan for demronstrating the safety-

of the structures must be developed as a cortihition of iloensing..

3. After licensing, each project is inspected annually by FFRC RegVit nal

COffice inspectors, and rrice every ! years by fidepeiderit coisO 1 ants, tinder

Part 12 of the Power Act. Those Inspections are conducted in order to lust;re

projects are being properly maintained, that no unauthor47e d modificat i oris

have been made , and tha rt the p roj ect iF b eing opeia t ed e i i ci nrtIy% ard s a 1e I

4. The dan, sa fe ty p rop r r has been succ ess ful ],, i n iden t i f yng po t entia f lv N

ursafe and hazardous danms. FERC has required over 50 dams to undergo vu-rviry

degrees of rehabilitation in the past 5 years. -able I shows a saniple of the

projetts, and type of rehabilitation required, which have been iupgraded uinder

the dam safety program.

6',



24. USBR publications available are "Design Criteria 
of the Concrete Arch and

Gravity Dams," "Design of Gravity Dams," 
"Design of Arch Dams," and "Desi.gn of

Small Dams."
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Safety of Existing Dams

5. Paris found to be unsafe ust,ally fall into two general categories: either

the safety criteria or analysis procedures (hydrologic or structural) have

changed since the dam was designed and constructed; or deterioration of the

structure (or foundation) required a reassessment of _ts safety based on

current site conditions.

6. A large number of existing concrete gravity da..; under FERC's jurisdiction

were designed and built prior to the 1930's. As these projects apply for

relicensing or amendment, they must be re-evaluated under current hydrologic

and structural criteria. The most commonly noted deficiency of these dams is

an inadequately sized spillvav, resulting in either theoretical overtopping of

the dai' or/and increased loading on the structure during a Probable Y.aximum

Flood (PMF) event. Other problems noted are: changed loadin dOue to

increased uplift pressures, foundation leakage or deterioration, cracked or

deteri.orated concrete, and a change in downstream devc.7opment which requires

ar increase in the hazard pctential of the project.

7. The above factors result in many existing dams not meeting current darn

safety criteria. This presents the problem of determining which dams, many of

which have performed satisfactor for over 50 years, should be required to be

upgraded to present-day standards. Not odnry nust the decision be made as to

which dams should be rehalilitated, but it also must be decided to what degree

of safety the structure must be upgraded. Rehabilitation of an existing struc-

ture is an e -pensive and difficult undertaking. The catastrophic consequences

of a dam failure makes these important decisions more difficult.

8. At FERC, the DRB Staff uses a three-step procedure to :dentify unsafe dams

which need rehabilitation. First a hydrologic analysis of the proict is

made, based upon its hazard rating, and a spillway design flood is estab-

lished. For high-ha;.ard proects, the Spillway Design Flood (SI)"' is the PMF.

The SPIF is routed through the project to determine the loading on the struc-

ture and ability of the spillway to handle the flow. A stability analysis of

the major project features is then conducted for a range of loadings up to the

:.-DF and for earthquake leading. if the stability. analysis indicates i ,iafe

dar, then the process is complete; however, if an ursafe dar is indicated, a

decision must be made whether or not and to what extent the project must be

rehabilitated. For unstable dams the third step, a safety evaluation, Is



conducted which considers the impact of failure on downstream river

stages at the time of failure. This requires a dambreak analysis and

flood routing through the critical reaches of the downstream river

basin. If the river stages downstream are not significantly affected

by a dam failure, then no remedial action is required. If the con-

verse is true, then a plan for the project must be submitted and

approved by FERC Engineers.

Stability Analysis

9. The criteria and procedures used to conduct stability analyses of concrete

gravity dams on rock at FERC are a combination of Corps of Engineers and

Bureau of Reclamation requirements with some modifications made based on the

FERC experience with existing dams.

10. The loading conditions used in the stability analysis of gravity dams are

as follows:

a. Case I - Usual Loading Combination - Normal Operating Condition. The

reservoir elevation is at the top of normal power pool, or the top of

the closed spillway gates, whichever is greater. MNinimum normal tail-

water is used and ice pressure. if applicable, should he considered.

Horizontal silt pressure should also be considered if applicahle.

b. Case fl - Unusual Loading Combination - Flood Discharge. The project

flood which re:ults in reservoir and tailwater elevations that exert

the greatest head differential and difference in moments upon the

structure should be used. This may result jn the use of a fhood of

lesser magnitude than the Spillway Design Flood. Many overflow

spillways will be submerged during periods of high discharge. Fail-

ure of the structure while submerged may be less critical, in terms

of the flood wave released, than failure during a period when the

tailwater is low. Tailwater pressure sbntid be taken as full value

for nonoverflow sections and 60 percent of full value for overflow

sections, except that full value should be used for computation of

the uplift.

c. Case III - Extreme Loading Combination - Normal Operating with

Earthquake. The same loading as In Case I Is used except that the

inertial forces due to the earthquake acceleration of the dam and the
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Increased hydrostatic forces due to the reservoir reaction on the dam

are added.

11. The basic requirements for stability of a gravity dam for load Cases 1

and I are:

a. That it be safe against overturning at any horizontal plane within

the dam, at the base or at any plane below the base. This requires

that tile allowable unit stresses established for the concrete and

foundation materials not be exceeded. The allowable stresses should

be determined I" dividing the ultimate strengths of the materials by

the appropriate safety factors.

b. That it be safe against slidirg cn any horizontal plane within the

dam, on the foundation, or on any horizontal seam in the foundation.

The ultimate value of cohesion required for stability should be

solved for using the approprfate safety factors.

12. For load Case III the requirements for stability arc:

a. For an earthquake loading using the seismic coefficient method, the

basic requirements for stability t-der Case I and Case II loading

apply.

b. For an earthquake loading using dynamic or pseudo-dynamic methods,

the following criteria apply:

/I) The dam shall be capable of surviving a Maximum Possible Earth-

quake (MPF) without a failure of a type that would result in loss of

life or significant damage to downstream property. Inelastic behav-

ior with associated damage is permissible under the maximum possible

earthquake for the site.

(2) The dair, shall be capable of resisting an Operational Earth-

quake (OE) within the elastic range of the materials. An Operational

Earthquake shall be defined as one which is likely to occur during

the life of the project as determined through geologic and seismic

studies.

13. The procedures used in the conventional rigid bcdy analysis are basically

those used by both the Corps and the Bureau, with tho exception that FERC has

adopted the Bureau's method of handling uplift. For reasons explained later

herein, the Bureau's method for determining the initiation of Interface

crackIng is considered more appropriate for existing dams.
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Examples of Rehabilitated Concrete Gra'ity Dams

14. Following are three examples of projects which were found to be unstable

and which were rehabilitated under FERC's dam safer- program. These dams were

selected because they demonstrate the types of problems common to many exist-

ing structures, and each also presented site specific problems requiring

unusual solutions.

Elwha Project

15. The Flwha Dam, located on the Elwha River near Port Angeles Washington,

was constructed in 1912. As the reservoir was raised, the project began

experiencing a long history ot stability problems. On 30 October 1912, tl.E

foundation under the nonoverflow Portion of the dam faiieu, allowing the

reservoir to be drained, flowing under the dam. An exar- ation ot the geo-

logic cross section of the dam shows that it was constructed on natural river

sediments, which were washed out due to piping. aiious remedial rieasures

were taken in the period 1913 tc !(119 to repoii the damrige and resolve con-

tinuing leakage problems. These measures t'.timateiv resulted in a large

am(,ut of materials being placed on the upstream !a(( to form an impervious

blanket.

16. FERC obtained jurisdiction over the Flwha project in December 1978. DRB

staff studies showed the dam to be urstable and to be a hazard to the down-

stream poplation, resulting in an order requiring the owner to file a plan

for rehabilitating the project prior to licensing. In .,uiv 1980 a contract

was, awarded for posttensior ing the dam and work wa!r completed in October 10FO.

in June 19P1, after a review of the as-built drawings and construction records,

the owner was notified that the construction was not per-orred according to

specifications and wan, therefore, not acceptlble. The owner was ordered to

convene an independent beard of consultants to rIle on the adequacy of the

posttensioning work. That Board ruled, in March 1985, tat [he posttensioning

work did not meet specifications due to improperl-v placed anchorage grout, and

recommended installation of additional anchors. 'the additional work is

scheduled for completion by April 1986.

17. There are some unusual features of the design of the Elwha repairs. Driv-

ing forces on the dam were based on readings from two piezometers installed
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through the da into the upstream fill material. This resulted in a reductico.

in hydrostatic forces on the dam. Secondly, the dam was iinalyzed as a wedge

In the valley. Due to the unusual],, large depth-to-spar ratio, the gravity

section is essentially a beam spanning the original river bed, with the abut-

ments founded on cor:petent rock. Lastly, weak planes within the bod,, of the

gravity section were stabilized by the instalatior of posttensioned anchors.

18. The remedial measures approved by FERC staff involved installation of

20 multistrand, high-strength steel tendons in the gravity section and spill-

way piers. A VSI system was used, with tendons spaced at 20 feet on center,

and stressed to approximately 300 kips. In addition, a third pie.:ometer wa -

reouired in order to provide for more reliable monitoring ot the hydrostatic

pressures in the upstream fill n:aterial. See Figures ; and 2.

Claytor Dam

19. The Clavtor 1am, located on the New 71 ver, near 1'a>)ford, Virginia, wa-

constructed in 1939. It is comprised of an overflc-w gated sj'i1llwav, a nowoc

house, and nonoverflow abutment sections. The total lernth of the ,!ar is

1:42 feet and has a maximum height of 1- 0 feet. See 1i ,ure 1.

20. Claytor Pam was first identiled as requiring a satt-t' vaIuatic through

the Part 12 inspection program and was required, hv DRB 1tat: , to file a p .i:!

for rehabilitation as a condition for relicensing in 81)C. 1le dam s found

to be unstable for PNF loading, and a remedial action plny was liled in !une

!983. A two-phase plan was approved, which involved raising tl,e siliwav

gages to increase spillway capalility and stabilizing the nonover ow sections

of the structure.

21. Phase one rehabilitation, raising of the spillwa\ gntes, was approved tar

construction in September 1983, and work was completed in ul, 19R4. The

gates were raised 27 feet to increase spillway capacity and to thereby lower

the PMF levels (by approximately 6 feet) in the reservoir as well as loads on

all structures. This lowered the hydrostatic loads on the spi'lwav so that it

would be stable under the PMF (Figure 4).

22. Phase two rehabilitation included posttensioning of a wear- plane in the

right nonoverflow abutment and the installation of reinforced concrete thrust

blocds at both abutments. Tn addition, rock downstream of both abutments %,as
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grouted and capped with concrete to prevent unraveling during overtopping of

the structure. This work was completed in March 1985 (Figure 5).

Z3. Both phases involved unusual solutions to the dam safety problem. The

raising of the gates, in phase one, allowed for the PMF to be passed through

the spillway more etliciently, but did not increase capacity sufficiently to

prevent overtopping. This reauiied that all sections be aralyzed for leadings

induced by overtopping, and raised many questions concerning the performance

cf and existing drainaFe system under hydrostatic loading far exceeding any-

thing previously experienced by the system. Phase two stabilization of the

i,onoverflow portions was complicated by geologic conditions which precluded

posttensioping to the ,oundation rock. A thrust block o reinforced concrete

i.as approved which was designed to resist the tersile forces induced b the

resultant of all forces falling outside the original base of the dam. Post-

tensio nng was used to stabili7C a plane in the right abutrent section which

wa:, racked au.d I caking, but the anchers did not e:t end into the foundation

(Fi -u *f and 7

Barker Dam

S.. larker Dlim is a 175-toot-high, 270-foot-long concrete gravity dam located

o-, the '.*,dlv Poulder creek, near Poulder, Colorado. It was constructed in

191C an" developed e.-cessive leakage to the extent that in 1933 the dan and

o,,1i'(tion were grouted. !eakage again developed ar.d In 1947 additional

repair, were made, consistir of the installation of a closed drainage systerr.,

p lat_-rit (1t oi a c'r.crete membrane on the upstream face, and deep foundation

grouti )r: Figure 8 .

2 . Concerns lor the stab 1itv of Barker Dam were again raised in the DRB

studie,: part of the relicensirg in 1981 and the lfcers:ee was ordered to

undertake a studv to deterr:tne the a( tup; uplift distribution under the dan.

mtaff sttndie' howC.ed the uan to he unstable under PMF and normal loading

condit ir: , ius 1 o ?covent lena uplif t assumptions. The licensee conducted a

comprehers" ,,e geotechnlual Investigation including piezometer and Goetzl cell

instal lat i,r. This situdy showed that uplift pressures e::lsted under portions

of tf c dan, whicl, approached the theoretical cracked--base assumptions used In

the stat studies; i.e., a significant percentage of the available head

existed over port i(05i of the hoe. Other portions of the base were shown to
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have pressures in the range of 1 to 33 percent ofT the XUilabie hleadL when rhle

reservoir level was raised slightly.

2 ,. The condi tions out-lined above prompted the (onimiss icm to Corder tlt, r~eser-

voir lowered by 19 feet to increase stabilitv until reinairs could be ij

mrerted. Repairs to Barker Part, are iuusual due to the fact thadt Lhe forces

requi red to stal- 1 ize the structure woulId not all ot: p1 acelliell 0 etdo' t

spacing closer tlar 8 feet on cen-ter. Th i i r e sulIte d i t th1)e ins t: iizit oc ~I

vertica I anchors a I cug, the crest o: t he dam i: nd add f t i ct': '., o aircn'rs

placed at 30-degree ang le tirough the deownst rear. ;'ce ( Figui. s a a 0n)d

finite element PrtivSiS wasb LC: diiotd t( &-.t erie ctTa'rete arnd *niso~at ioi.

strcsses resuI ring f rom thIek polst t eniic i f ort'. o i-d to det i. ine 1n i ::t

tior f-etween anch:or-s. The desU' n requiruc. ).' ru1 ft t nod S ~ ~ hs re:

tendons- stressed' tc design -orce-s (of up tt ."4 tp' 0 .~' teO U d U .

o 1 5 2, 1 2i mc 1,-d i.e t er d-s i strrr,7 1:0 t-r 1was CrT.1et 1d Pn'~c:d

at a cst of approximatel: .'dd?

,e~~t me dati ons

1)he sa fe e t- :valItat' i. e a I l 1 ir a 'i t n 1 a 1 t, :.,st

specific p-roblem WILth ealch prrt ( t 1)1 s t tiU 1 Uiq!: 1 i >1C : ti thI t 1 1s 'n~e t is-

r eihu ire uniu.suialI so Iu t i oins. '11h.is mr ,- I ith isf. i C, gc*:er' ;'J C r ite10, Z an11d

aina Iv's i s p-rced ur es f: iic u I t. ilt, tX Ueic ( vX TtVe'! has,

how,.ever, fmd4catedl several-1 areas- we !e: c VUn'L :adtLi

resoaeb Ie.cLing, to the i' e Iopment o.saL t n' ',t c

a. p 'pl!t Press u re:s - i st r i )lt i i.a: Ai,V ' t J' !10 1' 1Lt Ud L

and! c' stribut f&t n up 1 I iI OS pnSt ro e L0. X k2n u. ' II- a rc at)1

a b I. the ros-t c r it ici. I e Ietrens 1 F th11e t all it', : an!k a re

tin f or t iia t e l thle net d ifit i ur': e,:ti>'h jc areasT tjIi l ,

re !i i te re s (. jr and, a r v r 1;ih ed 1)ca ne::r o ewuoo

(I )Pow' are drai:; v!It icier(T,: a: ttetLi' . f'''rt t> iva o'i I A) e

h ead'" Cuiir r enit: ;)rait tie ct. tv a: -: I (, it,. at tt 1, Foe r

v,,o i I it.'..e Is, bufllt .r ;I yr :4) VW11 t I Pt K' or t' r'o e rr ' "I vH r( t

ble cov!rerva t i-e-. Ana I %Ys j ci t .I. r." fished C i I, tlie f it
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of extrapolating from drain eificiencles at normal conditions to

efficiencies at much greater inflow pressures and quantities would be

beneficial.

(2) How does a cracked interface at higher than normal pool eleva-

tions affect drain efficiency? The performance of the drainage sys-

tem when the base crack extends beyond the location of the drains is

extremely critical to the analysis (Figures 11 and 12). This condi-

tion requires the application of full head-water pressure for an

undrained base, but current criteria do not give guidance for a

cracked-base with drainage.

(3) How should uplift be considered in an analysis, as a load or

separately as a pressure to determine the initiation of interface

cracking? Corps procedures use uplift as a load cr the structure in

the same way as driving forces, but 'SPR procedures separate uplift

from the analysis. For design purposes the two procedures are

identical because tension at the heel is avoided by changing the

structural geometry so tirt the resultant of all forces is within the

kern of the base, and low drain efficiencies are usually used. For

existing structures, however, the two methods can give dramatically

different conclusions wher ' high drain efficiency is used. See

appendix for an e::ample.

(4) How should uplift be considered in a finite element analysis?

Several procedures are currently used, from applying the effective

uplift forces as point loads on the interlace to using pore pressures

below an assumed phreatic line.

b. Inteiface Strength Parameters. The strength of the rock-concrete

interface, in both shear and tension, is equally difficult to estab-

lish and almost as important to the analysis as uplift distribution.

Research which establishes guidelines in the following areas would be

beneficial:

(I) Recommendations concerning the testing techniques and extent of

geologic investigation required to establish strength parameters for

an existing dam.

(2) Establishment ot guidelines for selection of strength parameters

based on expected rates of Loading orland probability of a particular

loading condition occurring. For instance, what parameters should be

F' I



where;
EinDrain effectiveness

expressed as a decimal

Headwatev

SDrains Drainage Gallery

Tailwater

L C

When H4> H2-
13 =K(HI -H4) (LX) + H4

When H4eC H2-
H3=K(Hl-2)(LV-- + H2

L

UPLIFT DISTRIBUTION

UNCRACKED BASE WITH DRAINAGE

Figure 11.

82



when H4e. H2

H3-K(HI-H2) L-Tl-x + H2
when H4> H2

H3-K(HI-H4) I-x) + H4

where;
E-Drain effectiveness

expressed as a decimal
K-I-E

Headwater TI-Length of crack

=: , Drains\

-| f Tailwater

-~ TI
X

L

/

TI TI.
Tl(, x

TI

TI)x

U.PLIFT DISTRIBUTION

CRACKED BASE WITH DRAINAGE Figure 12
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used in an earthquake analysis when the expected loading is of higher

magnitude and much shorter duration than ncrnial conditiens?

c. Establish Guidelines of Safety Evaluation of Existing Dams. The

establishment of a consistent set of guidelines and criteria to be

used by all federal agencies in the safety evaluation of existing

gravity dams would be beneficial, as would recommendations concerning

when and to what degree upgrading of unsafe dams is required.

(I) Criteria for evaluating dam safety js generall) that established

by the major dam builders in government, such as the Corps, USBR, and

TVA. Therefore, inconsistencies among the agencies concerning the

procedures and criteria for dam safety evaluations (e.g., uplift

analyses as previously mentioned) have an impact or the entire indus-

try. The primary benefit would be that a consistent level of publi

sofety would be assured.

(2) The development of criteria and procedures for determining when

and to what degree a structure should be upgraded would be beneficial

because the economic impact on private and municipal dam owners would

be reduced. The current system of each agency having independent

standards of evaluation sometimes requires owners to satisfy

conflicting levels of dam safety concern.



APPENDIX

Gravity Dam Example

Uplift Assumptions
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CCXPUTER CODES AVAILABLE TO ASSIST
IN STABILITY ANALYSIS

N. Radhakrishnan

US Army Engineer Waterways Experiment Station

1. The Three-l)imensioraI Stability Analysis/Design Program (3DSAD) has been

developed under the Computer-Aided Structural Engineering (CASE) project for

the anialysis and design of hydraulic structures with respect to overturning,

sliding, and maximum bearing. Mr. Fred Tracy, Automation Technology Center,

VES:, is the principal author of this program. The program has two modes of

operation: (1) general structural capability end (2) specific structure

types.

2. The general modules allow the user to create and interactively plot the

geometry and loads o. the structure, obtain volumes, weights, centroids,

torces, and moments for these, and then do an analysis to determine if the

bhare pressures, area of bo-se in compression, sliding, and maximum bearirg are

at acceptable values. A Free-Body Module also exists to "clip" the geometry

and lenads to determine a new problem and make the subsequent analysis.

3. The specitic structure modules (currently dams and gravity locs) start

with certain predetermined shapes (the dams module, tor instance, has an over-

iio, cross section, a nonoverflow cross section, and a pier section) and

L] lows the user to give srcllic values for the parameters fo: these pieces.

The gene:al geometry:, joads, and analysis data are then automatically gener-

ated for the u.cz. Also specific load cases are preprogrammed in the specific

structure.- modules. For instaice, the dams Lodule has the six standard load

case. ()1 construction, normi:l operating condition, Induced surcharge, flood,

and the two earthquake conditions. A Design Memorandum (DM) plate capability

is al:,, avallahbe tot dams.

4. This program has been used by several Corps of Engineers District offices

on a variety of projects. Examples are Lock &, Dams 2 and 26 by the St. Louis

District, Richard B. Rusc'ell Darr by the Mobile District, and Chiel Joseph Dam

bv the Seattle District.

5. Some ot the slides used to describe and discuss the capabilities of 3DSAD

folI ow:
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DETECTION AND MONITORING OF STRUCTURAL DEFICIENCJLF
IN THE ROCK FOUNDATION OF LARGE DAMS*

Kalman KcvariA90
Suiss Federal Institute cf Technology

I. Dr. Kalman Kovari is the Pead of the Rock Engineering Department, Swiss

Federal Institute of Technology, Zurich, Switzerland. Dr. Kovari is an acknowl-

edged authority on applied and theoretical rock mechanics, specialling in the

rock engineering aspects of dams, tunnels, and other large structures. He has

analyzed rock mass stabilities as they pertain to overall structural stability

in both the design phase of new construction and in the evaluation processes

applied to preexisting structures. Dr. Kovari has worked with projects not

only in his native Switzerland but also in other European countries and sev-

eral other continents. The following is a summary of the presentation made by

Dr. Kovari before the September 19P5 Corps of Engineers REMR Workshop on the

Stability of Large Concrete Structures on Rock Foundations at Vicksburg,

,i ssippi.

2. To judge the safety of a structure or understand its actual behavior,

deformation measurements are usually carried out. This is the practice of all

truly professional engineering organizations such as the US Army Corps of

Engineers. It is applicable to almost every kind of structure, whether it be

a pier supporting a bridge in Brazil, a quarry slope in Lucerne, or a subway

in Munich. It cannot be emphasized strongly enough that a structure, such as

a dam, and its foundation form a structural unit; cons:equently the behavior

and safety of that dair are inseparably linked vith the performance of the

foundation. Moreover, it is generally recognized that it is tiot the average

rock condition which is the cause of concern but rather the presence of spe-

cific deficiencies like weak zones, open or "healed" joints, continuous shear

zones, and so on. Considering present-day numerical methods in analysis and

design of dams and also the advanced construction technology and materials

used, the major source of uncertainty in predicting the behavior and safety of

dams, large and small, mainly resides in the actuai rock mass properties and

51 : \
* A summary of Dr. Kalman Kovari's presentation by James Warriner,

Geotechnical Laboratory, ITS Army Engineer Waterways Experiment Station.
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'behavor. For these reasons, it is now common (or should be) to continuously

monitor the structure and its foundation throughout its service life. One of

the most useful forms of monitoring is that of deformation measurement. -

3. Deformation monitoring of dams and their foundations may have three basic

purposes:

a. To check (confirm) normal behavior providing a measure of confidence
and checking the validity of the main design assumptions.

b. To allow early recognition of deviations from the normal behavior.

c. To find the cause or causes of the unexpected behavior.

In stability evaluations, emphasis is placed on the second and, most strongly,

on the third of these purposes. Therefore, it is to be expected that addi-

tional instruments and observations will be required for a structure showing

unexpected behavior during its service and well after its construction. Unfor-

tunately, the critical volume of interest, the foundation rock, is covered up

by the massive structure itself. If we are luckv, there are nearhv out-

croppings on which we may observe areas of the rock and its characteristics,

but those observations will only be indirect indicators of the rock under the

structure. They are far better than nothing at all but the rock defects

causing erratic behavior are highly localiz"ed and must he examined and

instrumented directly.

4. Generally, only a very few displacement vector components from selected

points on the structure or in boreholes will be achieved by standard instru-

mentation programs. This sparsity ef data, when compared with the wealth of

information provided by sophisticated analys methods like the finite ele-

ment, is a severe restriction on the meaningful application of those methods.

Such limited measurements may be referred to as "point-wise observations." As

long as the size and direction of the observed displacerrents are acceptably

close to that of the predtcted ones the "point-wise observations" fulfil]

their purpose. However, in the instances of exceptional behavior, the situa-

tion is completely different. Hidden details like particular joints or weak

zones that are relatively distant from the points of observation might play a

crucial role. The concept of "line-wioe observation," along with high preci-

sion instrumentation, will supply a larger and more meaningful amount of

information and, thus, may provide the key to proper understanding of complex
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geotechnical situations, their causes and effects. "Line-wise observation"

means measuring the distribution of a deformation quantity along a line.

Borehole inclinometer devices that measure inclinations while traversing the

borehole are examples of current "line-wise observation" technology. Anchored

extensiometers, whether single element or multiple element, are examples of

"point-wise observation" in that their measurement points are the fixed

anchors in the borehole.

5. Consider a borehole as a measuring line inside a rock mass. If the mass

deforms, then the line will also deform. The more we know about those measur-

ing line deformations, the more we know about the deformations of the volume

of the medium surrounding the line. We may affix points along the measuring

line and measure their movements relative to the end of that line. That is

then the extensiometer concept. However, each of those separate measurements

of movement incorporates all deformations in the intervening length. The

pointwise extensiometer is essentially an integrated measurement of displace-

ment only, and limited in scope as well. More meaningful, both in terms of

localization of measurements and in terms of available quantities of data

points, would he a measurement scheme directed towards the differential of

axial displacements which is axial strain. Differential measurements of axial

strain within a measuring line are achievable using modern instrumentation

design and fabrication. A device which uses the concept of differential

measurements of strain within solid media is the borehole micrometer.

6. The borehole micrometer is a 1 meter long probe with a spherical head at

each end. The device is lowered into a borehole to specific measurement loca-

tions at each of which is a pair of conical seats I meter apart fixed within

the casing and through grout to the rock mass. When the probe is made to seat

its spherical end pieces in the conical seats, an internal transducer measures

the actual separation of those seats to the nearest 3 micrometers. Consider-

ing the nominal base length over which the differential is measured is 1 meter,

then the axial strain of the borehole (and therefore the strain of the sur-

rounding rock) is measured with an accuracy of 3 x 10- 6 . This is sufficient

accuracy for stress measurements to the nearest 150 psi in typical rocks, or

for detection of very minute rock joint openings as overlying structures are

loaded.
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i. Differential borehole axial strain measurements using the borehole micro-

meter device have been made beneath many types of structures and have been

tsed to locate individual joints and weak zones which were critically involved

in exceptional behavior of those structures.

8. At the Kolnbrein arch dam in the Austrian Alps, subsurface rock strain

measurements indicated not only a change in deformation magnitudes with

increasing water levels, but also a major redistribution of stresses in the

foundation rock. It was concluded that there was an unexpected reduction of

the compression zone in rock beneath the upstream toe of the dam caused by a

simultaneous decrease in the load transfer surface at the base and a change in

inclination of the dam thrust to increase shear forces relative to normal

forces.

9. The Albigna gravity dam in the Swiss Alps demonstrated cracks in several

monoliths that propagated down into the rock foundation. By the use of sub-

surface rock strain measurements, a pair of active rock joints were identified

that were opening and closing by as much as 3.86 mm per meter with changes in

water level. The joints were later found to daylight on the reservoir bottom

near the toe of the dam. Stress field interpretations of the borehole strain

data, together with verification of no other joints cpening and closing,

allowed confirmation of the dam's stability and close control of remedial

grouting to stop the underseepage through the pair of opening joints.

10. In his presentation Dr. Kovari briefly outlined some modern consider-

ations in the evaluation of behavior and safety of large structures built on

rock. He also described the concepts of measuring strains directly in in situ

rock as opposed to simply measuring displacements. Additionally, the instru-

mentation means for measuring those in situ strains were described.

12
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C')':"ENTS ON A PROPOSED INVESTIGATION Of LATERAL EAPTH
PRESSURES EXERTED BY BACKFILLS

Wayne Clough

Virginia Polytechnic Institute and State University

I. The rehabilitation of navigation structures requires consideration ot the

lateral earth pressures acting upon the structure. Typical assumptions for

earth pressure loadings usually follow patterns dictated by classical theories.

For example, at-rest pressures with a simple triangular distribution are often

used. Although it has been known tor some time that actual earth pressue

distributions are more complex than this, in mary cases it is expedient to use

the simplest approach, and experience suggests that this approach is usually

conservative. However, the problem of the navigation structure is one uhere

the simplest assumption is not likely the best one, ana because the assumed

lateral pressures significantly impact the economics of rehabilitation, the

problem deserv'es study under the Repair, Evaluation, Maintenance ana Rehabil-

itation (REYR) research program.

2. When considering a ravigation structure, there are ldn,\ tactors that poten-

tially caust: the lateral. earth pressures to deviate from c(tventional

assumptions:

a. Compaction effects and long-term creep in the backfiV-.

b. Cyclic movement of the structure walls due to alterrating wa.ter levels
and temperature effects.

c. Structural shapes that deviate from that of the simple retaining wall.

d. Backfil!.b that are placed in cut, cf limited extent in natural
materials adjacent to the structure.

Depending upon which combination of the factors domir-ites any particular

problem, the lateral earth pressure resultant may be either larger or smaller

than those of the at-rest type assumption. Tn many case,*, the earth pressure

distri ution is also likely to deviate from normal assumptions, thus affecting

deliberations about overturning and moment distribution.

128



,RING TE(0:1CA/. I.ET71iCR, "STABILITY CRITERMA

FOR REHABI LITATION F AVIGAT I' CONCRETF STRIUCTURES"

M. F. Lee

Directorate ot Engineering and Construction
Office, Chief ol LViineers, 11F Army

SI'MIMA R Y

A copy of tile draft Enrireering Techical Letter (ETL) was handed out to

attendets. 'Ir. Lee talked about the purpose, background, and contents of the

FTL. The goal was to get the F'l. publishedI by .lanuarv 1986. Pittsburgh Dis-

tr 4ct persnriel were still workiv, on. the section of the ETI on rock anchors

at the tine of the Work,;hup. The !raft F'I. taL was distributed at the .ork-

shop is provided ;cs Appendix C. Thiis draft I°.'i is continuing to he revised

and should not be used withoit ('YAC- (0(T) consent.
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Achieving the objective of an improved earth pressure prediction

technology will require studies along several different lines with

complementary ends:

a. Measurements of lateral backfill pressures.

b. Studies of lateral pressures using reasonably sized laboratory model
systers.

c. Analytical studies of full-sized navigation structures using modern
finite element technology.

'The first of these is needed to develop confidence in the results of the model

ard analytical investigations. No reasonable engineer would undertake major

changes in the assessment procedures for earth pressures based only upon lab-

oratory or analyticai methods. Measurements of loads acting on prototype

structures is a key ingredient in developing confidence in any new findings

that might he generated. The second task, model studies, will be important

since they can allow careful measurement of earth pressures in a controllee

environment. In addition to the question of lateral pressures, per se, they

offer the opportunity for fuli-scale testing of any devices proposed to

measure pressures in the backfill or stresses acting on the structure.

Finally, the finite element analyses described for the third task are useful

because they can generate information efficiently on large numbers of relative

parametric effects. The analyses can be calibrated by the results of the

,ither two phases of the overall study program. The results of the finite

element analysis will be particularly useful because they can be molded into a

simplified design method through charts and personal computer based programs.

4. The main focus of this document concerns the first of the proposed study

tasks, namely, measuremert of earth pressures acting on existing structures.

The following paragraphs are devoted to a discussion of the issues associated

with this topic.

Measuring Earth Pressures Acting on Existing Structures

5. Relatively little attention has been directed to this general subject

area, probably because the profession has been more concerned with building

new structures instead of rehabilitation. Fortunately, it is not necessary to
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create an entirely new technology for the desired purpose, but rather to accept

existing procedures to the task at hand.

6. There are at least three different approaches that can be applied:

a. Pertorm tests in the backfill. near the structure with "active" in situ
test instruments.

b. Place "passive" instruments in the backfill.

c. Identify those cases where earth pressure cells are installed on
navigation structures, and directly measure lateral pressures.

Backfill Tests with "Active" In Situ Devices

7. In this text, the term "active" in situ device is meant to apply to a

device that is inserted into the backfill, and which e :pands or presses

against the soil. in the test. Instruments in this category for which we have

a good experience base include the pressuremeter and the Marchetti dilatometer.

8. The idea for this work task would be to utilize present day instruments,

or slight modifications thereof, to measure the lateral stress in the backfill

of many retaining structures. Assuming that this is done near enough to the

structure, the soil pressures should he the same as those acting on the struc-

ture. Because of the recent advances in in situ testing technology, it would

appear that this task can be achieved in many cases using available or

slightly modified instruments.

9. Active in situ devices for which there is good experience in measuring

lateral stresses in soils include various types of pressuremeters, and the

Marchetti dilatometer (5)*. it may also he possible to include in this cate-

gory the concept of hydraulic fracture, but this procedure would have, at

most, only a limited range of applicability for the backfill situation.

10. Pressuremeter technology has come a long way since the introduction of

the original I~enard pressuremeter in 1955. Several new versions of the pres-

suremeter have been introduced, and considerable improvements have been made

* Numbers tefer to References found a t the end of this paper.
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in the manner in which measurements are made during the test, leading to both

better quality test data, as well as additional information not available

before. The basic Menard pressuremeter test involves preboring a hole,

inserting the probe into the hole, and expanding the probe while measuring the

volume of hole and the pressure applied to the probe membrane. Unless special

measures are taken, this approach has historically been found to be lacking in

accuracy and repeatability in determining lateral stresses (8). The self-

boring pressuremeter, introduced in the early 1970's, has been found to lead

to more reliable laterai stress measurements (1, 4, 9). It would appear to

have potential for the application anticipated for this vork and warrants

additicral discussion.

11. It is not possible to review the many papers that have been published on

the self-boring pressuremeter. Useful summaries are given in references I, 2,

4, 7 and 9. Some key characteristics are as follows:

a. Is well adapted to the use of automatic data acquisition systems.

b. Can be used to measure the lateral stre.,s in several directions ir. a
soil in one test.

c. Interpretation of the results for lateral stre., is simple.

d. Test results can be used to determine soil strength an,(' FLil tness in
addition to lateral stress.

Limitations with the self-boringp instrument are primarily related to problems

with probe advance in very stiff clays and gravelly soils. Improverents have

been made in these areas with the introduction of new drilling techniques and

the use of directed jetting as ani alternative to drilling the preBe in place.

However, for some cases, such as gravelly soils, self-boring is impossible.

Such conditions call for the preboriig or driving open the hole for the pres-

suremeter. If preboring or driving is done with care, ai, the test.s are

designed prcperly, in many instances reasonable measurements can be obtained.

to be able to derive the degree of confidence that is needed, additional

testing would be useful to check the accuracy of pressuremeter measurements

when preboring or driving is used to open the hole. This will be possible if

the in situ probe evaluation is combined with the model testing, effort a. is

described subsequently.



12. Although the self-boring pressuremeter is probably the best method for

determining in situ stress in soil, other techniques are showing promise,

particularly in difficult soil conditions. Cf the new methods, most of the

experience has been with the Marchetti dilatometer. This device relies on

empirical procedures to obtain lateral stress, since the probe disturbs the

ground as it is inserted. Recent experience in measuring lateral stresses in

gravelly sands at Lock and Dam 26 using the dilatometer showed that this

device gave values which were more consistent than those obtained by other

techniques (3). The dilatometer is attractive because it is very rugged and

strong. Because most of the research with the dilatometer has been in uniform

soils, research is needed to determine exactly what its capabilities are in

the types of material used for structural backfills.

13. To this writer's knowledge, there have only been two cases where active

type in situ probes have been use4 to measure lateral earth pressures ill an

environment such as a retaining structure backfill (2, 3). Although both of

these test programs were relatively successful, the experience base is limited.

Before field testing is done for the REMR program, controlled tests should be

conducted using the most promising of the in situ probes. Such a program of

tests could be linked to the model tests that are recommended as a part of the

larger investigation of lateral pressures. If the model tests are of suitakle

size, in situ tests could be performed directly in the backfill of the model

and checked against known pressure conditions.

Pressure Measurements in Backfills Using "Passive" Instruments

14. Passive type instruments are those that are used to measure lateral

stresses in soils without any movement of a membrane or an) other part. These

devices are inserted into the ground and remain in place until ar equilibrium

is reached. The amount of time required before the equilibrium is reached

varies depending upon the type of soil and the method used for insertion.

Examples of the passive type of device are the Gloet'] cell (7), the

Camkometer (9), and the lateral-stress cone (6).

15. The Cloetzl cell and the lateral-stress cone are inserted by pushing them

into the ground. This presents a problem in stiff or gravelly soils, ard
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there is little that can be done to overcome it. Because of this limitation,

the Gloetzl cell is used only in soft to medium clays. The lateral-stress

cone, which has only recently been introduced, can be used in more difficult

conditions than the Gloetzl cell, since it has a torDedo like -hape, and it

can be designed to withstand high thrust loads. ihis du,. ue has an added

advantage in that the thrust readings during insertion can be used in empiri-

cal correlations to estimate soil properties other than strength. However,

experience with the lateral-stress cone is limited, and further testing is

needed before it can be used with confidence.

16. The Camkometer ma\ be thought of as a sell-boring pressuremeter without a

membrane or arv capability to load the soil. It has load cells to measure the

pressure acting agzinst the sides of the probe. The Camkometer has not found

much use in getechnical engineering because most engineers would prefer to use

the self boring pressuremeter inasmuch as it can be used to get information on

both lateral stresses and the soil strength.

17. Of all of the passive type instruments, the lateral-stress cone appears to

be the hest candidate for use in the REMR research program. Should it be

included as a candidate, it should be integrated into the test effort in the

model testing phase so that it can be evaluated directly against the active

type probes. This is particulirly important for the lateral-stress cone since

it is L very recent development and has not been subjected to extensive

scrutiny.

Earth Pressure Cell Measurements

18. Earth pressure cel s embedded in the walls of retaining structures have

been used on a number of occasions to measure lateral stresses. Of course, to

use earth pressure cElls, they n'ust be installed prior to backfilling. Thus,

earth pressure cells have little application in specific cases of rehabilita-

tion since they have been rarely installed. However, there are some instances

where earth pressure cells can find application. First, in the few cases

where earth pressure cells have been installed in navigation structures (e.g.,

Port Allen and Old River Locks), the cells could be read again to assess long-

term earth pressures, assuming that the cells are still operative. Second, in
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tic :itture where i view structure is to be built, earth pressure cells could be

iistai 1~ 1 wi th a troll i taring program designed to capture those data which are

deemed useful to the issue of lateral loading. These data could be particu-

1 11V use rn in establishing a prototyvpe !-aseline which could complement the

iii! orr':at ion determined by the other techniques.

Cq Final I,, , if it is dotermined that the earth pressure cells on some exist-

cstructure are in working order, this would offer an opportunity to field

test tltc b)est of the in s itu probes . The lateral pressuires measured] by the

probes coul 1l1ie checked accc us t the valuer recorded Ivy the earth pressure

General Comments

20. ea~.rea of the earth pressures acting on the Walls of navigation

truc Lures is at xc ince in- view-. cf the comI) lo'X na ture Of tite problem and its

.:prrt l!c t, tht is sue of how to rebal" Ui'it ate o ld(tr uinits. Direct measuremen t

(I tC~ iao crs ao: pass lbI vhiere earth pressure cells were fortuitously

is i ~ citcocacctruct icyl U'nfortun1ate V , this has been done in few cases,

e,,, he eare still operable. This leads to the need for deter-

17.j r Iit rrsi es bv ineaiis a! measurements of the lateral stresses in the

rttrc structures. Nall\' instrUmients have b-een proposed for the

.rcs :(ceterri i n i rmc atera I st resses i n soi 'Is in an at-rest state . Of

rs' t he:rC t>surlfertt C r . selI f-boring and nonselI f-bor ing) , the di latcrmeter,

',it to,, Ic - ';t ress colic woI d appear to have potential for addressing the

I r -airlk; pressu res ini re ta in ing st ruceture back fi iIs.

lie saoilIs inI thle backi ilIs a re not a!rave I ly , the sel!f-boring pressure-

etC! r Wou Id apeF t o prov~ ide one of- the bies t opt ions. n THSofter sa(-ils and

ticl f-boring idvance could readily be used. InI stiffer clays and

itt t eo ma _or i i tv of thle a dvan ce coulIdc be ach ieved wi preboring , and selIf-

baorinc! us-ed oin iv for the final' stag-es be fore the test depth. Alternative pro-

cdires vsilug rolleIr bits and hi gb-pressure ie tting are in the process of

ev Iap's t. In rvel soilIs, prebaninp aind/or roller hit drilling would be

miii Ired, althrough in such instances, disturbance mray be a problem. it is

I 5,so Pcss ihle tha, Lhe conventional pressuremeter mray suffice iii cases where

_--~~~ ~ ~ I~ 
I"- 
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gravels and cobbles are present. Test ing of the dii tcrent appr,,e ill

laboratory model test apparatus can help rve,:olve the issue of Iho( -uck

disturbance is likely to occur.

22. Both of the other candidate probes, the dilatometer ;nd the laiteral-

stress cone, involve irsertion by pushing. Thi iuherentiv louids toi ce-t:,

degree of disturbance, aind thus, th~ese ethOdo, Or- theoreticii1v nt ,, -

r.t e as the sel.f-boring pressuremeter. However, in more di I ic, It en ir,);-

ments , such as gravel2: soils, the diI a tomet ur or the it era -st res, (one .:&.

prove advantageous. Testing in a lahoratory epvironment is needed to I. ,

sort out the accuracy that can be achieved in t-s tisk.

23. The program of checking out candidate ii, situ testin, proes shot!'

coordinated i-ith reason-at,,lv sized n.de] ests of a, instriminrted reo ii1Tln-

structure. In this way, the probes can be tl ., directlv' to Ieteriiie pre

sures in the model backfil:, cr0 the dat a can 1e compi ret to the pressuro<;

measured that act on the wall itse!!. These t-pes o' test- k.i. also ]

-or the possibiiity oft modification Li the prohes to (n1anc their Cap. I

to measure backfill prestaures.

F4. ield trials of the candidate probes m i kht wel I be ca r ie( out at , . tc

where a navigation structure has operationi earth pressure cel Is. Is vi,,'

provide a prototype che ck (n the capahi itV oI anv dev i e to 17easbure t le ei

pressures act in on the structure.

25. Final%, it is realized that i1; iran., case., thle hack: c : o t,

structures are composed o" rocky materials, ar(d such circust,:ices airL pro;-

ably beyond the capability of in situ stress measturerent technoloe,. ii thli,

type of environment, not only is it difficult to introduce a prohe i;4t the

ground, but also the point to point contact of tic rock irag:n:ents flr,' it

almost impossible to find a location where stresses ca." he meailrK ,,e',er,

it is the opinion of this writer that a great deal can h~e learned a,1'ut the

earth pressures acting, on navigation structures by makiug :eaurerei:t, :or

those cases where conditions are suitable. Using reasonable judgeert, these

measurements can provide key inforication oi- the purpose of extra polati , to

problems where earth pressures cannot be measured.
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Coals or the 1Corking Crouip

1.SummarfI:'c ( lie present p rocein res io r Jet ermliIng pa rame ters for the puir-
pose of coriput ing the driving andl res isting torces.

T . ient lv ter tfals ii: the p resenlt p roce(.n reot. ir thne pu rpcse of evaluating
the stability of eXisting) ccncrete structures on rock.

3. Recommend potenti1>1 solti ezn, to overcoming the fent i fed shicrrfalls vI tit
emphasis on R&1' plans for addressing tfho problems.

4. Yzinv Corps en~p lovees feel i tht conse rva tlye ai'al 'v sis proceduires andl shear:
streng~ith parameter Select ionl lprccel ures inre the cfh loS easoiis zhut some agf,
Corps structures- have czilculated; Stahi"1!- Stv e_\ seiIfCtcrs~ loss thaP eSlrable.
Available guidance does rot provde anty informti ttonias ro tilt, mater I [).ra re-
LerS for which the required factor of s afety is re Cited. If resij:uail stit0 ngtHis
are used, the factor of safetv shiould possibly bt lower jn2.0. A (d
additional staiiblity to ari existing struIcture i. oo aid(, therefore, ihould
rct be done unless it is truly need"(;. 'fhe calen a ted s afer t:actor against
sliding of a concrete str:ucture on rock is very, sensit ivt. to the shear t -nh
parameters selected For the analysis. This report, presents. h)e discu~ssion an:,
findings of the working group on the selection of shear strength parameters.

Present Procedures,

5. The most common approach f'or obta ining shear strength pa rame ters for ana lv-
sis of stability of structures or rock in\v lv,.s severa s"teps:

a. Determination of potential failure planes.

b. Retrieving und.(isturbed samp les from the potenzt-ia failuire -one.



c. 7sring specimens prepared from undisturbed samples.

d. Selection of failure criteria.

e. Evaluation of shear strength parameters to be used in design.

This approach of obtaining strength parameters is known as the Testing Approach

and it is used by the Corps of Engineers 4n some form. There are two other
approaches know! as the Rational Approach and the Empirical Approach for eval-

uation of shear strength parameters. These have not been used by tie Corps.
Detailed discussions on these approaches are given elsewhere in this report.

6. Although the Corps of Engineers uses the Testing Approach, there are no
guidelines regarding selection of appropriate test samples, selection of fail-
ure criteria, and design shear strength parameters. Cuidance on how to select
failure criteria has not been published and consequently has led to a wide
variation in choice of design parameters. For example, some divisions use
peak strength parameters; whereas, others are using residual strength parame-
ters and still others use some intermediate value between peak and residual.
Definitive guidance is needed on when peak strengti parameters or residual

strength parameters are to be used, or when some value between the two should
be used ind on how this value is to bc :helected. Because of the lack of guide-
lines on selection of test samples, shear strength parameteri-. are obtained by

(a) testing cores of intact rock and (b) determining tie friction between
sawed unweathered rock surfaces prepare(' by a diamond saw. No regards are
given to the rock mass discontinuities even though they may form part of the
potential failure plane. The strength parameters corresponding to intact rock
specimen and flat sawn surfaces are designated as upper bound and lower bound
strengtb parameteis, respectively. Effects of asperities and weathering con-
ditions of joints are often ignored because of the difficulty and uncertainty
of defining them.

7. The shear strength parameters tor the rock-concrete interface are some-
times determined by testing a speclmen prepared by casting grout on a rock
specimen. There is no standard for preparing specimens for testing concrete-
rock interface strenpth. in some Corps laboratories, specimens are prepared
by casting grout on rough sawn rock- surfaces. in others, fractured rock sur-
faces are used. The different meti:eds of T-epfring the specimens results in
considerable variations in strength parameters Ior the same type of rock and
grout.

8. Triaxial tests are normally used for testing intact rock, and strength
parameters are obtained by drawing Mohr Circles (Mohr-Coulomb failure cri-
teria). The friction between precut surfaces are determined by Direct Shear
Tests. Discontinuit' strength parameters arc rarely determined. Strength of
got,ge materials are often determintd from fabricated specimens. In the case
where gouge materials cannot he obtained, artificial gouge is prepared bv
crushing the rock that forms the joint walls. Test specimens arc then pre-
pared by compacting the artificial goupe at the desired compacting effort and
moisture content based on the judgment of the engineer or geologist in charge
of the work. Soil direct shear testing devices are normally used to test
gouge specimens. It is sometimes possible to determine the strength of gouge
materials from sampled specimens or large-scale in situ tests.
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9. It was the consensus of the working group that the exploration and selec-
tion of representative samples for determining strength parameters are not
consistently done. Mostly inexperienced Corps personnel, who have little idea
of the sensitivity of the strength parameters to sanmple disturbance, make
decisions in the field as to drilling operation and sample selection. When
exploration is done by contract, the situation generally becomes worse due to
the tendency to cut corners in order to produce more in less time. Contractors
seldom perform detailed investigations in selecting materials for testing.
Couge materials are seldom recovered for testing by some contractors.

Shortfalls in the Present Procedure

Lack of Criteria Regarding Shear Strength Parameter Selection

10. There is a complete lack of reference materials in Engineering Naruals
concerning tbe selection of shear strength parameters for analyzing the slid-
ing stability of structures founded on rock. Strength parameters for various
critical stages (peak strength, ultimate strength, and residual strength) are
normally obtained by performing tests or samples, but there are no guidelines
for choosing a failure criteria or selecting which strength parameters should
be used to calculate the factor of safety.

11. Each individual Corps division has its own failure criteria based on
their past experience. For example, in Ohio River Division (ORD) residual
strength are often used on the basis of site specific conditions. Working
group members from ORD reported that investigations of the failures of the
Uniontown and the Cannelton Cofferdams in 1971 and 1974, respectively, indi-
cated that sliding along presheared clay seams was responsible for both the
failures. Because of the preshearing, the gouge materials had already
exceeded their peak strength and had reached the neighborhood of residual
strength. From tests results of such materials from several locations in the
Ohio River Division, it has been concluded that gouge materials in discon-
tinuities of the entire Ohio River Valley are presheared; therefore, it is
appropriate to consider residual strenpth parameters for evaluating sliding
stability of structure founded on such discontinuities. Ihe shortfall of this
procedure is that if the clay-filled joint is not daylighted or connected with
a low-angle fault downstream of the structure, the clay-filled joint may not
be the potential failure plane. Therefore, in the opinion of some working
group members, it is not appropriate to use residual strength parameters
unless the potential failure planes have been identified, through an investi-
gation, as clay seams which are daylighted or connected with some low-angle
fault downstream. In both cases of the failures (Uniontown and Cannelton)
reported by ORD, these failure planes existed.

Factor of Safety

12. Some members of the group felt that using the same factor of safety for
various kinds of materials is a shortfall in our present shear selection and
design process. Higher factors of safety should be used for rock, and compara-
tively lower factors of safety should be used for soils, All members, how-
ever, did not agree with this idea. The strength of a rock mass is usually
controlled by joints and their filling materials and thus a rock mass may be
less homogeneous than a soil. Hence it is not advisable to apply different
factors of safety to rock and soil. All of the members agreed that acceptable
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factors of safety should be lowered (less than the currently acceptable value

of 2) if residual strength parameters are used in stability analysis.

Discontinuities, Asperities and Loading Conditions

13. With the exceptior of major new, projects, the orientation of discontinui-
ties with respect to applied forces, asperities and their orientation in dis-

continities are generally igrored in the shear strength selection process.
Defining orientations of discontinuities and asperities is a very cefinite key

in establishing strength parametel.: for design or evaluation of existing
structures. Shear parameters selected disregarding the above factors are not

appropriate for evaluatiPg sliding stability.

14. The current practice of determining strength parameters by testing speci-
mens of intact iock for upper bound strength and testing saw-cut surfaces for
friction to determine lower bound strength is meaningless for the purpose oi

evaluating slidi:g along a discontinuity. it is obvious that at normal
stresses ranging fro- I to 20 tsi (stress range normally encountered in the
foundations of Corps structures), the shear strergth of joints will he much
lower than the strength of unweathered intact rock forring the joint walls
(Corps upper hound strength); on the other hand, the shear strength exhibited

by the flat diamond cut surface of the rock ((Crps lower bound strength) will
be much lower than the actual strength of the joint:I featuring irregularities.
Therefore, stability nailvses performed on the basis of these upper bound and

lower bound strengths have no relatiop whatsoever with the actual stability of
the structure. The rest-its of the analyses based on lower bound strenpth are
.,udged to be controlliig and, therefore, our evaluations underestimate the
stability of a structure against l,,iding. Nost of the hydraulic structure

istability problems in North Central Division are, in part, the results: cI
this shear strength selection procedure. Members from ORD reported that
Uniontown. and Cannelton Cofferdams, which failed in sliding along weak clay

seams, were designed on the basis of shear strength of intact rock.

Lack of Definition for ; at Salient Strain Values

15. Yanv group menibers felt that there is a lack of criteria to adequately
define ultimate and residual strength parameters. Selecting these parameters

becomes subjective, because it depends upon the judgment of the person making
the determination. To eliminate the subjectivity, criteria should be estab-
lished for these parameters.

DeformabiJity of Rock Vass

16. Present stability analysis does not provide information regarding move-

ments of structures in lateral as well as vertical direction. Many group mem-
bers expressed their concern for a lack of information on this type of movement

and cited some examples where structures are stardin'a intact but are inopera-
ble due t7 lateral movements. Therefore, they felt that shear strength param-
eters are not the only material parameters needed to fully analyze concrete

structures on rock; deformability should also be given consideration. Lateral
movemcits of structures (especially of lockwalls) must be limited to a value
such that associated components of the structures such as gates, valves, etc.,

remain operable and the structures remain functional.
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FxplIora t ion anld Sal IingI

17. I t was t lie genera I conseiisus a: b e o roup that Corps exp I (rat ionl and sam-
pl ing procedures on -,ore pro cc t s are not sa iv ctr. In ;ne cases. explo-
rat ions are supervised Ilv inexperienced perstonel with little or no knowledge
of shear st rength selection prock-dures. When the exptorat ion work is con-
tracted , the si tuat ion Igenerall I'L ccres worse because of the tendency to
avoid detailed investigation in selecting! si-mples for testing. Vhev samples
are received by the test ing I aborat orv , there is general 1' no -.,a,,? to ver ify
their appropriateness as to the degree or di sturbance anld l oca tion along the
potent ialI failure p lane . S;ore mrmhers, (;f the group i-,ho had oc :a.a ion to
observe exploraltion OpeCratiolS, refl r ted that ill 60ome cases, ' ;2Quge materials
in discontinuities obtained vith drill core are cleained oft before placing
cores in core boxes. Thujs, test iul ' lboratories treive core samples for
test ing which are, not rvpre ~elitait 1\'i Of tile actli' Ia coditionl Of thle rock mass.

18. Current pract ice inuI nes -It n ii ng '.,\ cures w"hichi arc o)I!ly 2-l1/,' ii. .in

diameter. V ith such a sma , 1- dixtt. ttr spec imen , itL is nlot po(ssib le to haove a
sample Which inludesI&' all the r, , k 0 Tt %%l JI Ia-eS conitr I1, ing the st'rength

parameters . Therefore , it r rp i , I Ic to, detorrm ne o tiperit ies and
their effects on st run,:tl p~ia n ters itne NX care sini~ts. 1.arge s~i:.ples ace
essential to evailuaite streni th pair ,ters rc> cll.>eiibers of the.
group, especial 1'.' fro7 01-, , celt thait .t least -tO hi.daee cores
should be tested.

19. W ithl our present s.'ster:. olnallir ape nihg prtos it
is not alwayspoq il to " nnds ~dds~t ~ If ea t~m. Gouge
materials are disturbed due too tihe rtinrii e!: ct o' the drillif 'to operat iolz,

adthe wash ire act ion o!t a khungii, * lid hr-fri c alt.w
test disturbled sample>, ino, as '.ic 0 0e otd i7!n trenzth pirrret er~ ~s r
lower than the in situ values. S -t ies>rtples Or corL fa ,te' ia can !e
obtained with is' ire Ilint, or t cic tithe corinc oci at. h l e !har ed

seams this equiprent is the b1est ch)oiCe 1o) :r)tur cour1 !_ T' rteril.!r t' was

repor ted! bo. some mcOhe rs thait whIen gouuc e ralltt i a I c apr ot 1-o rCove rtca b'V
drillilug, they ire preparedl irt ifiiaj41% _., by',)rCk c"ic I'le ;t renlt

parameters of go'roe d;etermined! b% this; ret locd do tiot repi estit ic t r Tg2t h of c
actual gouge , butt some members_- felIt I t r-lrvid ed I o,, cst 7 matt of, t le natural

gouge strength.

Test lug ProcedureS and their Short 1 a I 1s

20. Direct Shear Test . Various laboratory tea;t methiods- and their advantages
and] Short falls were discussed in detail. lie Dire-ct Sheir I e-t , tl~ -'" S t Com:-
monlv used test, has the followinig slhorttdlls:

a. Vertical stresses are riot iniforr;',% di1stributed an, the <-;ilullre

surface .

h. Pore pressure ini clay-fi Illd joint cannot h e co;ntra led'.

c. Variation ii, rtrength ,i prarleters is ol'ta ited ,- t!,e Satlie material
tested in different shear test devices.

d. Principal stresses are riot know.
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shear strength pnrarreters; however, there is potential for using these
approaches for small projects where the high cost of testing cannot be justi-
fied. Menbers of rhv group felt tat it was worthwhile to discuss the merits
and shortfalls of these approaches and reconmend their validation bv the
Corps. The Arrhambault-L.adarvi Approach needs input from tests conducted on
only one or two specimens. Shear strength over a large range of stress condi-
tions is extrapolated from data on a small number of tests. The shortfalls of
the method are that the tests conducted have to be 4n direct shear mode and
conducted on large blocks. The Barton Approach is baed or, ioint conditions
and classifications of walls of joints. The main shortfali o' this appruach
is that the results are very subjective, because there is a lot of judgment
involved in classifying .joints. Two other factors, compressibiiity and dila-
tion angle, needed to evaluate the strength parameters are difficult to deter-
mine. Despite the shortAl is, group menbers agreed to recommend validation of
this approach. In Barton's empirical approach, shear strength is determined h\
the followirIE equation:

.JRC ,oglO C- + :b

wher e

= shear strength of Joint
" = normal stress acrc.s joint

JRC = ioint roughness coefficient varies from 0 to ?0
JCS = joint wall compressive strength

.b = basic friction angle ot joint vall
*r = friction angle of weathered joints
.b = Ir for weathered joint

Recommenda t ions

Process of Shear S;trength Selection

27. Potential Mode ot Failure. A detailed geologic rapping (,hcwing joint
orientations, dips, etc.,) of the foundation should precede obtaining test
samples for determination of shear strength parameters. Based cr geologic
mapping, appropriate potential failure planes should be determirea. For this
purpose, approximate location and orientation of proposed structures Iin the
case of new structure) must be known. For existing structures, only the
direction of loading needs to be known.

28. Pepresentative Samples. Samples for testing should be obtained from the
zones through which failure planes have the potential to develop. Appropriate
boring techniques should be used to retrieve undisturbed samples of weak
seams. Samples of 4-inch to 6-incl. diameter are more. appropriate than NX size
cores for determining shear strength parameters;. Thieit exploration work is
done by contract drillers, an experienced government geologist should be at
the site to oversee the exploration work and to make decisions related to
selection of test samples.

29. Parametric Studies. A sensitivity analysis by varying the values of
shear strength parameters, c and , or using Barton'. empirical approach and
varying the Joint Roughness Coefficient (IRC) should be performed before

! -.;4



embarking upon a detailed testing program. By performing a sensitivity

analvsis, one may be able to justify conservative shear strength parameters,
and eliminate costly testing programs in many instances.

30. Testing Program Required and Evaluation of Test Results. Based upon the
sersitivitv studies, testing programs should be designed. If the sensitivity

studies indicate that the basic anglc of internal friction, tb, alone provides
an adequate factor of saietv, it is rot necessary to conduct studies or
testing for asperities of cleat .oints. In normal conditions, tests should be
pertormed to determine the b,sic friction angle (ohP, residual friction angle
(:r', asperities anples (') with iespect to external loads, friction angle of

gouge materials, etc.

31. Selection of Pesign. Shear Strength Parameters. Selection of design shear

strength is Lined on the failure criteria adopted. Consideration should be
given to selecting a factor of safety based on the strength parameters used.
Current indun;try practice considers Feak strength as the failure criterion,
and the shear strength paraileter : corresponding to the peak strength are used
for stability al 'ysis. For presheared material, however, the shear stress

deformation curves do not exhibit peak stress and failure criteria should be
detrmiined by c .s iderati '; of deformation. Since there is a complete lack of

informatfon in (?orp manuals for (etermining failure criteria based on
deformatici , the necessarv researh ,s recommended to provide guidelines on
failure criteria ba. ed on deformation.

3_. Progressive Failure Effects. Shear failure along discontinuities within
a rock mass is often accomplished through progressive failure, by which the
maximum shear strength is not mo(,bilized simultaneously along the entire
failure surface to a residual shear strnigthL. Gouge-filled joints should be
investigated For such failure ant tie desigrers should be warned of this

effect.

33. Summary of Recommended Research, Pevelopment ano Standardization.

a. Develop a c lassif-icaticii of }oint.. based on strength parameters.

b. Conduct research for the deterrination of effective asperity angles,
, and their orientation.

c . Conduct bas ic rcsearch !r obtaining ,r ior weathered joints.

d. btandardize t.st ing procedures for determining shear strength parame-
ters I or the concrete-rock interface.

e. St.rr'dardize special t .,.ts.

f. Standardize the Direct Shea r T s't.

g . Standardize borehole ii de:." tests fo;r thin soft seams.

h. Validzte Barton's [mpiric;,i Ap-roach to determine the shear strength

o0 discontinuit ies.

1



. Develop guidelines on failure criteria based on presheared materia>l-
and progressive failure conditions, or selection of a safety factor based on
the shear strength parameters used.
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AT ~ i W*YI' P'RAT IfON CROCEDII RE'S
ilSf RICTI KlIx. STABI I TfV F VAL UAT I (N

I~ I rl: : Co I!il ,m 'SGV-A (Gephy'sics , Civil Engi nee ring)

hecrd er: Janes h. Warriircr, WEFSGR->i (Geophiysics.; Pock Mechajnics)

o s: Nedl Hi. Godwi n, Jlr. ,IDO( (CivilI Enpi necring)
Br ia-n Creene, %UkFD-DP (Cology)

E~s1 . Jackson, fr. ,l.il- (Geo logy, Grouting)

P'o 1 'e r t J1ohn , ORPED-(; (GCcciog~v

lodd Nid(11]e , INVFDf- GiC (Gee ,Fgv
C ic hanG ',right , NEN)C((J- H Eilg ineer ing)

o I a of thle Vc rking Group

I Y1h tbh i-c, of the Lzkig rou, (iiscussion la ouridat ion explorat ion
1 !0c ejur e s 1 or ocqu in ug tet t sampl1e - anid identifying weaknesses in the

oo~ot onfor ova I notLuig tlie sI id ing and overturning stability of existing
wrete structures. Tlhe golaof the t-orking Group were to:

a.aino e tile prtceUlt procedurle, list ing references .

f' Jl I t Z1 ti: tlie preseit prcedurs.

;e~cmerjp.tott sa iitioira tc exNercome the ile(2iti fied shortfalls
vi ~ ~ ~ 1 teci-i I"U.e;esrcii and development plaons to address the

I n t rold uc t i on

;,e ther-t thil W-hm Group waos chosen because of the acknowledged
ni IT- 1 actual Cclecilanical znn? geohv.dro log ical condi tions beneath (and

Cli 2: C :structurco; 'n the, realistic determnlation of structural
1 aa T. t~ imrx'vemo;It tiiercui . I ustahi Iit ies rav he hypothesi zed and

t it "' -' 1A)SerVec_' IU , Wi thou t aict no exam,] nat ion, f the reck-soil-
_Ite -, terns assot iated -withi tie -,tspected lrlstabil ity , the structural

1' )iio cdii not Iev mua!c ; I 7i ed, the ore rore of risk assoc iated with st-ruc tural
twii or c_,ilot 5e ,iise 'III( thle, chosen e (hahilitat ion techniques will not

~I %,' 1rC ipropr isLe or eccenoric cd . The meiniecrs of the Vorking Group
%.-(Ie ,elcted (,!- the basis oi the ir famiIiajrity. with gec'Iogv as it affects

i!i.1-erv cc c' 4rue til rca 0 theiLr e::p(1-e I e ill th, dIi f icul.ties of performing
''irl,' e:o ul or.,tion inlot inti to contaict vi th ma br operating vo ter-control
-~ r~ nnIS p~A set Ill ci icnnatancvi; ha.- beer' observed by all partici-

p)LI Fiict (i' all, there 15; tie question of tile reality of the perceived
Ah i It". tois- deca-dos-ol IC atictiuro in trouble or were the rules of

the eva Inot iii mere!': cha;in g e d? I f tlhc I ormer, then there is a subsurface
coilllit 7(): wh ili cali ie tairgeted l exploration strategy ; if- the latter, then

he ,'>o terg i meer fI cap I ior i rig for a subtle or in tangib le end. Second
caome the airtilicoil , hut very reail, proilenla of' imposed p~olicies and regula-
t i os I'alt are- VC 0 o(wed aiic' i.ha t are we forbidden to do to locate the seat

i 1) t ,1) i Ii t ' ,i 1 1 the( werla he (lone in-house or by contract' What contract



terms will obtain the data or samples we need? 1'hy can't we dewater tlie 'rc(

since it is the only way to get a geologist on the floor? :t:xt arise pre, 1ems
exemplified by the frequent necessity of getting core drilling apparatus into
confined internal galleries. Finally there is the uncertainty, cor..ri to alJ
geological exploration, as to sufficiency of effort. Though often controlle(
by available funds and time, the geologist-engineer ci-n never be entirely
confident that he has recovered enough samples or logs to full' characterize
geotechnical phenomena. Five core borings or fifty, the desiigner's rel-.abili-
tation scheme will be of little benefit if a single critical!% locate' ,:ea
seam is missed by the pattern of holes.

3. To attempt to counter the above-stated complexities and harriers, the
Working Group first discussed the goals set forth for its examlination - tl0ir
pertinence, the sequence of their importance, and how they relate to the
subjects of other Working Groups. The methods and tools available for e::p!ora-
tion were listed along with discussions of their relative volues and appro-
priate applications. Procedures for planning and accomplishing explorations
directed towards obtaining data for stability evaluations and reliahiitatr
designs were examined in general and by reference to specific prolects within
the experience of the participants. Shortfalls in those outlined procedunes
were specified as observed in specific past projects. Means by which the
observed shortfalls have been overcome were described by the indivicduals
involved and additional improvements in procedure were suggested. Areas- of
optimum value and future research and development applied to geoexploration
within the REMR program were outlined. Finally, a statement reporting, the
Working Group's findings was prepared for presentation to all Vorkshop

participants.

Assessment of Working Group Goals

4. The goals of the Working Group were examined for pertinencc, vriorit\, and,1
relationship to other topics of the Workshop. PrEsentl- ava ilable ;eoo.p ora-
tion methods applied to existing structures are essentially entcnsions a1%d
adaptations of the methods used in the predesign, desi n, and cnl:;t rucrio
phases of new projects. As such, they are described in a number of FrzileLv'-
ing Manuals and Technical Letters. Table 1 is a partial lis in~ api iCi oio
manuals. Additionally, ASTM Standards, pubilc technica iteratur-, and
private commercial vendors are all freely used within Corps FCA's in perf.crm-
ing geotechnical exploration programs associated with exist int. stru, t1re
evaluations. Thus, examination of geoexploration procoduriis wa :nnwIedct
as pertinent and having high priority. iowever, given the remly .:cccs
engineers to voluminous references and numerous special.tv const i 1tat ser'. 1ou
few shortfalls were identified in the applicaticn 01 current r:ethod. ,:
geoexploration.

5. The Working Group felt that we have the tools with which to -:; lote 1:,W

examine the area below and around existing struicture's. %,dt we (' nT 1', 'e

in-house, we can hire. But, still there are diflficultie" 1,'!.e: we try to, get
information to perform stability analyses and plan rep irs or rehabil itatioP
programs. Shortfalls in the actual accomplishment of geatechnical invest iga-
tions for stability evaluation were identified as nrincipally lnontechn.Icai' inl
origin or nature. The consensus was that problems generallv fell vithin the
areas of administration, communications, and regulatory cenplications,
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"'Short falls," thenl, do exist , t ibough not necessari Iv cof a t echni calI nature.

They are of notable importance and are amenable to solution.

General Aspects of Geotechnical 1hxpl oration

6. In anv project evaluation, the problem must be defined an.id then the
exploration program plarnied aroundc that definition. immediately, the kc'rking
Group observed, at difficult': arises in ascertaining the reality of a perceived
problem. If there is a degree of reality to perceived structural problems,
then there will he target, at 1,hich th'e e:-plorationi program car be aimed. If,
however, there are no otse rved ev dences of s'truLctural di stress or if thle
structure has never e:en, 1-teen loaded to anlsscase ccndi tions in which the
ianialysis results prediCt !ailulre, then the exp~oration programn must be directed
toward diffuse and sub t le t aroer t ies t s' in the words (" thle G~roup ). In
the former, a specially, dl'rezed t!'Vloration program can be used (i.e., core
samples o! weak seams). ni t!;e lattter, a more regional exploration program is
reqjuired (i.e. , the coret borings are iiore numerouis and p laced in idealized
patterns). Inl the ccli~ctive experience of thet Croup, the lcitter, broad-based
exploration cften predu'csa~a spanis of results, - "Iuzzv" characterizations
ambiguous both in locat lisot pa ratre trio val lu e a i the case of the general -

ized exploration, the ee er/ e oit irrt ing thw explorationi usual lv
feels called on to us,-e caperije anid uglntcoupl ed with early results,
to define the critical zoeo -r phenomena wi ,ich p lact, the s;tructure's stahil ity
in question.

7 . 1%hat ever is the iiaturef o! hou ,pposedl or it i ca zone or phenomenon , the
foremost direct ive to both t!!C cap 1 erat ion manapf and the structural analyst
i s t o KNOV. T 1,E S IT E G(F('! 0 GY. Repor ts of prior irvestigations, whether from
Construct ion Repor.ts, eridInlspect R().ieports or 1from (ionspec i ic geologic
studies, are the single most -,lualbbe t(is f guidance inl planning explora-
tion programs. Exper iece and ftngenn litass in looc C. ing documie;ted back-
ground information. nitoronalPceis valujable in giving lefinit ion
to gevexplorat ton targets. It -u> poiiited ot that geologi! ats and engineers
.cck for and des.-cribe th irys pert inent to structures di ffereit lx than) was done
in; the past. Ky idvuices of pioe 1t ngnss movements are no", act ively searched
for and related to both the st ru tire and an., impounded reservoir or channel;
-ind the size _-cale of ''be? evalile' rress movementas much larger than in the
yea rs pr ior to libby' ad \ a l out R 0 Cok oitand shear zontes are now,
taken as real and critli( acets oi gcoloo'iitrr fbt ncaia

behavior and hyd rauli p rcpert ion e.g. , Mlpasset and Ffcll Creek iDals).

8. The role of geophvs ics w osservedi t. 1,e alImostf as uncertain as the
confidence placed ill 4ts results, :oile Dist o ots and D~ivisions have essen-
t iai l no continuing capajbi lit v for aii' g eophvs irs.i investi got ioils, either in
active use or in judglng the ir app1 icab ilit: or thle v~i no of their resul ts.
Other offices act ively di root in-house equi pmrcr.t and s;pec ia list personnel
toward all phases of ex.ploration: anid still ot lers remai in cogiiizanit of the
state of the art and freely% engage contracted geophysical Fervices for complex
problems involvinp existing structures. The lower >isiaipi\allev, Dlvi-
sion (LMVI)) rout inely uses; electric logs as a stratai correlative tool, even to
the point of placing borings solely fot loggir purposes. Caliper logs and
natural gamma radiation logs, coupled with the elect rio logs, have been
applied by the D)iv is ion for weak seam letveril i nation. The NorthI Cent ral1
Division (Nfl') aiid South Atlantic DIvision (SAD) have hire(! geoelectrical



S L ea Ili n~o p ot ell ial -;II -N' Jor l . ' w a t oc-atiuri ar-. siih5,t irfa
radar sut-vevs for locat ion 0? to 'id ml i dodios. TJhe X')has;

contracted for acoustic logl)I ~0 l .'.ICSUtVe V,, to dletermnlle

the elastic properties o:l roc intt id .itr rock mse. (r

wide, there is no rea) Ifn : C- - ,e .lk ,'phv\ojcalj e'. er iVed da t aI

any, more than there is onl thIie p. i cat L,;oIcai te.: flliiq uei-. In sor,

project cases geophysics I, Iltrse a intl L:I Vt~d ., directing later, more
detailed core sampling explJorationi .v . ,>11e ca..geopilvsic s' "S used] m idwix'
in a program to ext end ki.o l edge ,1 niedl or! 2 ar )v horeloles to tincoren, areas.

9. Core borings and ICCn e eOVL ' 1.l :it ,,:I t e c I- imud( as- h e 4n g, I
practice, virtually standard inchi i i icco;,lpli.i,( i0 K: in-houne iiri l~ur. The
expertise and equipment exis t s , J aais lef , vit hill athe Corps to make ho'es
and recover samples frori pioL icalI %' _i:% o Pro>tIe. and shor: -

falls do, however, arise at iwo r lIv v'erv; n-ol e, I i lj, ior-i ot obsntacles to
management and planning. There is a r~cmii~tilt raii c-0:l hetween iunds and
manpower available Onl One Side a nd IIe itimbt pi aii .ii si aes of hor ings

believed required to ad7eqtiatefvo~Ji~.~lidoy oii
tions. Always present, this 11 fjloe 'L't% inl 0opt ill: reon availahe

versus effort requi red has .occome create r .11k 'I'r t ~e2 rUeent

years . There are practical prul 1 c:- areais 4- lf Iexecoa t i ;: d !r ilI i I g 4. it

grams in existing st ruc t ire ,sum~ asriIIlt r~S oliti atl~

internal gal leries or cond1ucti! (."rll linc' i - tr!!,, Lirtnzaiia use,
but lack of moniey" and knowleJgeahi nsiee L': st-c:P aS Ii h,)reitest
obstacles to in-Ihcuse urtilii:;.

10. Conltracted drililing iii, ilc i ' n> :- :'k 01 il'.'na_-: ;,g. ptio rsoniC,
constraints, 1iut the ZItn C p:."t Uc I-,"C, I t,
of the part icipanits . Ass,,!I d'Ies01. Ul 

1 t 1 P. -orvo'e ar e
d if IiouL 1t t o ob1)t a in, es p ec i u:I -- ii ti L' 'I e1 , t, ,i tect ,-
ntuinbers of holes dri Iled . ']Ae L ! .'e, 1pi i t,'u- tl
geologist/enginee- in. charge ot aI i tir.~ite( i: i to' e it- f
kind of quality conttto . rhJis Ckill'1 t i~l, L' 0 e\ tit t 1e I t
the weakest charac terist ic-; ind Co' I-C o 7 1 1 o- t' i t t 2

c r itic alI t o s truc tu ralI st-ahil IitY 5it 1. Ir Ite.
I t i s imip o ss i 1l1e toL diS t i iignli h Ie tt2 (2i nal, I r I' a io- k' x~a I Ies Fn(1

s I opp y s aIn 1p1i ig t e chInIi quesI ene i de I I c'niroe on
lost ccre.

I. In sonic circurntaii.es; t lt ,h rer l cK0 ?. L, or. J

based upon the scat ter and! theit \ alIie : _I! 1) !t I t t l~r For;.:ej(1
studies . Thie geologlst,'etigl;,eer Ii! C!r mo o' 01 '' 1':he'

participanlt itt the anailvsis in,! *z )11i'kO'' C. c tca
ences in the pattern 01 retOCvtlreil -iI 1L' 0-.1 e1 t,. i t ot the
targeted sttrata. His kiiotiedige ol tie 7'etoc 1 0; .0i' 

t
it

sampling a unique insight into the re,:t ive 0 t : teq

results and tile datai spread. F kr ic asoi.k u. i C t L' it 1' til
s tr uc turalI a nalIyst1,s anIId a t th I Ii ol IlI- teo I .ito L 0:.c-d ,
e xp1)e r ie nced iniisigVht I r e q i e it I Yce t ife!l ;k des i o t net 1 ac 0 : r a edo

to a s i nig 1e av e radge orI e r ee , ife 0o a ;'.'1 a, i:: f I



C ' omp I erentarv to v I, aho 1 o pa it, riade in the Ikarking (;rnup d iscus.sions
'NS tHeC sttement thait '"the hesDt ptoop le tor a- patrt icu ],it Joh are nsua "2 v back

it the off ice away" ram the pro lect and ,t ten tietd up wi th another Job.'

"bo'hther JusLt i ed or not , Lth e i ic t ohoo--r'e d is thI alt the most ex p er ience d rind

oua I iffiv peop le !'or e t erpret iii, leo iog i cal itnt em-, ineer ing data at-d solving
problIems are to' 'ecup itd ti) prno". i LT~a i 1 ] piit to on-',''Ite plans adi
Sec ei s ioa n

13. I n it test., ot CC l 'o Ut T.u~ e hetter tiar, laboratoir%'

tests, it I-roper1' C it leT alit ii . i 'Vi(1e tlaIdtiC paramneters, strengths,

5ind pore prc .- ;reS. S!bIeam I to' ts.'sr'ao to be thio t'.-pe onl wliich
the most t ilk rit!toleO'.<~e' M Yt tCase tesc :specimens are at Such

sna ii that ()n!' I r:,-, I caa ' I1 i > L',tI Ir eS i;r,< inc luded in tht- test
results. iL.tnal i 't 'I l e t I ' l't r-ted SnailT ,, he- Much I.-rger
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19. Problems arising from experienced Corps personnel being unavailable for
project-specific problems were seen to he surmountable if the need for help
was expressed sufficiently. krhat is lacking is a form of directory (other
than in people's minds, as to what ex:pertise does exist in the Corps
nationwide and where those individuals are onl duty.

20. A number of suggestions were offered for dealing With "unmotivated
drilling contractors." They include payment by time spent rather than feet
drilled; payment for acceptable samples recovered rather than feet drilled;
assignment of experienced geotechnical personnel as Contracting Officer's
Representative rathler than someone in a clerical position; and specifying in
the contract terms exactl1'y how many and by what means samples are to be
recovered and preserved. A Corps-wide survey c- drilling contract language,
both good and bad, was seen as necessary and beneficial.

21. Rock sample handling was disctz~sed to ascertain pos sible desirable
research. Knowledge of simple handlilp rmethods was tound to be as varied
among the part icipants -,; were the actual pract ices used in their organi-
zations. An updated survey ;i:id evaluation of sample preservation and
transportati bn method,, that have come about since "he !930's was felt- to
be worthwhile. Softer e~.Tentifory age sedimentary) rocks and di scon-
tinuity samrple ha ,ndling requires crigi1 Ial research and development.
Semi-automated. thcrrriolly a al ec plastic wraipping was suggested as anl area of
studY.

22. Jr, oraer to bvosthe Pr-ollems inherenit in samplinug rough discontinu-
- it ies of large 0:0 1 e it wa suggested that the ifscont inn it le. !he charac-

terized in situ. A varlition onl crossF-hole electromagnetic wave surveying was
supjgested in whqlob the di sconit iru itv was "doped' With iniected metal lic salt
solutions, thuIs prnovid ig a) ta geL tor the c-I ec tromagre r ic Wave su;trvey,. The
proposal wais ackiicwltzdged to havc a high risk: o, fai lure 1-ut to offer' the
potentilal al- flit;- to ''s ee'' dis-coint i on ties in thleir total tv I-etween
IIoreho IC.

-3. Geophysi cal met hod, 1:ere di scu!iswed at length, beginning with el ectri *c and
natural garrna log-s. I,' t;ere is Fce-d prior inlonn t ion on the geology, then
we call defiiite Iv us,,e the g eCnhsIIc it,! logIs With) confidence early in the
explorat ion program to corrt late strano to and ident ify cI av-ricli (often weak)
zones. If there are no or poo! c'cords exi at irn onl the s! to geology., then the
logs should he usecf ii, every boritig, but oly% rinlimal reliance shou(7 1be
placed on log interpretat 'on in the earliest boring s. Experience and geologic
insight must be developed' at each SitL Ilofore the lofgs canl be used With
confidence. Standard sei smic and( electrical Peophvsica survey,, play little
part in structuralI vvaluat ion; the.% arc a imp I . not dlirected to the desired
teature!; of nook mas-ses. Cross--bole seismic suvyhowever, can provide
e last ic parcame tet doata it t he- ace reau i el for staih.Ii tv anal\vs is.

24. Remote sens inrg o1 gee Ior Ir f ea tune-s appears tl Itnct ion oin too large a
scale to he applicable to exist ing structure roovaltnotions; but developments
hY other agencie.,; mra arise.

2. Thermal suirveys, vhc tier of Wa ten bodies or ground water or regional
jut rated rodiilot [ pat tot ma , of ferr prom isu in the future hut not yet.



'6. A question arose during discussions as to using geophysical methods,
specifically acoustic ranging similar to sonar and analogous to radar, to find
and characterize tl~e concrete-to-rock interface under existing structures.
Some participants reported observing voids at that interface, some reported
little cr no adhesion between rock and concrete, and all agreed the configura-
tion as-built never matched the design/construction records. Such an acoustic
r'Lthod was igreed to offer potential benefits arising from its development.
The implications of possible voids or nonintimate contacts to both sliding
s tabilitv anid to uplift estimation were discussed.

'7. :, major and strongly desired action on the part of the REMR program was
the establishment or adaptation of a data base of rock strength test results.
,he data base vould be similar to or part of the Computer-Aided Geotechnical
Engineering (CAGE) svstem and be accessible nationwide. The goal would be for

a lc.l engincu< seao1ogit to be able to extract all test results for parti-
cular lithologies or specific formations or from single localities that had
been obtained in prior test programs. It was stated that even within the
ccinines o1 sor;e Districts, there was no single source of prior rock
c,ar cteriot ion intorration.

Table 1

(~( :{ FCHN' [CAT IWVEST [GATION GUIDANCE SOURCES

TI lDP-1-JP(Y: C;eotechnicai Investigation for Civil

,'orks and Military Construction

E 1110-2--190s Instrumentation of Earth and Rock Fill
Dams

Part I Ground-Vater and Pore Pressur(

Observations

[.rt . Earth-Movement and Pressure Measuring
Devices

TNI U(-.)-1, Subsurface Investigations - Soils

' 1011-2-! 907 Soil Sampling

EN 1I I- -I8C.) Ceophysical Exploration

I. 11 0--2- 1906 Laboratory Soils Testing

Rock Testing Handbook
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COMPUTATION OF FORCES AND METHODS OF ANi? YSTS
FOR STRUCTURAL STABILITY EVALUATIONS

Chairman: Don Dressier, DAFN-ECF-Y,
Recorder: Carl Pace, WESSC

Members : Erville Staab, MRD

Hubert Deal, TVA
Don Logsdeon, NCR
John White, SPK
C. W. Kling, SAM
N. Radhakrishnan, WESKV

Don Chambers, NPP
John Peters, WESGE
Joseph Erhart, NCB
Jerry Foster, FERC
Howard Boggs, ISBR
Wayne Clough, Virginia Polytechnic Institute
Fred Tracy, WLSKA-E

Dale Munger, DAEN-ECE-C

Goals of the ,orking Group

1. Summarize the problems and shortalis associated with determinrig the
driving and resisting forces on a concrete stricture on a iock foundation.

2. Identify the shortfalls in the present procedrre which are used in
evaluating the stability of existing concrete structures .n rock oundation-.

3. Recommend potential solutions with emphasis on research and develop-
ment activities to overcome the identified shortfal;.. Field and model test-
ing as well as analytical analyses should he considered.

Tit roductioe

4. The majority of the Corps of Enpineers (CL) lock mId dam structuncs
are 30 to 100 .ears old and have shown no signs o1 in-stailit\. hocwever, maii'.'
of these structures do rIot meet present-day stability cniteria when onalyzed
by conventional stability analysis methods. Sore of the.se ItI uctures c"en
have monoliths which have a calculated satety factor (! es s than one. Since
these monoliths have not failed, it is obvious that the calcuiated safety
factor is incorrect. In addition, overturning anialvs~s of the nonoliths o1f
some structures yields results which indicate that the monoliths will cverturn
when subjected to loads of a magnitude that they routire iv withstand. Calcu-
lating errors may be due to inadequate determination ot applied or resisting
forces, inadequate selection of analysis porameters, and/or the concepts used
in the stability analysis and evaluations being invalid.

5. The conventional stability anal-sis of an exsting structure involves
making a number of assumptions with respect to forces, analysis parameters,
stability analysis methods, and evaluation criteria. Thesu assumptions need
to be studied and evaluated to make sure that ve are not overly conservative
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in our assumptions and that our stability evaluation results are truly repre-
sentative of the in-place stability of existing concrete structures on rock.

6. The cost of strengthening a structure against slieing or overturning
is substantial. This expense, however, should not be a reason to change our
conventional stability aralysis procedures unless it can logically be shown
that the change is a better representation of the true in-place stability of a
structure. The general feelings of the Working Group were that our stability
procedures result in overconservatism and that we often spend dollars to
strengthen structures which have adequate stability.

Force Estimation

Introduction

7. There are both applied and resistive forces which act on lock and dam
structures. Examples of applied forces are soil and water loads. Examples of
resistive forces are friction, cohesion, and strut forces which develop to
resist the applied loads.

F. it is not practical to measure the total forces acting on a struc-
ture; therefore, they are estinated. The present way of determining these
estimates for many of the applied and resistive forces on existing structures
is crude because of restrictions and variables such as:

a. Limited sampling ard analysis of backfill ard backfill pres-
sures and limited measurement of uplift pressures due to
limited funds.

b. Inadequate methods for determining the existing backfill pres-
sures on lock structures.

c. Lack of instrumented data from existing locks and dams.

d. Nonhomogeneous backfills.

e. Inadequate information on the construction of existing lock and
dams. For example, the as-bhilt geometry may be in question,
and the backfill material and its compaction may not have been
docurented.

f. As-built drawings documenting the location of the concrete-rock
interface are tsually not available or are not accurate.

Cores of the concrete structure and the rock foundation used
for determining material properties, weak seams, location of
the concrete-rock interface, disparities, etc., are expensive
to obtain and at best give limited results about the three-
dimensional environment.

Backfill Pressures

9. The need for improved methods for determining the backfill pressures
on existing structures was discussed by the Working Group. A variety of
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backfill materials have been used at CE structures, and many are nonhomoge-

neous, which further complicates the problem. Cobble backfills are extremely

difficult to sample and test and backfill pressures are largely unknown. The

determination of actual backtill pressure distribution on a structure is a
problem the Working Group felt should be addressed. Research should be con-
ducted on the effects of the shape of the landside lock wall monoliths on
backfill pressures.

10. Devices which have been used to obtain soil pressures are: pressure-
meters, Marchetti dilatometer, Cloetzl cell, Camkometer, and the lateral-
stress cone. The success of these devices is dependent on the type of soil
and the experience and knowledge of the operator concerning the device and its
limitations. Additional research is needed o:! nanv of these devices in various
types of backfills.

11. The determination of backfiij pressures was discussed at the workshop
by G. W. Clough, and his paper entitled, "Comments on A Proposed Investigation
of Lateral Farth Pressures Exerted by Backfills" included in this report.

Uplift

12. There are differences in the CE and the [SBR appruaches to account
for uplift on the base of lock and dam structures. The CF accounts for uplift
as a load, while the USBR accounts for uplift as a base reaction (pressure).
The USBR method of accounting for uplift 's more conservative and nay be more
applicable to high-head dams, while the CE method may be more applicable to
low-head dams. The Working Group concluded that much upliit data has been
collected on various concrete hydraulic strucri!res and that this data could be
collected, put into a data base, analvzed, and the results correlated with the
various assumptions used in analysis to draw conclusionF, about the validity of
the assumptions.

13. There was some discussion or the effects of changing, hydraulic head
on uplift pressures and drainage system efficiency%. It wLs felt that avail-
able piezometer instrumentation is sufficient to make the necessary measure-
ments to determine the effect of changins hvads, if the piezometers are
installed properJy and in the right locations. There may even be enough
available uplift data, once collected and analyzed, to drac some meaningful
conclusions on the effects of changip hydraulic head on utplift. Analytical
studies should be performed to estimate drain effcctiveress using well theory
and the principles of fluid mechanics.

14. It uas pointed out that there is also a difference in the way the CE
and USBR account for up'ift within the concrete sections of a hydraulic struc-
ture. The USBR assumes a hydraulic gradient which starts at the upstrean
hydraulic head on the structure and travels through the structure ir n
straight line to the elevation of tailwater. the CF assumes a hydraulic gla-

dient which starts at an elevation of one-lalf of the upstieam hydraulic head
on the structure and travels through the structure in a straight line to the
elevation of tailwater. This was not considered to be an item worthy of
additional research as uplift is not generally considered to be a problem
within the concrete structure.



'5. Analytical studies by finite element analysis can be performed to

estimate the tilting and crack development at a concrete structure-rock foun-
dation interface of a structure suspected to have a crack at the interface.
This analysis could then be compared to the results obtained by conventioinal
analysis of the same structure. if the conventional or finite element analy-
sis indicates that a crack could exist, then a borehole micrometer could be
installed and measurements taken under changing loads to see if the crack
really exists at the structure-foundation interface. A crack at the structure-
foundation interface could change the uplift on the base of the structure.

Drains

16. Drainage s.stems can be used to reduce t;plift pressure on the hose of
a hydraulic structure. These systems can lose efficiency with time, however,
due to clogging, and some method is needed to determine drainage system effi-
ciency and to determine when the system needs to be rehabilitated. There is
the additional need to know how drainage efficiency is affected by changing
hydraulic head (discussed previously in paragraph 13).

17. Current CE policy is to treat the structure as if it does not have a
drainage system when a crack is estimated to exist at the structure-foundation
interface and extend beyond tle drain. Full hydraulic head is assumed to act
on te base for the length of the crack. There was some discussion on whether
this assumption was reasonable, and some mtembers of the Working Group felt
that the drainage system would still reduce the uplift pressire and should be
considered in the stability analysis. It was felt that additional research
should he conducted to resolve this issue.

StabilitN , na ]ysis

'liding

IF. The CF uses the Limit Ecuilibritm Yethod as outlined in ETL 1110-
2-256 for the sliding onalysis of concrete structures on rock. One concern
rentioned about this method was that it neglects the effect of strain conpati-
bilitv. Many of the Working Group members considered this to be a serious
deficiency when evaluating projects with soil backfill, a rock foundation, and
a passive re,:istance system.

!9. The various types of resistance (friction, cohesion, and passive)
which cause a structure to be stable do not develop at the same rate in rela-
tion to the resultant applied load. An example c-f how comparative resistance
rate ; may develop is illustrated in Figure 1.

20. The maximum magnitude of each of the varlous types (11 resistaice can
be computed in the conventional manrer, but their dev!loprr, ts, in relation to
each other, may vary in phase. This is important because if the maxfMium ol
each resistance does not develop at the same strain or resultant applied load,
2t will never be possible to have a total. resistance equal to the sum of their
maximums. At the resultant applied load of H in Fipure 1, the total resis-
tance would not be the sum of the maximums, but would be the sum of the spe-
cific resistances at H This could cause a signific:,,t effect on the sliding
salety factor ins the applied loads increase.
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ANAi YiS I S OF FX I F;T NG STkU(I URES VFRSUS
THIE DES IGN OF NEW STRtCI URES

Tct roduc t ion1

The info.rmation available for the evaluation of existing lock and dam
structures is significantly different from that availaible for 0t(- design of
nei.' structures;. The existing structure has an operating history of structural
response to various case loadings which in most Cases giveF Ctear implications
ab~out the safety of the structure. Some would say that, if- a structure has

pri ted wit ho,:t any signs of instability for 30 to 100 years and has been
sub otecre various, loading condi tions for which it was designed, then the

striucture is- stable and does not require s-trengthening.

5. Yet an exis-t ig structure, the eve raj st ructural performance during
various ioao irc (_,idit iotas wil i e knovit; borings and written) comments about
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the actual pressures, forces, and deflections at or near the structure as well
as material properties and relationships.

30. An existing structure has the advantage of having an operating history.
If the operating history covers a reasonable range of loading COTiditions and
the structure has shoun no signs of instability, consideration should be given
to factors not considered in the design of new structures but which, contribute
strength to the stability of existing structures.

31. The existing locks and dams which do not weet present-day stability
criteria are numerous, and in almost all cases their operating histories; show
no stability problems. This is not conclusive evidence that the structures
should not be strengthened in stabi.-ty. However, it does stronply indicate
that many of these loc:.,s and dams are stable and that overconservatisFi exists
in the loadings, stability parameters, stability analysis, or stability
criteria.

3.. The friction angle (0) and cohesion (c) values used in ,stability
analysis should be obtained as realistically as possible. The upper and lower
bound values for (0) and (c) should not be used unless thev are jsed in param-
eter studies to guide the stabilit' evaluation.

Compara:tlve studieo, Orould always be mad%: (T r aspect (,I the sta--
hility analysis and on methods available for strcngtlhening .ntructurec it
stability when existing structures are anal "ved and st e-cgthe:inf reasrires
considered. Computer programs de,'e1oped by the ('ASF comr'o t-ee should !e
helpful in performing efficient sLahilit: analysis.

34. in cases where structural g eometrv or luading is. urs;ummetrfiai , a
three-dimensional (3-D) stability ,naiysis may ho r:ccessary to (bLain relfable
results.

Recomnd.,,-iro t ions

33. The feasibility of ressur ing bac iiIl presr;rre:-; in varjous types of
backfi ls should be studied ard a: asses:arren, t made of avallable tes ting tech-
niques. Test programs for consideration are:

a. A, limited tc.est program using a hi'ig- pressure pressuremelcr to
measure the backfi'l pressure for a cobble ba;ckfill. Consid-
eration should he given to hov, close measuirements shovd be
made from the structure-backfill interface. (7, that corripari-
sens and evaluations can be made, tire measurement:- should be
pr rformed where other irst rumenteri pressure va iues have beer.
obtained.

b. A similar test program could be conducted using a pre:,s!oremeter
in a clay backlill to determine the variation of bi'cktill pre,-
sures witl distance !?o the backi i 1-wall i.terface. T hese
results should he compared with stress cell data.

c. Arrays of C, ie tz cells .:ciYld be placed in the b, ckf il bel;id
a structure to rrajti:n:re the changes it back Ii I pres:ntres for a



range of loading conditions. An instrumentation system should
be used which is adequate to monitor these measurements over a
long period.

36. It is recognized that in order for a stepped or irregular shape
structure covered with backfill material to overturn, a shear plane must
develop through the backfill material. Resistive shear forces develop along
this shear plane during structure tilting which resist overturning, but they
are not considered in stabilit analysis. For some structures, this could
mean that a significant resistive force is being ignored in the overturning
analysis. As assessment should be made of the influence of this force or
overturning stability.

37. A parametric finite element study should he performed to determine
the loads on a structure with a soil backtill, rock foundation, and passive
rock or soil resistance, and the results should be compared with the loads
obtained fron the limit equilibrium analysis as presented ir ETL 1110-2-256.
Strain compatibility should be considered in relation tc both analyses to
improve the understarding of the behavior of the structure and backfill and
what, if any, changes should be made in the present stability analysis.

3,. Existing data should he collected from various organizations (TVA,
ISPR, CE, etc.) on uplift measurements and other parameters needed in the
anal vsi:; of the uplift under the structures. These data should be loaded to a
data base, analyzed, and the results correlated with uplift pressures which
were or would have been obtained by the usual design assumptions. Determi-
natioris should be made as to the validity of the CE and USBR approaches to
account :cr uplift on the base of lock and dam structures. Recommendations
shoild be made 'oncerning hew uplift should be used in stability analysis.

39. A realistic model should be developed of a monolith of a lock or dam,
a finite element analysis performed to obtain the tilt aru base pressures.

A (onventional stability analysis slould be performed for the monolith and the

results compared with those from the finite element analysis. It should also
he determikned if toiventional analysis gives a true representation of the like-
lihoo,' of a crack existing at the upstream or loaded face of the structure-
foundation interface.

40. Experimeita] tests should be performed on a block structure, and
crack development should be measured at the structure-foundation interface
under loadings. Finite element and conventional stability analyses should be
performed for the test structure undet the same Icadlngs, and the calculated
crackirg at the structure-foundation interface should be compared with the
experimental test results.

41. Experimental tests should be conducted to determinIe if it is fensible
to allow some tension due to bond at the structure-foundation interface. TVA
allows 15 psi of tension at the structure-foundation interface.

42. Ai, existing lock or dam monolith shouldl be instrumented during reha-
bilitation to determine if a crack really opens at the structure-foundation
interface under loading when conventional stability analysis indicates there
should be a crack.
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43. Drainage system efficiency should be evaluated under various condi-
tions, and a theoretical model based on well theory and fluid mechanics should
be developed or validated. Rehabilitation techniques for drainage systems
should also be studied.

44. A study should be conducted to determine whether or not the sliding
safety factor should be constant or variable in relation to the various
applied and resisting forces. Strain compatibility should be considered in
this study. A realistic sliding analysis procedure should be developed using
variable safety factors for various applied and resisting forces.

45. A rational approach should be developed for the analysis ot existing
structures which takes into account the additional information wblich is known
about the operating history, the site, and the loadings on the existing struc-
ture. This approach should provide uniform guidance on the forces to be used
in sliding and overturning analysis.

46. Laboratory tests should be conducted to determine how much movement
can be tolerated for a concrete structure on a rock foundation without signif-
icantly decreasing its resistance in stability. This may have an impact on
the use of stressed or unstressed anchors because the unstressed anchors must
have movement to develop resistive forces.

Summary

47. Factors which may contribute to existing lcck and dam structures not
meeting present-day stability requirements are:

a. Tnadequate consideration in the analysis of all the information
hich is available for existing structures including their
icading history.

b. inadequate determination of applied and resisting forces.

c. Iradequate selection of analysis parameters.

d. Pse of invalid concepts ii the stability analysis and
evaluation.

48. These factors should be studied and recommendations made for changes
in the overall stability evaluation which will better define the in-place
stability of the existing structure.
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b. Idcntifying the shortfalls in the present procedures and ,jpec i
the dif ferent types of mronitovirg: -vstems which best aid4 4:: t he st;ih i IIt-
evalua tions.

c . Re commend pot ent iaI s-olIut ions to overcone %.arrous s ho: al I'It
emphasis onl research and developmrent plans.

Irsqtrurnent a L in

Types of Yeasurements

6. For dams ard their appurtenant structures, tht: main (1115" ,2 :iO C (i!-t:I

are: (a) loads, inc ludinig both forces and! pressures,, t'i rI5)( s~

moverients, including both albsolute and relat ive ate.(c9 1-rin tI

usually conivertEd into stress; va LueS , (d) tenrprattar L, ,) (et~~(~
r at esb, ( f) vib1)r at io ns ( i. e. , a cc e Ier at 4 (. , i I Iclag If1~ t; tiI(I

(g) acous tical emissions , anid (FP ro tat i or,

Types ot Instruments

7. Measurements are mrade hy mecliaiiicaii t t ,7, ,ia
mnethods. Fore o: thre cormonl viuse(' s rues s I V

Jb) pres,,ure yages, (C;, extenisomuetors,, (d) t i t:.CLUI C , ri u us ,
(f) p luml. lines , (g ) survey ing ( ic Iud i ng t.It, rai t2. c-n' i7f

d ev ices, (hi s tra in gages , (I) stres gages , ' er 'ct

t ransfIo rme rs,( crack gzages , (I oi TIt metert , T .0 ,>'
mocoupi1es , (o) f Iow-me ters , ( 1) pi ezomete r,,, ari . c .'

Instrument I nstal lation

8. Ai'tfer World War 1 1, inist ruMentat io 011becamle it Tp'lf trA:

this- period, relatively littlt2 instrui ntatioi, was islc ii
more irormation became a ri a re n t, add it i onalI inTIS t T 11 rt t:

Adding instrur'enItation to? anl eXiStinp7 structure 1., 1::
is installed during the original construction and c: to: a.

thre desi red informationi or is lacking! in suf f ic lit icci. r !kc

Design Group Visibility

.~er t he years , inist rumen t zti on de sign hlas h~ec(: Pu I n' t a t td.
Present practice is to inc:lude iris t runmentat i or !s- lpa1 0:r ie d Iani), I'li
several Wrkshop participants indicated that it is, stil:i t! I ugjtd e ' a, 11!1
ondarv role 411 the design process. Ilnst ruiientatL ici' (1' Id ins it]ti t, a n

integra i purr of the des ign p rocest: a~nd not a sa m

Reliability-Accuracy

IC0. One area of apparent def iciency in preseit-da. itr:.otai' is thadt
construction/f irst loading anid long-term safet', ti stabi I it%, rreaisirt'r:nt s are
obtainied from the same instruments. Ih (.sec t %,o f ui ct. i on i,,Iio LiId lie sepa rated.,
and the safe t measuremell t s should be taken I rc , i e t o0- irs I rmnteii t levil-

cated solely to this purpose. On most of the coiicrete struictures; (leA)ied or
operated by the Corps of Engineers, there ;-re two kinds (,I instruments,
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namelY: (dA) standard or common instruments such as plump lines and piezome-
ters, and (h) special or investigative instruments. Often, there is an over-
lap in the>:e two kinds of instrument systems. The investigative instrumet
pzockage depends upon the nature of the problem under investigat ion; for eyam-
ple: deflect ion versuis cracking in the rock mass versus leakage. The O"ffice,
Chief- Fngineers, If ArmY. currently has design guidelines (ER 1110-2-4300) and
recommendationis for various liistruments which must he installed in all new
concrete structures.

ins trument Availabilicty

11I. Xany -.ew iluStru.enlt S are noi vailable as a result of new research and
de'vel cpmeaital ei 1 :orts by var;,ious manulactiirerS. Keeping abreast of new
instru-entatioi , including their avai"labilityv and capabilitiesF requires con-
siderable effort on the part o: arv instrumentation design group. It is
recommen-rded that a cata joguc , perhaDs in the form of REYF notes, be produced
which id entif*ies, tht a'aila il lt, capObil itv, accuracy, and expected life of
present lv avi1able in~trurlentatiou. THiS cata1lgue wouldI a1Lo serve to
indicate aireas ic ve inst rurtertation is lacking or Las not beer developed or
which itr en>currentl 1' ove limited perform.anice.

Data Collection

>"anuzil vesiAU,710ric

i..lar coIlI ec t on(11, WiLn :I e mra nua I I i s subject to, operator eirors and lor
a la(-ct~o kl ii read!ig the ins-truments. Tiis s itua t -*c.-, i s espec ia IlY true
for damn and !ock pnerar ion, !.,caus e technicians are often not inf1ormed or lack
training in the (-)I i caceo various d.ata. An automaitic data collct ion
pro,-ramr would do muich to o)vercomfe many .,- the probl1ens resulting from the
manu1alI co 1 It:( r i on- of dta,

flata Analyvsis

13 . Once thle da cii are coll Iec tcd , mos t Workshop memb.!e rs ag reed t ha t thle
aralv 1 a y!. th e da ta i s ju it e iwell hanidlIed v thle va r ious agenc ies . At most
install at ions , design pe rs-L'lnl who were often men.'ne rs of thle original des ign
teams art nvailab1 e ,or tite data analysisz. These personnel have the skill
neces-sary to Find an'. nma.e or inoonsisteuc les ir the data. '..hIenever
deviat ions occur, the agiencv is then prepared tO adke correctivye act ion as
needed.

14. The 1*VA expterience of a ,;inigle agenicy designing, construct ink', and
operating a dan. perm-,its a continuity of personnel and ideas, which is clear>'%
advantageous over the s ituat ion of disjointed groups performing these func-
t, -ons separately. TVA arnd the US Army Corps of Eng lieers emphains periodic
training for all their field personnel who co,,llct data. Data are plotted and
documented on a conLtilluing basis to ,ook for adverse trends. A sta t is ticalI
package should be developed which would automatically monitor the output of
the safety mea.suiring instruments at each concrete structure site and indicate
potential problems, well in advance of anY crisis situation.

15. Similarly, Burea;u of Reclamation engineers design the concrete dam and
ILic inst rumenit,i t on package aind mon it or the st ruc turalI behavior continuously
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Lt! "I!,+i conlstrutct ioru/! irs,-t ti I lillW and1 Well iDto, Opera ti On. Tis th. it- uxr

c r it tcr Viand ot hTe r it rime t c . may h e e f fec tive I N, ev aIua ted.

Critetlia anti Standards

Cour -l1s t e:,,t (r it tri

If.A .vL- IY u nan .iimaui s ag reerk-i t was exp re sstc by the 'o rk shop MmCM1tr' ill t hk
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- -a' ; c i ppact I in shalIe and1 c ci.- -; seari s.

I t J !ve :niaed tht tire iel i nUlst rumen ta"t ion I tllt c cou-p C0 -I( V-i thi
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PIUCEDURES FOF SFLECTIN(; AND DESIGN!NC
SYSTEMS TO IMPROVE SIABJI.TTY

CHAIRMAN: Lucian Guthrie, DAEN-ECE-D
RECORDER: William ,'cCleese, WESSC-A

MEMBERS: Thurman Gaddie, ORDED-T
Ralph Strom, NPDEN-TE
Sam Doak, NCRFD
Vic Agostinelli, INVD
Anton Krysa, ORPED-DM
M. K. Lee, DAEN-ECE-D

Goals of the Working Croup

1. Summarize the present procedure and techniqies including methods of
analysis, for strengthening the stability of existing c(i:crete structures on

rock.

2. Identify the shortfalls in the present proceoures di:d techniques.

3. Recommend potential solutions to overcor, t1e identilied shortfalls, with
emphasis on R&D plans for addressing the probhcri ,.

Intrcduct ion

4. Recent reevaluations of several aging Corps structures have indicated that
some of them do not meet current design criteria foi stability. For those
structures which are believed to be truly dtficient in stahility, the choices
are (a) to add additional stability to the structure by adding additional
resistance to sliding and/or overturning or (b) decrease the loads applied to
the structure.

5. Adding additional resistant forces to a structure is geierallv an expen-
sive proposition and conseqtcr: tlv it is important to chorose an efticient
method. Methods identified for discis. ion by the group were:

a. Rock anchors (active and passive).

b. Backfill. anchorage systems.

c. Addition of passive resistance.

1. Temporary and permanent struts between lockwalis.

2. Anchored reaction blocks (concrete or rock).
3. Monolith joint keys.
4. Underpinning.

6. One method that can sometimes be used to decrease the loads applied to a
structure is to operate it below its original design capacity. For rost Corps
structures, however, this is impractical and it was not an item for discus-
sion. Methods for decreasing driving and overturning forces that were
identified for discussion were:
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:I' t..t tion (cutoffIS , drainage systems).

P k2 Ld Uct ioi o If - tC k f ii I Ipre ssu res.

R er: "\', I ct ba ck Ii I'
* . ep I oceilent of back- fill wi th eng ineered baickf ill1.

KedL!uct i on o f st uraitt i on IleveL,

c . o, I os to0 1. -;r, i t o r r e,.-e rt Ex c e ssive E xt er Ia 1 oa ds ei . p , ipc t
ice lodi ,omorir, Iline loads, and buildup Of Silt).

Adding Addi tional Resistance

t? t o d Z ad ( n 0 adit ic, ia I resistance to Sliding and/or overturning
were discus--sed § irist 1, the grouip a-nd consequent lY received a fair amount of

att~t in. Te V 1t ethod( discussed vas rock ancl.ors.

RX CiAck 1.1h0rs

I rc achor c'11 be ca i jed a s t2 i t lier ac t ive or pa ss ive . Act ive is a
err. ii>t,, -r roc" a7vk!o rs t Lit airo stressed' vhen tile%, are is ta Iled 'T- a

>.~ltue ~ di o~Arezis-t ive forces to thle structure. Passive is; a
LermT Lco t~dc~t t lh ' tht n strest is added' tco the anchor When it is

it,- IQ It. 1i t, fSi\'1 irL hors add no load to thle structure uintil
f:h1st rt:c t L r t l it!s to move vii iii then. st resses the onchors . Tables I and 2
Li t t lit cvi an sda tges ot act ive rock anchors and passive rock
Ll"ncors , r. (2 S TL, t 2 .

.A c'si cr.01 Ic amcut o t t ,-c as devoted to thle discussion of roclk anchors
to inc Ilude sho t I0a I Is a'31 researci, and d!eve loprnent needs . Rock anchors are?
the most coi,,r-on 1Iet 1id( (' add ing1 add i t i ona 1 resi stance f orces to a st ructure
and have been used on1 -svera I o1ccO 4 ois by the Corps (e . g . , hil Day lock and
Dam, A In Tim k C \i, I 1,u o. 3 onl Monongahe la P iver , Flmlsworth Lock , alIL.
.- c n t gomerv Ic I Ikie d ; idva nt apes Ii s ted inI Tabl.e s I and 2 als IOCove r thle
s ho r t 1 I Is id (2).t lIed 1 o r roc k ore chor s\-s tems . Not all of these shortfalls,
h nve vc r- , areu i t em ir ,h i c h c ,n 'cu e li t f rom research and development . A total
oIf S iX reSea-Jril an'11!(V Iee opmil t iieeds relTat ed to rock anchors were ident if ied

and i: loIMi t i L

101. I'hie fI ir,t priorift'. reerHered Wit. a stud y of the tension and Shear fric-
ioni force'- thait bul d upi in passivye ,inc lons (larpe and small) as the struc-

t ures beg ir is to wrove . The aniouu t of movement that must take place in aI passive
.'I!(hiored st ructuire bt~of'i t le amicli i re ful Iv loaded is of concern. The con-
'cen is tl hat enoughl "', I',rnt might take place to al )ow a separation or crack

o doCve Ior I't~ ce: tilie c ol.( rote st ruc tutre and thle 'ominda tion at thle s tructunre-
I ijinda t ;1(r int or' a c vhf cl i:; shown not to hie in compress on by the overt uru-
inlg an 11i. s s. Flil .1ci-. would a i low uplift pressures onl the structure
equjtillaeint to' hu lll I 11"rostat te heid. In addition, the limit on separation
that wil 1 assur, ii !-ea-r-I riet lon type of fi lure is of concern .

d . 'I le ulse o f ye! r t ca (-IIps 1 ve a nchors lin accordance wi th ACT shear-
r- i c t i or met!Pods in- ofI concern because the sepzzrau ion requ ired to develop the
clamping force may be to;. large, in which case the fai lure would occur byv

ei thter benid i, i,id shear ;In thle anchor or by crushing of the foundat ion rock

----- w -__ __ __ ___ __ __ __ ___09_
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TA I F 2

PASSIVE ROCK ANCHORS

Advantages PI sadvantages

1. An anchorage head is ut:uallv :ot I. Require; some movement of the
required as with active anchors. structure for loads to devel op in

the anchors.

2. Does not add stre,,,ses to the ffect of passive anchor system
structure or foundation until the on uplift forces cr the structure is
structure begin- to move. uncertain.

3. Less expertise is required to 3. A larger number oi passive
instai and inspect, anchors are usually iequired thani

active anchors. Consequentlv more
holes in the structure and

-cirdation are required which can
cause a presplitt-i ng condition.

. 'sua I I. ' more ecoi.i,r ica I tat 'r . ", Vertical passive archor's

active ancho: , for small eilectivetesc for slidiig resistance
structures. i, uicertain.

5. Car be irista 7kc. ip area- he re 9. 'ore uincertaintv iii anal vs is cf
inufficient access is iwiaiv-:tlK1 to p:so,'e anchor- than active anchors.
load a< t iye ancl,,rs.

(. Sequencc o'' instal 1,t ion of tile ,. There is Pcre limited app1 ica-

anchors rtquired is ol no concern tlct, (if passi-'e a nchors than active
silnce no load i; being appli e,! to anchor .

the structure.

7. Corrosion of the ainchors: s . Fach past: ive inchcz is rot
less cf a problem than with act i'e tested as it is inst lled.
anchors.

8. Easier to install underwater.

*Some guidance is avai l11 e from the American Concrete Institute (AC(I
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and/or concrete surrounding the anchor. A failure by shear through the
asperities of the rock-concrete interface is necessary if the shear resis-
tance, as determined by the shear-friction method, is to be valid.

b. The separation at the rock-concrete interface is a function )f anchor
development length, anchor strength, and modulus of elasticity. (See Fig-
ure 1). Assuming the full yield capacity of the anchors are developed ird
load is uniformly transferred by bond to the rock and concrete, then the
Feparation (a s) of the rock-concrete interface vill be:

ff (Ide + ldr)Nks = -- _--
E 2

where Idc and ldr are the development lengths of the archors in concrete and
rock, respectively.

c. The development lengths are a function of the strength of the rock
end concrete, the anchor s;ize and anchor strength. Assuming for illustra.tion
purposes the concrete and rock strengths are equal (compressive strength =
3,000 psi), the development length according to ACI for a . bar, grade 60
would be:

F 17hre 1
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a. Determine the effectiveness of a compressive layer (e.g., foam)
between the backfill and structure which would allow some movement of the
backfill to occur without adding additional load to the structure.

b. When replacing the backfill with another material is an option,
determine how far back from the structure the backfill must be replaced.

c. Develop and provide guidance on the options for engineered Lackfills
(e.g., reinforced earth and drain backfills).

Methods to Limit or Prevent Excessive External Loads

23. This was the last item discussed by the group and unfortunately, the
limited time remaining tor the group to meet prevented a thorough review and
discussion. However, it was agreed than an overview of current practices to
reduce impact, ice, and mooring line loads and determine the significance of
these loads with respect to the stability of a structure would be worthwhile.

Summary

24. During the 1-1/2 days in which the group met, many shortfalls and R&D
needs were identified relating to the selectior and design of systems to
improve stability. Excellent discussions were held with all group members
participating. The findings and conclusions were presented by 1r. Lucian
Guthrie, Chairmani cf the group, to all participants of the workshop.
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REA IEW OF ME'IHOP OF ANAIYZiNG THE STABII ITY OF

CONCRFTF STRUCTURES UN ROCK FOUNDT IUNS

1.0 Introduction

1.1 Purpose. The large numbers of aging lock cr-d dam facilities and the

present emphasis on upgiading the nation's infrastructure has spurred interest

in the evaluation of these hvdraul,1 structures. A typical example of ar,

existing structure which ha6 been recently evaluated in Troy Tock and Dam

located on the Hudseon iver at Troy, New York (Ref. 1). The lock and dam were

constructed in 1916 rd are concrete gravity ;tructures founded on a slaty

shale bedrock. Ihe geometry of the lock and dair monoliths 'a! considered

representative and illustratioiis ol the geometry have been used thtcughout this

report. The evaluation b, the Corps W! Engineers ((F) of the stability of

structures simllar to Troy lock and Pr, has been based on various methods of

analysis,; over the yeats. The purpose of this report is t(: present a review of

the state-of-the-art methods of stobilitv aralysis of concrete hydraul ic

;tructures or, rock fouinctions.

.2 Scope. The scope ,i this report includes a review of methods used

to analvze stability of concrete structures on rock. currently used by the CE

and other design proxessionals ii private jidustrv. Au examination of the

evolution of the historlial Shear Friction Metbhd to the current Limit Equi-

librium Method is provided as we!' as a discuso;ion on Finite hlement ,Methods

for evaluating stability.

This report addresses the various failure mechanisms associated with

sliding failures, a parametric study, ard recommends methods for determining

values for the various strength parameters necessar,, for analysis.

2.0 Review of Sliding Ar,alysis Methods

2.1 Henny's Method. A rational sliding analysis method was presented in

a paper by Henny (1934) (Ref. 2). The slidir, factor as defined by Hennv is

the ratio of the total driving forces divided by the weight of the masonr)

above the assumed sliding plane less the uplift forces on the sliding base.

The factor of safety as dEfined by this analysis vas expressed as the total

shear-resisting strength acting on the tailure plare divided by the water

loadinigs on the projected area of the structure. The total shearing resis-

tance was defined by the Coulomb equation, where the uplift forces under the
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i t ructure wei-e ( onsjidered, in reduc ii.y, thfe total ef fective Weight of the struc-

ture on the I ai lure 1) !,ic

S.5hear Prict iort. ')he (')- Shlear Frict ion Method of cral,,sis (Ref. 3)

e volved! rornmei' rie hod anc. 1,a, been used! until very' tecently by the CE

. or the ann I vs i- anid rev !on,, of a]ll cor _re te hydraul1i c structures founded or

rock . This ruethao az:s umes that it-rest earth pressures: act against lockwall

struc tures ha dtel th soil , and that the modulius of the trcl is stiffi-

ClouZtl> higzi So that Eo \'i& dir G,5 L he Wall occurs that Would cause a

frre(! Lionl in Ci'.t h pressure, '1 he method(1 further assumes that the only

Zui!ng ,th-rk ' ot ed resistaince to slidling general iv occurs at the interface of

the coceeand he(Irock. Typicall]J~ used strengths are the intact strength

.ntwte. the cO~veandi rock or the strength~ of the rock. The factor of

sanetr :s. expressed:( as the ratio of the maximum horizontal driving lorce wlnic.

can he run!i sted b%: tie orit ic.-I". potential fai lure planT-e passing b'eneath the

st ruct Lure piu,> ti'e maximurm, pasive resi stance of ar'. rock wedge at the toe,

1ed the -sum o' tihe horizontc I Icads, applied to the structure (sec

I' :<it1 . A iortor of safetY of 3 is rkquired for tine normal loadling

v,-ren t iin;-o'.sistencr; in the Shear F-ric Lion IMeth od of analysis is

!a'. the (1i' ilu g force,, r consinc~ved as earth pressures at-rest for a Lack-

,'!ed v-i I!, hut res :st og pressure-, at the toe ,ore taken as passive pressures

i, oro; t lung tihne !actor of saf-et.y. That is, the shear strength ot the toe

re-;iwstance is c(, j-:Idered [ii determininij the factor ot safety, hut shear

siti'g2th of the lkii i ot.

lie -,ucces., of tihe Shear 1' ricticor Yethod is probably related to the use

of tii; 1:igh factor c" saletyv ol h ecause frequent ly the miethods of eyplora-

tli 1..cre crude ccon'pan-ed to ttodav 's standards. FLven more importantly, testing

lid not alwaYs take into, account tie -.educed strength on rock discontinLuities.

11 .3 Limnit io 1 ruv.The Linif E'iqui Iiliriun Method has been recently

devtloped and it! u&e is descrihed in Fro-Ineering Technical Let ter 11 10-2-256

(FTL.2f (Ref. 41), noited 1981. This method is very simnilar to the Limit

i-'quilibriuvn Method i,.s d in Ltne geotechnical s tohil itv manuals for earth-fill

ard rock-fi, ji ains (E2I 10 -2-1902)_) (Ref . 5) . The analysis met hod cuts the

,ructure , forming a I roe-hodY str'notura I wedge for the analysis of stability.

..nr active vwedge of drilr~ f orce,; ivnd a paslve wedge of resisting forces com-

plete tine method. All F( il- or rock-ielated strc-Tigtln terms are identi fied in



the free bodies and are reduced by a uniform factor of satt.ty suffi c --ni to

place the structural wedge in equilibrium (Plate :'). Yorma l'Iy, the equiI'h riu7

assumption!u are based on the sumrwrtion of the horl-ontal a':d ",ertica J orces

only, and the moment equilibrium is not considered. This r:.thod allov - the

designer to consider the shear strength of the soil backfill pla .,i 'ehind

landside lockwalls, as well as the shear strength of Lr embedded toe where

passive resistance may be acquired. however, the dr.-igner should r.alizc that

the lateral forces computed by the equilihrium methed Irom a slifr .stahilJt'.

analysis are not good estimates of the actual laterLI forces or the t,'all in

most cases. When this method is used for earth and rock-il dans, giierali'.

factors of safety of about 1.5 are considered acceptable. L.'71 .56, however,

requires factors of safety of 2 for most nornal 7eading co;-,ditions.

The Limit Equilibrium Method does not consider the efiectt o,- strain co-r-

patibility, i.e., where soil bac'..ill behind the lockwall mac have a v:ery low

modulus compared to that of the rcc' ftui-dation. C0nsequertlv, actual pres-

sures by the soil may be higher or lower than those computed r, the anal- ,*'s.

This analysis methrod is not intended for rrm:ing an accur ate estimrte: n' tile

actual distribution of stresses.

Where it is important to determine the acti:al stateF of stress, o!r i-here

it is important to determine the magnitude of actual deflect io-s, some t'.pl of

elastic analysis is required. Ihat is, computing the actcr of safety !basedl

on the limit equilibrium method may not he suffic.ent to con,[.'ete the ,'estgo

of the structure. Some type of elastic analysis rmay be necessary to deterrine

the states of stress in the structure and the amount of estimated deflection.

2.4 Finite-Element Methods. The use of finite-elemeut riathods (i.e., an

elastic method) is particularly appropriate whf-re a greater understr-ding of

the states of stress and deflections within the structure are of imp,.rt;arce.

This method can also handle cases where soil or rock exhibjts; a large reduc-

tion in strength after thc peak strength is reached. in these oasIes, a

finite-element method of analysis is useful in studying the progressive-type

failure. Where more detailed stability aralyses are reouired thar cai, be

achieved by the shear friction and limit equilibrtir, methods, a finite ejer,',ent

model should be considered. Further discussion of finite-element rodels is

beyond the scope of this report.
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3.0 Review of Overturning Analysis

3. 1 Location of the Resultant. Little has cliainged iii the methods of

analysis for ov'erturning through the years. A free body ol the structure is

cut and the forces on that structure are considered by suinring moments aibout

a point at the base of the structure. Moments are general'., summed on the base

te eliminate bhe unknown babe frictior. Since the intent or this method is to

determine the location of the foundation resultant rathetr than the factor of

SW'etyvwith reg ard to overturning, earith pressurc at-rest zore geniera] Iv used

in the analysis.

f co'rth pressures at-reszt are use(! in the an 1s> ld thle resultant is

found to be located very close to theo toe of the ,,tructure, it is possible

that the at--rest assuinptior is not SaLisfi ed. An Earth pressure between ait-

rest -ind active miiv apply, cs tveil as frict ion on th-e hoick side of tie wall.

The fr*ctioni would produce additional restorative rrc'.ent and further prevent

the structure from overturning. It is prolhlv prudeint to consieer onli' ver-

tical friction en the structure for terporarv, ioading) conditions such as

dewatering or during extreme hydraulic loading conditioens, since a sulbstantial

friction may nct be maintained permntf-~tlv.

3.2 Bearing Capacitv. Pihre the location of the ,esultant has been

deterrined, the maximum bearing pressure can be easily comipute(! from the pro-

viouis analysis. The hearing capacity factor of safety is determined as a

ratio of the allowable bearing capacity divided by thle maximum bear-Ing pres-

sure. Where a large concrete structure is bearing onl rock, penerally ver-y

conservative maximum bearing capacities have been computed fcr the rock. Very

few instances of bearing capacity failuire for such types of structures have

occurred. In most case!s with concrete structures on rock Where thle resultant

is at 14-rsL near tht riddle third of thle structure, the factor of safety on

hearing is very high.

4.0 FailureMechanism

4.1 Intact Rock. In the past, stability analyses geincra,.1 assumed that

the failure surface was located %within the intact soil or rock adject-nt to the

stucture. Relatively high factors of safety Wert, used to covet a relatively

poor understanding of the mechanism oi failuie or the dis conitinuitics within

the rock mass. Powever, for most desigr cases, an inspection of thle rock
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qua I it Lv i (I 0 eo Io toq i c A, rrc to t' (V d in d i C,! e thalit :a' ire throii. iitac, roc

is nlot likt iv to Occur.

. ? Jo in1t tilrF . Aoin i#nci- I' tin roc k ra. vi- rect,),nnzed as uio r cI tihe

maj or de tecrm ining f ac tors, f or tl~ Ills tarros she re I a i T u 2 oc c urs w it h in a

rock mass. Ana lysis of rock st reiigth - r (hint s h; ic icates tllirt thlesrnt

along the _joint i!; rainy times orthar t- i o). t le in~t;]ct rock. .1oints are

genetri 1 N assumed to be p taiiwr 1iptstrort i rreo, : (rocks wiI i the rock ,

such that Iitt le or no Cihts'iot1is jrh llieo''o t o (:.J L (ii the joint suirface.

The joint urceis arst:irned tio!, hF ri t ih. halct iL cdetc inined hr thre

mincralo~vg o, the rock irmtt rii, as i-- a in:' u t(-- peit or

irregitior itv ont tire- rock simr ' acl. St ver 1 e tie t hodr o f making et.imates

on the strength -'OntrilliLOd l-',' thel't: Iirt 0 or jsc-~es have 1Peer

developed aid are di serisr-ed 1itvr I Lr this- repor:

1%Weak Planes. 'Hie prt.-enc of r:L§ ines or o~lni that oreT( I led

in with softened iater ] s are the r,.0 st seae term-, o)! ariectinig tit szta-

hil1itY Of Ia sruIcture. Ohr these pia~asnhrinis s':odto have occur-

re!I, result inli inl a atr With a ottC- an 1~ 1Ct ionl II, thatiot

intact reel . I add it i L' . ttl I 'e I. , i otl it tsreo ',t Present (li

thes:e plane-os the iaspclt it ie.- tya 11 0' 'W isetro''ec:

previous 0 iSpiaeertt ls or eroded! i'11n as t Act Wa1o ethrieal(r henr

these weakened planes airc ptesert. i 111-- 1 1ir i o af tc ja 01h101L be es ii red

from c or re'atvi oi is w it I A:' t erhle ry 1 t 'Ns, L' t.c shear s:I:Ier-r ir t h e 11d-%1(2s'<en a

thfe ulIt imatec ,r res,4idua ! strength; 1, t 0aac 1- frot shItIr tes-! ts At1'\

a naIy%!rri s t or ai! e I.' st ru ct ure kr - T*hII e va I I- .r 1 ' o 1 e: cx t ! s t:r I t I e 1h)ou1l1

jinclttt't a carefu I geo logic rt-vies' )f thle Co Condi is i cci 1 v - v.erv, Carl-

fu IC(11 ( itruiLus r-ock Corn ( o d'err i ns v t2I i e t .r zr) poten(2;1t in 'i nr sirr-

I aces, at e prese:rt.

!. Rock-Concret-e-2- -t~e r i~n'i-r'Sci'i ve ient a

been d!irectred toward deter minilli! L-r-re t .o th!e mroc -:irvrte i ntIEri-;1:e

anid its el f!ect on the n;tabi it: t,, tIe t rii,-rr- r--we'i re.en t resFca rchi

as well a , numerous ii, : ritu tests ho~e -;Iirow : t ! , %,-he iuL i a-!'r'ib le to is

taken in prepi2arng the rock sirrface nr i(-i t o I'e ii : o' C011Ct'ot L',1,Hee e< -'o t

appear to he a realisic poteirEtir' flt-i t , ii; a' ei c 1 trrflc 0.

Man- I large-sca I e i n s it u si a (r t es ts lira t e e )eo p- cirv ed spe c ;i irca 11 t o

evaluate this tvpt? of failtr ito and tire sie, trengFti -'rrr ieters o: the foumrda-

t ion roc k. 'She s tuies ttrld icit t t t mr 'n, C ette airr ro Ck Ihare, tart
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Dam Monolith:

I. Uplift pressure.

2. Sliding 'rfiction angle.

3. Elevation (f structure base.

4. Depth of siltation in front of dam.

5. Anchor bar capacity.

For each of these parameters a range of variation was estimated. The

increase or decrease in the sliding and overturning factors of safety for each

value of the parameter were computed 'rom the midrange value ard plotted.

Summary plot.,. from the results of the parameter studies are presented on

Plate 3.

The influence ci the par;reter on the overturning cr sliding factor of

safety is greatest when the slope of the lire is flattest. As can be seen

from the graphs, the rock shior strength (or frictior angle) has the most

significant effect on tl'c ;iding stabilitv of the structure. The factor of

safety against slidlTi- ran vary Iw approximatrlv 0.85 ovel a ten-degree range

of variation of tile friction angle. Of 1 ct;ser but significant f.portance a:re

the lateral earth pressure coefficient, tlhe elevatio, cf water behind the lock

wall, and the up]ift pressure' 'oneath tit structure.

For overturning o.f the lock morlith, the lateral earth pressure, coeffi-

cient and the e'levation oA water behird the lock %,,a] are the most significant

factors. tithin the estimated rnge of variation of theso two parameters,

the percent of base in ,ompress cn can vary 1-y ver 60 percent. The uplift

force on the base (.,f the loot a] I structure has lesse:r but still significant

influence on the tactor of safer, against overturning.

The io]lowing discussion pruvide:s in.sight into methods of determining the

key input parameter of rock shear strerth, and method to better estimate

uplift, hydrostatfc torces c,,:sed bv WVtl in the back'ill, and the forces

applied by the backfill ita:e'f.

9.2 Rock Parameters. As discussed in ,ection'4, the strength c1 the

rock may be represented by that of the intact rock, the vtrength alcng an

unweathered joint, or the strergth along a weathered -cint where al. ultimate

or a residual-type of strength may appl,. In few cases would the strength of

Intact rock apply, because geneially rock is at least minor jointing which

would greatly reduce ito. in situ strcngth from that of intact ,ntrengths. The
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presence o: -cints is best determinedc by a good geologic analysis and review

of the are, before extensive exploratory drilling is conducted. An Idct if i-

cot ion of ,iointing, foliation, bedding, preex isting slides or stress-relief as

Lresult of ylacial unlcaiing from geologic maps and nearby outcrops will

usual,- gi,,e the designer a good indication of the geologic structure of the

rock pricr to any explcatory drilling. Knowing where and how the joints may

bc: formed is important in selecting the proper exploratory program to deter-

rire t-ow they should he asse,.sed in determining the rock mass strength.

The d tcrmination. of the friction angle of a joint in rock is difticult,

and Is ofter evaluated using severa! independent methods. A literature review

uf large-sucie ii situ shear tests c~r similar rock may be helpful.

An empiri'al peak shear strength equation developed by Barton (1973) is

com::ir, Iv use(: in practiciil lield applications to estimate the shear strength

of rkugh ici :t surlaces ii, rock (Foek, 1983).

'fhe equat :vc is:

Ji-C., log (,JCSN)

whe -c Peak dri-r'Tc trict ion angle

= P.c (smooth) friction ar, gle

,IRC = jir.t roughness coefficient

S =Joint copressive stength

PfIfect. ie normal stress

The pirazieter ") is the basic friction angle of the unweathered rock.

This parar~etur is typically deteriained by direct shear testing of smooth rock

su..aces or of ) ;oint which has been subjected to considerable displacement

(Hoe did Pray, 1981).

The value Ior ,RC can b'e estimated fior field descriptions of the joint

surface, lift tests on jointed core, Jointed rock blocks, or direct shear

tests. 11".C varies from. (" to 2(0 (Plate 4) for srnoofh to very rough surfaces,

respect ively.

A rugh estimate cf ,IRC can also be determined from measurement of the

joint r(uighness anlpl itude over various joint lengths (Barton, 1981). For

exarmple, an anpli tude of about 6 inches (150 mm) over a joint length of

ojpproximately 10 feet ( 3 m) indicates a JRC of about 20 from Plate 5.
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.5.3 Soil-Related Parameters. 1he roef fic ient of ear? h I-ressuire ait-rest,

the unit weight of the backll matei l I , and tHe '-lear st rertgt h o' the hb-ck-

fill are tire general inpuvt parameters required to estab ish the soi 1,1 adQ

applied to the structure. The kev soi " I-relIatecd pi ram etc r r the ,,hear Fr ic-

tion Method -1., the coefficient of earth- pressure at-rest . urrentlv, r

effectilye means of measuring the at-rest earth pressure areav 10.'ri-

ous mrethods of approximat ing the coeffi. leiit of eairtl, pres:sure based on

lations with trict ion angle or )ther material propc ,t ies arek aral lab le.

In the l imi t Equi ' nirurr Methiod , tile load' reslt irm. rumv thle 1-

are dependctit on thle inipuit parametcrs, o I un it "'inht and -Fhct :r stCrze'-,th! -c. r

mat e ria i . The 'e t hodo ! ox-\ o r de t(.rmi n inga so r re srr f 'rd thle !r, -

tion f7orce (S ) siIsrtlini Plater .e te.tntaro' tl., in

parameters of unit weight and O-hvar stroigtl I. e dwI et ermined! ",' io202 o:.''1

laboratory testingQ procedures-. !",! the I ir-i! -uf I ib'r r a al'sI ere th e

factor of safety is well over .,thjis ri:E!1d resltt' Pr-"[ .- ra;'rre'P.t

than the earth pressure ot-rest. ihovever. as yrt-irrii;I ! rood ti'-lt

of analysis is not inter:ned to detei!'Ine the afct'!iz stalte, ':~ stro-s, i-n t2

to determn,4e the mobilied streit!'' aS a _tat n he' tilt "'!t sL!~ t>

!roilI a nd roc k. T he ref or t:, thliis i' i vIt ('oPsile t1t'Ie tk I 1 :112 cn or st

Friction. between thre s backfi'l:Inl the.-tvue - < v

not considered .in tire Liniit I ull i b ri ir "et~J Cn'e 0 -o r I,

value of friction, or the order , o!re-half ct te r nt t2 'in ; -. c a

the sliding analysis, is rn-utt mine ne ini the oe( t hriea i nr, :r , o- ;

design o., earth- and r( ck-t ii I ' s '1hi , -~ nI ( r ,I-. : s de rld t P rn'-

priate in cases where the core of the 'acis relat >el I or'.press. ibic in' otr -

parison to that of the shell comprens,-,i bi it % . I'hese co:)nd 4 tcr a ,,-re -!t it- ie u

f or t le c as e o f a so 1) hack f i Ib behiniid a c o rn e e g!ra\ %,-i : I 1rnd - .C

appropr iate in thle ana lys is cf t he Co0n -0ete oarI : onII "k I mn- Kornar ;c as 1

as re lat ively small va lues o!f r ic t:ion a re cons ide r .. [he i es ic i nn fr ct ii

force (S )is shown on the free bou(,ies of thev -t ruicrira ,wd on 'Lt'2

5*.4 Hy-drostatic Porameters. 1..at er eN C Ils in the horili ale -t rt

either based on groundwater data f nor:: thle a rea enr are (o:I (on t no a".

result of the Instal lation of dra ins . The up I ft I rss t: ec eiow tire bases ol

the structure are usurill- estimated hNv making ainl irear interpul at ior b''~e

the hydrostatic and tire hydraulic condi tions cr. the extV or or wall1 o1 f)ti -t rrrc-

ture. Where relief wells are inistalled' below tire structuire, sr:t reductol !o )
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these hydraulic pressures is generally conside~rcd based on an assumed effi-

ciency of the wells.

(,enerally minor inaccuracies in determining the hydraulic loading do riot

have a large effect on the computed factor of safety for sliding or the over-

turning analysis. In some existing structures, however, rather large uncer--

tainties as to the hydraulic loading may occur. For these cases it is

generally desirable to install piezometers to monitor water pressures and

reduce the level of uncertainty.

In the overturning analysis where the resultarit falls outside of the mid-

dle third, the methods of analysis generally require that the full hydrostatic

head for the backfill be applied up the point of base contact and then linearly

reduced to the external hydraulic pressures. I1nstrumentation may show that,

in reality, full hydrostatic pressures do not extend in the so-called "one

of tension" between the concrete structure and the rock base.

6.0 Recommended EvaluatiOT, Criteria

6.1 Sliding Factor of Safcty. Assuming a lir:-t Fouilibrium Method of

analysis and sliding shear strengths based on a thorough geologic review and

assessment of the site as wel! as continuous coring and laborator- testing,

factors of Fafetv of - sh.uld be considered acceptable for rorial loading

condition.s. Similar methods of analysis for earth- and rock-fill dams cur-

rently accept factors of safety ot 1.5 for such analyses. Justifications for

nct lowering the factor of safety of 2 for concrete structures on rock may he

based on considerations; of the strain compatibility of the materials and some

adiitional uncertainty about joiitnpg in the rock materials. In the authors'

opinion, these are reascirable justificatiors for maintaining the required

factor of safety at .

6.2 Overturning Resultant. For man.y existing corcrete structures it can

be difficult to accept overturning resultants that do not fall within the mid-

dle third of the structure, as Irequenitly happensi. Under extreme loading

conditions, i.e., dewatered or other hvdraulic loading conditionis, it may be

suitable to allow only 50 percent of the base in compression. However, it is

best to do this onlv in case. where the hydraulic conditions are controlled.

This allows the engineer the ability to change loading conditions should

apparent instability result. For the short-term loading conditions it is also

recommended to consider such forces as friction between the backfill and the
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concrete/gravity structure, since substantial friction may apply for these

short-term loading conditions. Until better methods cf review and a-nalysis

are available, it is desirable to keep i00 percent of the base in compression

for the normal loading conditions and at least 50 percent of the base In com-

pression for the extreme loading conditions where some concrol I,- available to

the operators of the structure.

6.3 Bearing Capacity Factor of Safety. Because it is difficult to accu-

rately determine the ultimate bearing capacity of rock, some conservatism in

inherent in the selection of the design ultimate bearing capacity. Therefore,

calculated factors of safety of at least 2 are probably relitively conserva-

tive when used in the analysis, as the actual factor )f satcty is likely to be

somewhat higher. However, it is important in this c..-e to make a careful

examination of the bearing surtace at the toe of the structure to determine

that it has not deteriorated over the years as a result ot weathering o' the

rock materials and that uhc full extent of the bearing area i-; intact.

6.4 Strain ComFatibilit,- and Progressive Failure. Where the potential

for progressive failure or a similar inechani';m exists, it is important to

conduct some type of elastic analysis, preferably a finite-element method, in

order to determine if portions of the failure planes are stressed beyond the

peak into a relatively low ultimate strength. Wiere this occurs, a much lower

factor of safety than that computed by the Limit Eruilibrium. Method may apply.

For such a case with existing structures, it i: likely that some evidence of

deflection would be observable in the field. However, interpreting this

evidence may be very difficult in fsome cases.
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Corps' Comments Concerning the Overturning

Analysis Shown on Plate 2

The Corps of Engineers does not use a safety factor method to evaluate

overturning. An acceptable model of the overturning capacity of a structure

would have to account in some way for the changes in the lateral earth forces

and the frictional stabilizing force between the backfill and the structure as

the structure begins to tilt. The tilting analysis shown on plate 2 does not

account for these changes.

Further research is needed to develop an overturning stability aralysis method

that allows the calculation of a factor of safety and is acceptable for use by

the Corps of Engineers.
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ROB IN SO N'S
TYPICAL ROUGHNESS PROFILES for JRC rung.: DESCRIPTION

I I I 0 -2 Somooth, planar

2 2 -4 Slightly irregular,

2 planar

3 14 - irregular. planer

6- very irregular.

planer

9-0 Irregular. slightly5 undulating

lrregu tar,6 10 -12 Indulating

12 -14 Very irregular,

undulating

14 -16 Irregular.8 very undulating

16 -18 Very irregular.

9 very undulating

Very Irregulef,
19 - 20 stepped and10 undulating

o 10~c m SC AL I

After: ISRM. 1978

DISCONTINUITY
ROUGHNESS CLASSIFICATION

SeANNON & WVLSON. WtC
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JOINT ROUGHNESS COEFFICIENT (JRC)
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0.5
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LENGTH OF PROFILE (m)

U.S. ARMY CORPS OF ENGINEERS
TROY LOCK AND DAM

ESTIMATE OF JOINT
ROUGHNESS COEFFICIENT

SHANNON A WLSON. IC
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APP]ENI>XZ P

STABILITY CRITERIA FOR REHABILITATION
OF NAVIGATION CONCRETE STRUCTURES

(DRAFT ENGINEERING TECHNICAL LETTER)
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1. Purpose. The purpose of this letter is to provide riteria and procedures

to be used when analyzing the stability of existing navigation concrete struc-

tures which are to be rehabilitated. Plans for rehabilitation will be

developed in compliance with the referenced documents.

2. Applicability. This letter is applicable to all field operating activi-

ties having responsibilities for the design and construction of civil works

projects.

3. References.

a. EM 1110-1-2101, "Working Stresse,; for Structural Design,"

I November 1963.

b. I I110-2-2602, "Planning and Design of Navigation Lock Walls and

Appurtenances," 30 June 1960.

C. E, 1110-2-2606, "Navigation Lock and Dam Design, Navigation Dams,"

.Tne 11)52.

d. WFS Instruction Report V-80-4, "A Three-Dimensional Stability

AtaiYsis/Pesign Program (3DSAI)), Report 4, Special Purpose Modules For

Pam.s(CDAMIS, ,
'' August 1983.

e. ER 1110-1-8100, "Laboratorv Iiivestigatiors and Materials Testing For

M' ilitarv an-d ('ivil Work:; Construction Projects," 30 August 1974.

f. FR 1110-2-1200, "Plans and Specilications," 12 June 1972.

g. FTP 1110-2-22, "Design of Navigation Lock Gravity Palls,"

I April 1967.

h. ET]. 1110-2-256, "Sliding Stability for Concrete Structure,

24 Jiune 1981.

i. Post-Tensioning Institute, "Recommendations for Prestressed Rock and

Soil Anchors."

4. Background. The same stability criteria have been used for the design of

new structures an(, for the reviewing of existing structures. Some existing

structures, although do not meet the current stability criteria, have performed

satisfactorily In the past. It does not seem to be economical or necessary

to improve the structure just to satisfy the criteria when the remaining life

of the structure is short or when there is no indication of any stability

problem. Waivers to the current criteria have been granted on a case-by-case
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basis. 7his ETL will provide a standard procedures and uniform requirements

for reviewing existing structure. It should be used with caution and good

engineering judgment. The reduced criteria in the ETL can be used only when

certain conditions are met and should not be considered as a convenient

solution for structures with a stability problem.

5. Procedures. The following procedures shall be used in the evaluation of

current stability ccnditions and determination of necessary corrective miea-

sures for the rehabilitation of the existing structure. The stah.lity of the

structure should be reviewed when there will be significant changes in the

loading conditions, severe damages due to aging or deterioration, major modi-

fications or additions to the structure, or when design criteria rave been

anged to make them more conservative.

a. Existing Data. Collect and review all the availal-le data and informa-

tior: o' the structure including geological and foundation data, design plans,

as-built plans, periodic inspection reports, damage reports, repir and main-

tenance records, plans of previous modifications to the structure, measure-

me:t s and instrumentation Oata, and ether perti nor t information. Any ,,nuSa I

structural behavior in the past which may be considered as an indication of

unstable condition or any factor which rav contribute to the weakening o: tie

structure's stability should be noted and investigated further.

b. Site Inspection. Inspect and examine JL.e existing structure and site

monditions. Any significant difference in structure details and loading con-

ditions between existing conditions and design plans, and any major damage due

to corrosion, deterioration, and traffic should be identified and evaluated

for possible effect on the stability of the structure.

c. Preliminary Analysis. Perform the preliminary analyses based on refer-

enced criteria and available data. If the structure does not meet the cur-

rent stability criteria, list the possible rerredial schemes and prepare the

cost estimate for each scheme.

d. Design Meeting. Call a meeting between District, Division, and

DAFN-ECE representatives to discuss plans for the proposed detailed analysis,
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the eltent of the sampling and testing program, the remedial schemes to be

studied, and the proposed schedule. This meeting will facilitate the design

effort and should obviate the need for major revisions or additional studies

when the results are submitted for review and approval.

e. Parametric Study. Perform a parametric study to determine the effect

of each parameter on the structure's stability. The parameters to be studied

should include, but not be limited to, unit weight of concrete, groundwater

levels, uplift pressures, and shear strength parameters of the backfill mate-

rial, structure- foundation interface, and rock foundation. The maxim~um

variation of each parameter should be considered in deteimining the effect of

each parameter.

f. Field Investigations. Develop an exploration, sampling, testing, and

instrumentation program, if needed, to determine the magnitude and the reason-

able range of variation for the parameters which have significant etfects on

the stability of the structure as determined by parametric study. A Division

Laboratory should be used to the maximum extent practicable to perform the

testing.

g. Detailed Stability Analyses. Perform detailed stability analyse-

using the data obtained from the sampling and testing program and procedures

from referenced guidances. Three-dimensional modeling may be used in the

analyses to achieve a more accurate prediction of the structural behavior.

h. Review and Approval. Present the results of detailed stability

analyses and cost estimate for remedial measures to the Division office for

review and approval, if deviation from current stability criteria was made in

the analyses, results should be sent to HQUSACE (DAEN-ECE-D) for approvl.

Justification for deviation from referenced stability criteria Is given in

paragraph 6.

i. Plans and Specifications. Develop design plans, specifications, and

cost estimate for proposed remedial measures in accordance with ER 1110-2-1200.
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6. Considerations of Deviation from Referenced Stability Criteria.

a. The purpose of incorporating a factor of safety in structural design

is to provide a reserve capacity with respect to failure. The required magni-

tude of this margin depends on the consequences of failure and on the degree

of uncertainties regarding loading variations, analysis simplifications, design

assumptions, material strengths, and construction control. For evaluation of

existing structures, a higher degree of confidence may be achieved when the

critical parameters can he determined accurately at site. Therefore, devia-

tion from the referenced stability criteria for the analysis of existing

structure may he allowed under certain conditions.

b. In addition to the detailed analyses and cost estimate as listed in

paragraph 5.h, the following information should also be presented with the

recuest:

(1) Justification which will demonstrate that improving the existing

'trmcture to meet the referenced stability criteria is not practical.

(2) The anticipated remaining life of the structure.

(3) A r:tudV of consequences in case of failure.

c. Approval of deviation from referenced stability criteria depends upon

thc degree of confidence in the accuracy of design parameters determined in

the fie',: the remaining life of the structure; and the adverse effect to

lives, properties, and services in case of failure. Table I lists the minimum

requirements for structure stability criteria.

P5



TABLF 1
PININOUM STABIJITY CRITERIA FOR

kEHABILITATION OF NAVIGATION STRUCTURYES

CASES NORMAL COND. MAINT. CONP. ,,EISMIC COND).
RENMA I NI NG

L IFE TFY P. PERM.* TEMP. P ERIM .* TEMP. P EN R
7(COMP. AREA OVER' ,'[-S U ,TA NT

BASE AREA 50' 75% 40T 601" WITHIN BASE
F.S.--SLIDING 1.60 1.80 1.50 1.75 1.10 1.30

NOTE: Maximum bearing pressure at any point shall not exceed the bearinig
capacity of the foundation material in all cases.

*When no replacement is planned.

7. Stability Requiremenits For Remedinil Measures. When it is determined that

remedial measures are required for the existing, structure, these measures

should be designed to meet the referenced stabilIity criteria. Deviation from

these cri teria may be allowed in accordance with the reouirements ill para-

graph 6. Approval oft deviation ror anal xsi s of exist ring structure doet rot

cons titute the approval of (leviat ion fen remned ial peastires.

S. St ressed Rock Archor. St ressed anchors., r:.h sd osa i x h

exist ing walls, foundation slabs, a-ndl conicrete Tronoliths. Thre,, art, el~vctix'e

against overturning, lateral movemrent, and utlhIit. The r-un'ber and capacitv oli

an1chors used0 should be based on engineering cons l'erat ioiis and stabi Iit"

requirements. The exi-t ing concrete and st ructure shoniild be checked for its

Capac ity to carry the sustained oo at the anchorage pointrs. Anchors sliou 1d

he prov ided with double corrosion protection. Lesign, instal lation, and

test ing of anchors and anochorage should be in accordance with the "Recommenda-

t ions For Prestress;ed Pock anid Soi 1, Anchors" by the Post-Tenisioning inst itute.

Al lowab le bond stress used to deterr-ince the length of embe('ment should be

based on test results. ___percent of the anchor,;, to lie selected random].,.

by the engineer, shall be performance tested.

9. Inst ressed Rock Anichor.

a. General-

1). Method of Analysis-

C. Type and Material
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d. Design Considerations-

e. Construction Guidance--

f. Testing Requirement and Procedure--

g. Protection Criteria--

APPENDIX: Design Examples
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