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EXECUTIVE SUMMARY

The Eisenhower and Snell Locks were constructed between 1955 and 1958 as

part of an international cooperative effort to build the Saint Lawrence Seaway. In

February 1990, the Saint Lawrence Seaway Development Corporation (SLSDC)

requested the Corps of Engineers (CE), through an Intergovernmental Agency Agree-

ment, to perform a structural evaluation study of these two locks to determine the

adequacy of the existing locks considering present conditions and future needs, and to

determine the advisability of their rehabilitation. The study focuses on the internal

structural integrity of the chamber wall monoliths at each lock.

The study consisted of three phases:

a. Phase I - Field Investigation and Laboratory Testing Program: This phase
of the study explored the current state of the in situ concrete in the chamber
wall monoliths and determined the concrete properties needed for the stress
analyses in the subsequent phases of the study.

b. Phase II - Static Stress Analysis: In this phase of the study, the state of
stress within the chamber wall monoliths is examined by performing
nonlinear, two-dimensional, soil-structure interaction finite element analyses
of two monoliths at Eisenhower Lock and one monolith at Snell Lock.

c. Phase II - Seismic Stress Analysis: Dynamic finite element analyses of two
monoliths are performed to assess their structural integrity during an earth-
quake. To support the dynamic analysis, a geological-seismological investi-
gation was conducted to provide the ground motions, time histories, and
corresponding response spectra that could be expected during a seismic
event in the region.

After an initial visual inspection of the locks, approximately 750 lin ft of 6-in.-

diam cores were taken for the laboratory testing program to !;Jpport the static and

seismic analyses. Portions of the cores were subjected to physical testing to develop

parameters for the static and seismic analyses. The physical testing for the concrete

consisted of unconfined compressive strength, PoiKon's ratio, elastic modulus,

splitting tensile strength, specific gravity, absorption, voids, and ultrasonic pulse

velocity. Petrographic examinations of three specimens were conducted on the in-

place concrete from Eisenhower and Snell Locks.

Three typical concrete chamber wall monoliths were analyzed: a north and a

south wall at Eisenhower and a north wall at Snell. Each monolith was analyzed for
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three loading conditions: normal operation with upper pool in the chamber, normal

operation with lower pool in the chamber, and the maintenance condition with the

chamber fully dewatered. For static loading and with the current condition as

analyzed, the chamber wall monoliths at Eisenhower and Snell Locks show no evi-

dence of being overstressed. The results of the static analyses show that the

chamber wall monoliths have tensile stresses below 200 psi and compressive stresses
less than 1,000 psi. These stress levels are below any of the strengths determined

from the laboratory testing program (390 psi for tensile splitting tests and 3,660 psi for

compression tests). The highest stresses under static loading are in areas of low

strength as determined in the testing program. If for some reason the cross sectional

area is significantly reduced, such as concrete deterioration as found in the history of
Eisenhower Lock, the structural integrity would be in question. It is important for the

SLSDC to maintain an aggressive maintenance program of replacing deteriorated

concrete. In the near future, attention should be given to the repair of deteriorated

concrete near the bottom of the lock walls at Eisenhower Lock.

For the seismic analysis, a geological-seismological investigation was con-

ducted to find the strongest motions that the locks could expect to experience. There

were no active faults either at the Eisenhower or Snell Lock sites or in the general

area. The locks were determined to be in a high seismic area termed the Massena

zone. The zone was given a floating earthquake of Modified Mercalli (MM) intensity of

VIII which is the threshold of damage to properly built structures. Parameters for a

Maximum Credible Earthquake (MCE) were assigned as horizontal peak motions of

0.83 g for acceleration, 35 cm/sec for velocity, and 12.4 sec for duration. The Operat-
ing Basis Earthquake (OBE) was assigned 0.46 g, 24 cm/sec, and 8.8 sec,

respectively. A set of six accelerograms with response spectra was selected for use

in the seismic analyses.

A response spectra seismic analysis was performed for a north chamber wall

monolith at Eisenhower. For both the OBE and MCE conditions, catastrophic failure

of the lock wall is unlikely to occur. No damage should occur during the OBE event

with a maximum principal stress of 300 psi. There is a possibility of damage to the

structure during the MCE event near the top of the structure where the sloping face
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transitions into a vertical face. If damage does occur during the MCE event, no more

than about 5 to 10 percent of the section would be damaged. Since, the MCE event

has a low likelihood of occurrence and the damage level is low, it would be prudent to

wait and make repairs to the chamber walls if such an earthquake event.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)

UNITS OF MEASUREMENT

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

as follows:

Multiply By To Obtain

degrees (angle) 0.01745329 radians

Fahrenheit degrees 5/9 Celsuis degrees or Kelvins*

feet 0.3048 metres

inches 2.54 centimetres

kips (force) 4.448222 kilonewtons

miles (US statute) 1.609347 kilometres

pounds (force) per square foot 47.88026 pascals

pounds (force) per square inch 6.894757 kilopascals

pounds (mass) per cubic foot 16.01846 kilograms per cubic metre

To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, use the

following formula: C = (5/9) (F-32). To obtain Kelvin (K) readings, use; K = (5/9)
(F-32) + 273.15.
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STRUCTURAL EVALUATION OF EISENHOWER
AND SNELL LOCKS, SAINT LAWRENCE

SEAWAY, MASSENA, NEW YORK

PART I: INTRODUCTION

1. The E'senhower anu Snell Locks were constructed bet,,een 1955 and 1958

as part of an international cooperative effort to build the Saint Lawrence Seaway.

The US portion of the project was authorized by the Wiley-Dondero Act of 13 May

1954. This act also created the Saint Lawrence Seaway Development Corporation

(SLSDC) to construct, operate, and maintain the locks. SLSDC contracted with the

Corps of Engineers (CE) to design and construct these locks. The CE has had a long

history of providing engineering and review assistance to the SLSDC for the two locks.

The SLSDC requested the CE through an Intergovernmental Agency Agreement

(Appendix A.) to preform a structural evaluation study of the two locks and prepare a

report detailing the findings of the study. The US Army Engineer Buffalo District

(NCB) has overall responsibility for the study's coordination and project managing.

Purpose and Scope

2. The purpose of the structural evaluation of Eisenhower and Snell Locrvs is to

determine the adequacy of the existing locks considering present condition and future

needs, and to determine the advisability of their rehabilitation. The scope of this study

focuses on the internal structural integrity of the chamber wall monoliths at each lock.

The study reviewed the history of the Saint Lawrence Seaway Development Corpora-

tion's (SLSDC) structural repairs to these monoliths and evaluated the monoliths' cur-

rent internal condition based on field investigations and detailed finite element analy-

ses for both static and seismic conditions. Previous reports, including the Gannet

FlEming reports, were reviewed to identify pertinent information and acceptable exist-

ing data for use in the current evaluation.
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3. The study is divided into three phases:

a. Phase I - Field Investigation and Laboratory Testing Program: This
phase of the study explored the current state of the in-situ concrete in
the chamber wall monoliths and determined the concrete properties
needed for the stress analyses in the subsequent phases of the study.

b. Phase II - Static Stress Analysis: In this phase of the study, the state of
stress within the chamber wall monoliths is examined by performing
nonlinear two-dimensional soil-structure interaction finite element analy-
ses of two monoliths at Eisenhower Lock and one monolith at Snell Lock.

c. Phase II - Seismic Stress Analysis: Dynamic finite element analyses of
two monoliths are performed to assess their structural integrity during an
earthquake. To support the dynamic analysis, a geological-seismological
investigation was conducted to provide the ground motions, time histo-
ries, and corresponding response spectra that could be expected during
a seismic event in the region.

Detail Scope of Work

4. In this section, the general scope of work presented in the Intergovernmen-

tal Agency Agreement is expanded.

Phase I - Field Investigation
and laboratory testing program

5. The field investigation and laboratory testing program were conducted to

provide the necessary parametric data to support the static and seismic analyses.

The Mobile District conducted the drilling operation. Continuous six inch diameter

cores were obtained from vertical core borings made at six representative locations.

Four core borings were made at Eisenhower Lock (in monoliths - N53, N57, S19, and

S17) and two at Snell Lock (in monoliths - N56 and S15). Each boring, except N56 at

Snell, was approximately 125 ft deep and penetrated 10 to 15 ft into the bedrock

beneath the locks to check for any unknown rock cavities. Boring N56 extended only

74 ft from the top of the wall. A total of approximately 750 lin ft of 6-in. diam core

were obtained. Core drilling was performed from the top of the lock walls. For

monoliths N53 and N57 at Eisenhower Lock and N56 at Snell Lock, the borings were

located approximately 4 ft from the face of the lock wall to avoid the cable gallery. All

borings were located to ensure no interference with the main culvert or any ports for

6



filling and emptying. All coring was accomplished with a single drill rig and with only

one mobilization. Mobile District provided a borehole camera that was used to visually

inspect the existing conditions of the concrete and rock core holes. WES had a field

representative on site to log and inspect the cores. All cores were wrapped with

material to resist drying. The cores were stored on site in space provide by SLSDC.

6. Two additional core borings were made at Eisenhower Lock in monoliths

S19 and S17. These borings were located as close as possible to the back of the

walls and were extended to a depth of approximately 20 ft. These borings were used

to investigate the possibility of the existence of a crack near the top of the wall where

the back of the walls change slope.

7. Once the coring was complete, samples were selected and shipped to WES

for laboratory testing. The laboratory testing program consisted of tests to find uncon-

fined compressive strength, Poisson's ratio, elastic modulus, splitting tensile strength,

specific gravity, absorption, voids, and ultrasonic pulse velocity along with direct shear

tests and petrographical examination for the concrete. For rock the testing program

consisted of tests to find unconfined compressive strength, Poisson's ratio, elastic

modulus, and ultrasonic pulse velocity along with several direct shear tests at the

interface between the concrete and rock.

Phase II - Static stress analysis

8. The static stress analysis phase focused on the evaluation of internal struc-

tural integrity of the chamber wall monoliths at Eisenhower and Snell Locks. Of

primary concern is the state of stress of the concrete in the chamber walls. The

stress conditions in the chamber walls result from gravitational forces on the walls and

from external forces applied by the backfill and water. The stress analyses were per-

formed by using the finite element method. Three typical concrete chamber wall

monoliths were analyzed, a north and a south wall at Eisenhower and a north wall at

Snell. Each monolith was analyzed for three loading conditions: normal operation

with upper pool in the chamber; normal operation with lower pool in the chamber; and

the maintenance condition with the chamber fully dewatered.

9. The analyses were performed using the computer program SOILSTRUCT

written by Dr. G. Wayne Clough and co-workers at Virginia Polytechnic Institute and
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State University. SOILSTRUCTwas specifically developed to model complex soil-

structure interaction problems by the finite element method. The finite element com-

puter program has been used to analyze a wide variety of problems, such as naviga-

tion locks, retaining walls, supported excavations, dams, tunnels, foundations, and

cofferdams. The analyses were incremental soil-structure interaction analyses where

the placement of the concrete and the backfill is simulated so as to obtain the induced

stresses in the system. The incremental analysis applies the loads to the model in

small increments to allow the nonlinear constitutive model for the soil and interface to

adjust during the loading increment.

10. The study commenced by reviewing construction records and previous

studies of the locks. From this information, the characterization of the backfill and

foundation and a preliminary characterization of the concrete was made. The

chamber wall monoliths were reviewed for selection of the monoliths for analysis.

After selection of the monoliths, a finite element mesh was developed for the north

wall at Eisenhower Lock. Once the mesh and modeling techniques had been proven

to be sufficiently accurate, meshes for the other selected monoliths were generated.

After the field investigation and laboratory testing had been completed, the final mate-

rial characterizations were made for the analyses and each was reanalyzed for the

three loading conditions. The results from the three analyses were processed and

evaluated considering future rehabilitation of the walls and results are presented later

in this section of the report.

Phase III - Seismic stress analysis

11. A response spectra seismic analysis was planned for either Eisenhower or

Snell lock depending upon which structure was subjected to the highest seismic accel-

erations. If the earthquake ground accelerations were approximately the same, the

seismic analysis would be conducted on Eisenhower Lock, since it has the poorest

concrete conditions. To determine the strongest ground motions, a geological-seismo-

logical investigation was conducted to provide the peak values of acceleration,

velocity, and duration for comparison of earthquake ground shaking between both

sites. Time histories (accelerograms) and corresponding response spectra were
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provided to represent site-specific cyclic shaking as it would be felt at the structure

experiencing the strongest disturbance.

12. Once the most critical structure was determined, it was analyzed consider-

ing three loading conditions together with an operating basis earthquake (OBE). The

three load cases are: normal operation with upper pool in the chamber; normal opera-

tion with lower pool in the chamber; and the maintenance condition with the chamber

fully dewatered. Two different typical lock-wall monoliths were analyzed using two-

dimensional (2-D) finite element procedures with a response spectra from the OBE.

These analyses considered the 2-D dynamic behavior of the structure, hydrodynamic

loading from the water in the lock, and the dynamic lateral earth pressures. The

active dynamic soil pressures were computed using the Mononobe-Oakbe equation,

and the passive pressures were computed from either a Coulomb or log spiral analy-

sis. The foundation of the lock is considered rigid. Static stresses from Phase II were

used with the dynamic stresses in order to determine the total state of stress within

the structures.

13. These analyses provided a preliminary structural evaluation of this structure

for a seismic event at the site. If the total state of stress is within the allowable limits

of the material, no further seismic stress analyses will be necessary. However, if

these analyses indicate that cracking is likely, a seismic analysis using a time-history

acceleration record and a nonlinear concrete model should be considered. Such an

analysis is beyond the scope of work for this study and would require additional funds.

Organization of the Report

14. In Part II, the background and historical information on Eisenhower and

Snell Locks is presented. Part III summarizes the results of the Field Investigation

and Laboratory Testing Program phase of the work. Part IV describes the proce-

dures for the the static stress analyses and presents the results of these analyses.

Part V describes the procedures for the dynamic stress analyses and reports the find-

ings. Part VI summarizes the findings and presents the conclusions drawn from the

study aloi,., with recommendations on need for future rehabilitation of the locks.

9



PART I1: BACKGROUND

Introduction

15. The Eisenhower and Snell Locks were constructed between 1955 and

1958 as part of an international cooperative effort to build the Saint Lawrence Seaway.

The US portion of the project was authorized by the Wiley-Dondero Act of 13 May

1954. This act also created the Saint Lawrence Seaway Development Corporation

(SLSDC) to construct, operate, and maintain the locks. SLSDC contracted with the

Corps of Engineers to design and construct these two locks.

16. The Eisenhower and Snell Locks are located in the Wiley-Dondero Canal

portion of the Saint Lawrence River just north of Massena, NY, (Figure 1). The locks

are about 4 miles apart and together they allow vessels to transit around the Saint

Lawrence Power Project. Figure 2 illustrates the locations of the locks, and the Long

Sault Dam and Moses-Saunders Power Dam that are the hydropower portions of the

Saint Lawrence Project.

17. The Eisenhower and Snell Locks have lifts of 38 to 42 ft and 45 to 49 ft,

respectively. The chamber dimensions are 80 ft in width, 860 ft in length from

upstream miter gate to downstream miter gate, and the locks have 30 ft of water

depth over the sills.

18. The locks are concrete gravity type walls founded on rock. Both locks

have mitering type gates, fender booms, and stop log closures. Eisenhower Lock has

a vertical lift gate to prevent loss of Lake Saint Lawrence in the event something

should happen to the miter gates. There is also a vehicular tunnel built through the

upstream miter gate sill at Eisenhower Lock. The filling system consists of upper sill

intakes, tainter valves, wall culverts, and side ports. This system empties into a floor

diffuser system below the lower miter gate. The guide walls are of the concrete

gravity type except the downstream guide wall at Snell Lock that is a concrete cap set

on steel sheet piles.
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Historical Problems and Repairs

19. Eisenhower Lock has experienced problems both with surface concrete

deterioration and with structural cracks from the filling/emptying culvert to the land side
of both lock walls. Snell Lock has not had a surface concrete deterioration problem,

but has experienced the same problem with culvert cracks. This section will briefly
present the surface concrete deterioration problem at Eisenhower Lock, and the struc-

tural crack problem at both the Snell and Eisenhower Locks.

Concrete deterioration

20. The concrete deterioration problem at Eisenhower Lock has been linked to
the natural cement used in the concrete mix. The mix at Eisenhower contained
25 percent by weight natural cement. After review of the available data and reports

on the concrete deterioration, the mechanism of the concrete deterioration is freezing

of water in the pores of the concrete. While the mechanism of the concrete deteriora-

tion is clear, the reason the concrete at Eisenhower lock is less resistant to deteriora-

tion than the concrete at Snell Lock is less clear.

21. The concrete mix both Eisenhower and Snell Locks varies throughout the

structures depending on the location. The concrete mix design was the same at both
locks except for the 25 percent by weight of natural cement. The concrete contain 4

to 6 percent entrained air. A detailed investigation of concrete at the two locks was

conduced by the US Army Engineer Waterways Experiment Station (WES) (Buck,

Mather, Thorton 1967).

22. Both the Corps (Buck, Mather, Thorton 1967) and Harza Engineering Com-
pany (Harza 1981) sighted the slow development of the strength of the concrete at

Eisenhower lock as the most plausible reason for the lower resistance to frost

damage. The available evidence from the construction records and laboratory experi-

ments show that the Eisenhower concrete developed strength more slowly than did

the Snell concrete. Based on the construction data, it would take about 12 and

37 days, respectively, for the Snell and Eisenhower exterior grade concrete made in

1956 to reach a strength of 3,000 psi (Buck, Mather, Thorton 1967). Buck, Mather

and Thorton reported that although laboratory tests had not shown one strength level
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to be required for adequate durability of concrete for all mixtures, the data did show

that a considerable strength development was necessary before concrete becomes

durable under freeze-thaw conditions. The value of 3,000 psi compressive strength

was used to illustrate the different rates at which equal levels of strength maturity

would be attained between the concrete in Eisenhower and Snell Locks. The

3,000 psi compressive strength value had been found at the time of the report to pro-

duce durable concrete in the laboratory freezing and thawing tests. However, it stated

that under the severe exposure conditions actually experienced at Eisenhower and

Snell Locks, a greater maturity would have probably been required.

23. The concrete was required to be kept at a temperature above 40 OF for

5 days and above freezing for 14 days. Buck, Mather, and Thorton reported that

climatological data at Eisenhower and Snell Locks show that the cores for the con-

crete placed 24-27 September and 2-26 October 1956 would have been subject to

freezing at an age between 14 and 18 days. The exterior concrete at Eisenhower

Lock placed during 1956 had an average 28-day compressive strength of 2,812 psi as

compared at 28-day compressive strength at Snell Lock of 3,954 psi. Yet by 1966,

samples of nondeteriorated concrete from comparable locations within Eisenhower and

Snell Locks had compressive strength approaching one another, 5,160 psi (range

4,190 to 5,860 psi) and 5,550 psi (range 4,760 to 6,450 psi), respectively (Buck,

Mather, Thorton 1967).

24. This was regarded by Buck et al (Buck, Mather, Thorton 1967) as the most

probable reason for the low durable of the concrete at Eisenhower Lock. If the con-

crete had matured enough, it should have been just as frost resistant as the Snell

concrete has proven to be in service. The freezing of the low frost resistant concrete

had the effect of introducing additional void space, such as micro cracks, that would

not otherwise be present. This additional void space, beyond that the entrained air-

void system had been provided to protect against, would provide the location of addi-

tional freezable water that could freeze and produce progressive deterioration of the

concrete.

25. Harza Engineering sighted the slow development of strength in the con-

crete at Eisenhower Lock as the most plausible cause for the low resistant to frost
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action and resulting low durability of the concrete. Based on their calculation of matu-

rity factor as defined by ACI Committee 306, March 1978, it appeared to them that

concrete placed after 1 October and before 15 April 1957 has less than desirable

resistance to damage by frost.

26. At the time the locks were constructed, the winter curing and protection

techniques employed were common engineering practice. The contractor was

required to maintain concrete temperatures above 40 OF for 5 days followed by addi-

tional curing above 32 OF for 9 days.

27. Extensive concrete repairs have been made to the chamber faces, filling

and emptying culverts, gate recesses, pintle bases, and sills at Eisenhower Lock.

SLSDC has had aggressive program to repair and replace deteriorated concrete. The

concrete deterioration at Eisenhower Lock will be a continuing problem.

Culvert cracks

28. In January 1967, during inspections of the Eisenhower Lock filling and

emptying culverts by SLSDC and CE personnel immediately after winter dewatering, a

continuous crack was observed along the landward-ceiling corner of the culvert in the

north wall. Further investigation revealed that these cracks were continuous from the

culvert through to the exterior backfilled face of the lock wall. At the time, the crack

leaked water in varying amounts along its entire length and fresh spalls of concrete

were found lying on the culvert floor beneath it. Subsequent detailed inspections and

other pertinent investigations revealed that the crack extended along the culvert

between the upper and lower valve monoliths.

29. After initial discovery of the crack in the north culvert, a close inspection

was made in the south culvert. The same kind of crack as existed in the north culvert

was present in the south culvert, at its landward-ceiling corner. Its longitudinal extent

were the same as that of the north culvert crack. Examination of the Snell Lock cul-

verts revealed similar cracks in that lock.

30. With these cracks extending through to the backfill, the overall stability of

the lock walls became a matter of serious concern. Under certain conditions, all wall

loads must be taken on the 15-ft-thick section between the culverts and the faces of

the lock chambers. This was thought to be especially serious with respect to
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Eisenhower Lock where portions of this section were deteriorated and thus less capa-

ble of supporting the imposed loads. The core boring program underway concerning

the problem of deterioration was enlarged to include exploration of these cracks. To

obtain additional data on the extent of the cracks and condition of the surrounding

concrete, joint meters were installed across the cracks to measure changes in the size

of the cracks during lock operations, bar joints were installed across the lock cham-

bers to measure relative movements of the lock walls and an inclinometer was used to

measure tilting of the lock walls during operation, alignment control was set up

whereby any lateral displacement of the wall could be measured, piezometers were

installed in the backfill areas to provide information on saturation levels and drainage

patterns, and correlated flow measurements were taken of flows in the backfill drains.

31. Because of this information in combination with the knowledge gained by

the concrete survey in 1966-67, a determination was made by an SLSDC convened

Board of Consultants that a complete rehabilitation program was necessary to

guarantee continued structural integrity and stability and to assure ability to operate

the locks. In a letter of June 26, 1967 from the Administrator, the CE was requested

to perform the necessary design and contracting services concerning the proposed

rehabilitation program for the Eisenhower and Snell Locks to restore the locks to a

condition of full stability.

32. Priority was given to Eisenhower Lock. The rehabilitation work for the

crack consisted of placing post-tensioned anchors across the culvert crack, . This was

accomplished during the winter shutdown of 1967-68 by contract with Peter Kiewit &

Sons. Similar post-tensioned anchors were placed across the culvert cracks at Snell

Lock during the winter of 1968-69 under contract with Morrison-Knudsen.

Post-tensioned anchors - lock wall monoliths

33. In the winters of 1967-68 and 1968-69, post-tensioned anchors were

installed in Eisenhower and Snell Locks, respectively. The north and south walls of

the Eisenhower and Snell Locks have 14 monoliths with narrow tops and sloping

backs (Figure 3). These walls in the chamber portion of the locks are 606 ft long.

The typical chamber monoliths with anchors are outlined on a plan view of Eisenhower

Lock in Figure 4. Eighty-two and eighty-three anchors were installed in the north and
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south walls, respectively, of each lock. Six 636 kips anchors were installed in each

monolith. The average spacing of the anchors is 7.33 ft.
34. Review of data and stability analyses show that the saturation level in the

backfill was at el* 221.0 ft at the time of anchor installation. This elevation is 16 ft
higher than was designed for originally. Recent field inspection of drainage pipe and
dye tracing study by Gannet Fleming Geotechnical Engineering, Inc.(1986) of the
drainage blanket show that they are operational and continuous. From historical data
and recent observations it was determined that the static groundwater level is at the
drain invert in the drainage blanket for the soil below the blanket. This data also
shows that the soil is saturated up to 18 ft above the drain in the same locations.

These high piezometer levels observed in the upper portion are the result of a

perched water table fed by the water level in the nature soil. While the drainage blan-
ket and pipe are functioning, they are not connected to the soil above the drainage

blanket.

35. In February 1989, the SLSDC and CE conducted an anchor investigation
program at Eisenhower Lock. The objective of the investigation was to determine

whether or not the post-tensioned anchors in the chamber monoliths at Eisenhower
Lock have sustained any significant corrosion due to water leakage through the exist-
ing culvert cracks. Of the 165 anchors in Eisenhower Lock, two anchors were exam-
ined, one in monolith N-51 and one in monoliths S-17, at locations near the greatest

amount of leakage through the existing culvert cracks. Significant corrosion was con-
sidered to have the greatest potential at these locations. The investigation consisted

of excavating the concrete from inside the culvert to expose a short section of each

anchor for visual inspection and dimensional measurements.

36. Results of the anchor investigation showed that the grout was intact and

completely surrounded the anchor strands in the exposed areas. The anchor strands
were observed to be as shiny as new and there was no evidence of any surface cor-
rosion or pitting. Based on the results of this investigation, it was concluded that the

anchors are in excellent condition. It was further concluded that post-tensioned

* All elevations (el) cited herein are in feet referred to the National Geodetic Vertical

Datum (NGVD).
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anchors in Eisenhower Lock should remain structurally sound and should adequately
serve the anticipated life expectancy of the lock. In any future structural evaluation of
the lock, the existing anchors should be assumed 100 percent effective.
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PART III: FIELD INVESTIGATION AND LABORATORY

TESTING PROGRAM

Site Visit

37. In February 1990, representatives from WES, Buffalo District (NCB), North

Central Division (NCD), Headquarters (HQ), and the Saint Lawrence Seaway Develop-

ment Corporation (SLSDC) inspected the Eisenhower Lock while it was dewatered for

winter maintenance. The lock was dewatered for repair to the concrete surrounding

the miter gates and to replace surface concrete at the toe of the same chamber mono-

liths. Poor concrete was visible in some locations. A number of locations of unsound

concrete were found during the inspection. The recently repaired surface concrete

appeared to be sound.

Drilling Operation

38. After completion of inspection of the locks, boring locations were assigned

in areas that were representative of the concrete placed after 1 October 1956 and

before 1 April 1957. Four boring locations for Eisenhower Lock are shown in Figure 5

and two boring locations for Snell Lock are shown in Figure 6. Personnel from the

US Army Engineer District, Mobile, drilled the borings using diamond-tip core barrels.

Approximately 750 lin ft of 6-in.-diam cores were obtained from vertical borings.

While, larger diameter cores would have been preferable because of a maximum

aggregate size of 6 in., but their cost was prohibitive. The borings were located so as

not to interfere with the main conduit or any ports for filling and emptying. Personnel

from the WES logged the cores on ENG Form 1836. The boring logs are presented in

Appendix B. Pertinent information describing each boring including boring number and

depth is presented in Table 1.

39. The cores were preserved and handled using procedures described in Test

Standard RTH 103-80 (WES 1980). After removal from the core barrel, each core

was marked to indicate boring location and depth. Loss of moisture was prevented by
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wrapping the core in thin polyethylene, followed by cheese cloth, and then coating with

a lukewarm wax. The cores were then placed in a wooden box, cushioned with

vermiculite, and shipped to the WES for testing.

40. Two core borings were made at Eisenhower Lock in monoliths S19 and

S17 to investigate the possibility of the existence of a crack near the top of the wall

where the back of the walls change slope. The borings were located as close as

possible to the back of the walls and were extended to a depth of approximately 20 ft.

No cracks were found.

41. A borehole camera that was used to visually inspect the existing conditions

of the concrete and rock core holes. An examination of the video tapes of the bore-
hole camera inspection showed no voids or unusual conditions in the concrete.

Test Specimens and Laboratory Testing

42. A visual examination of all cores was made in the laboratory to supplement

the field boring logs and to assist in the selection of representative test specimens.

Concrete test specimens were selected based upon the physical condition of the con-

crete and depth in order to obtain representative properties throughout the structure.
Figure 7 is a schematic showing the general location of samples selected for testing.

Rock specimens were selected to be representative of the bedrock in close proximity

to the base of the structure. Forty-eight concrete specimens, six rock specimens, and

two concrete-bonded-to-rock specimens were tested from Eisenhower Lock. Twenty-

two concrete specimens and two rock specimens were tested from Snell Lock.

43. Each specimen was visually examined prior to any destructive testing. The

results of the visual examination are given in Table 2. The laboratory testing con-

sisted of the following conducted in accordance with tlie appropriate test method:
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Test Method

Property Rock Concrete

Unconfined compressive strength RTM 111 CRC-C 14 (ASTM C 39)

Elastic modulus and Poisson's ratio RTM 201 CRD-C 19 (ASTM C 469)

Splitting tensile strength --- CRD-C 77 (ASTM C 496)

Specific gravity, absorption, voids --- CRD-C 23 (ASTM C 642)

Ultrasonic pulse velocity RTM 110 CRD-C 51 (ASTM C 597)

Direct shear RTM 203 CRD-C 90

Direct shear testing was performed on intact concrete specimens and concrete-

bonded-to-rock specimens. Results of the laboratory testing are given in Tables 3 to

8.

General Comments for Concrete

Eisenhower Lock

44. There appears to be considerable variation in the quality of concrete in

both the north and south sides of the lock. Compressive strengths range from above

6,000 psi to below 4,000 psi, while splitting tensile strengths range from above 700 psi

to below 400 psi. The top 15 ft of concrete appears to be dense and well consolid-

ated. At greater depths, the concrete exhibits varying degrees of voids and poor

aggregate-paste interface. Some of the larger voids could have resulted from poor

consolidation. However, the mortar fraction of the concrete in these areas appears to

be porous, grainy, and generally of poor quality. The test data indicates the poorest

quality concrete to be in the lower part of the lock, primarily in areas 15 ft above the

bedrock down to the bedrock. Variable quality is also indicated by ultrasonic pulse

velocity and voids content. An increase or decrease in compressive strength in a

particular area was not always confirmed by an increase or decrease in splitting

tensile strength, ultrasonic pulse velocity, or voids content. Average physical

properties of the concrete in the upper 15 ft as compared to the lower 15 ft as well as

the overall average are given below:
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Percent Overall
Test Uppe Lower Difference Averaae

Unit weight, pcf 159.2 155.8 -2.1 157.8

Pulse velocity, fps 18,210 16,834 -7.6 17,505

Compressive strength, psi 6,050 4,070 -32.7 5,230

Splitting tensile str., psi 620 570 -8.1 580

Elastic modulus, x 10 psi 7.55 4.65 -38.4 5.70

Poisson's ratio 0.28 0.22 -21.4 0.23

Percent voids 9.1 10.4 -4.3 10.3

45. There was no bond at the concrete-bedrock interface in three of the four

borings. The bedrock was primarily a hard, dense, dark gray dolomite with occasional

layers of weak clay or shale.

46. There was little difference in the physical properties on the north side of the

lock as compared to those on the south side. The average compressive strength of

the concrete in the south side was approximately 10 percent higher than that on the

north side. Other properties differed by approximately 4 percent or less. Average

properties for the concrete on the north and south sides are given below:
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Test North side South side

Unit weight, pcf 158.3 157.4

Pulse velocity, fps 17,790 17,248

Compressive strength, psi 4,930 5,500

Splitting tensile strength, psi 585 580

Elastic modulus, x 10 psi 5.75 5.65

Possion's ratio 0.22 0.23

Percent voids 10.3 10.3

Snell Lock

47. The general quality of concrete varies with depth on both sides of the lock,

but appears to be somewhat better than that of the Eisenhower Lock. Compressive

strengths range from above 8,000 psi to below 4,000 psi, while splitting tensile

strengths range from above 900 psi to below 500 psi. The top 15 ft of concrete

appears to be dense and well consolidated on the north side of the lock. At greater

depths, the concrete exhibits some minor voids and varying strengths. On the south

side of the lock, varying degrees of voids, poor aggregate-paste interface, and

strengths are indicated from the top surface down to approximately 5 ft above the

bedrock. The concrete just above the bedrock is of a poorer quality. There was no

bond at the concrete-bedrock interface. There appears to be no correlation between

compressive strength, splitting tensile strength, ultrasonic pulse velocity, nor voids

content. An increase or decrease in compressive strength in a particular area was not

always confirmed by an increase or decrease in splitting tensile strength, ultrasonic

pulse velocity, or voids content. Average physical properties of the concrete are given

below:
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Overall Percent

Test Average Lower Difference

Unit weight, pcf 158.3 158.3 0

Pulse velocity, fps 17,810 17,046 -4.3

Compressive strength, psi 6,620 3,730 -43.7

Splitting tensile strength, psi 650 495 -23.8

Elastic modulus, x 10 psi 6.85 4.60 -32.8

Poisson's ratio 0.25 0.20 -20.0

Percent voids 11.0 11.6 5.5

48. Concrete on the south side of the lock appears to be inferior to that in the

north side. Splitting tensile strength, elastic modulus, Possion's ratio, and voids con-

tent differed by more than 10 percent while unit weight, pulse velocity, and compres-

sive differed by 4 percent or less. Average concrete properties on the north side and

on the south side of the lock are given below:

Test North side South side

Unit weight, pcf 158.7 157.9

Pulse velocity, fps 18,127 17,494

Compressive strength, psi 6,750 6,480

Splitting tensile strength, psi 710 590

Elastic modulus, x 10 psi 7.20 6.45

Possion's ratio 0.26 0.23

Percent voids 10.3 11.7

Petrographic Examination

49. Cores from both Eisenhower and Snell Locks were taken for evaluation

and examination. Portions of two cores from Eisenhower and one from Snell were
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selected for examination. The complete test results are presented in Appendix G.

The concrete was air-entrained. The air content for the samples examined ranged

from 2.3 to 2.8 percent. The low air content of the concrete is not believed to be of

any significance. Previous average air contents reported by Buck, Mather, and

Thorton (Buck, Mather, Thorton 1967) were 3.5 percent for the two lock structures. It

may be due to the relatively small area of sampling. The examination show that the

concrete from both structures are similar and free from damaging cement-aggregate

reactions and other deleterious reaction. The concrete from the two structures are

similar.

Summary

50. The concrete testing program shows that the three principal properties

needed for the finite element analyses, compressive strength, tensile strength, and

modulus of elasticity, Figures 8, 9, and 10, respectively, decrease with depth in both

Eisenhower and Snell Locks. The average compressive strength for Eisenhower Lock

is less than that of Snell by 31 percent, 5,230 psi versus 6,620 psi. The lower value

at Eisenhower is biased by the larger number of test specimens from the lower portion

of the wall when compared with specimen from Snell, six from Eisenhower and only

one from Snell. Using the average compressive strength from specimens taken from

the upper portion of Eisenhower borings and comparing that to the Snell average, the

difference is only 9 percent which is approximately the same percent difference

reported by Buck, Mather, and Thorton (Buck, Mather, Thorton 1967). This same

trend of bias by the larger number of specimen from the lower portion of the borings

from Eisenhower is found in the overall average value for the modulus of elasticity.

This trend is not seen in the tensile strengths. The average tensile strengths from the

lower to upper portion of the borings from Eisenhower only vary by 8 percent. The

test values for the modulus of elasticity and the unit weight may have been influenced

due to the aggregate size when compared to the diameter of the cores which may

result in higher test values.
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PART IV: STATIC STRESS ANALYSIS

Introduction

51. This section presents the results of the static, nonlinear, soil-structure

interaction analysis of three typical concrete chamber wall monoliths, a north and a

south wall at Eisenhower Lock and a north wall at Snell Lock. The static stress

analysis of Eisenhower and Snell Locks focuses on the evaluation of the internal

structural integrity of the chamber walls monoliths. The objective of the study is to

determine the current state of stress of the concrete in the chamber monoliths at

Eisenhower and Snell Locks using the finite element method and to check these

stresses against the strength of the concrete.

Problem Description

52. The Eisenhower and Snell Locks are located in the Wiley-Dondero Canal

portion of the Saint Lawrence River just north of Massena, NY. The locks are about

4 miles apart with Snell Lock located downstream of Eisenhower Lock (Figure 2).

Eisenhower and Snell Locks are sister locks with chamber dimension of 80 ft in width

and 860 ft in length. The lock walls are approximately 110 ft high and 63 ft in width at

the base. Figures 11 and 12 show typical cross sections through the lock chamber at

Eisenhower and Snell Locks, respectively. The chamber walls are unreinforced mass

concrete sections with large filling and emptying culverts, smaller drainage and supply

culverts, and a cable gallery at the top of the north walls. The concrete monoliths are

founded on dolomite rock which forms the chamber floor of the locks. The backfill

behind the lock walls is a compacted glacial till. The natural soil at the site is a glacial

till. Figures 13, 14, 15, and 16 show typical chamber wall sections for the two locks.

Eisenhower Lock has a high pool level at el 240 ft and a low pool level at el 200 ft.

Snell Locks has a high pool level at el 200 ft and a low pool level at el 155 ft.

53. As discussed in Part II, Eisenhower and Snell Locks have suffered struc-

tural cacking of the concrete. The chamber wall monoliths have a continuous crack
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along the landward ceiling corner of the filling and emptying culverts. The crack

extends from the culvert to the surface of the backfilled face of the monolith. The

primary loading on the chamber walls that could cause the formation of the crack is

from the backfill and the groundwater in the backfill. The backfill is a compacted

glacial till with unusually high unit weight, 145 to 150 pcf. In situ tests by Gannett

Fleming Engineering, Inc. (1986) to determine the horizontal stresses, i.e., lateral earth

pressure, in the backfill showed that the horizontal stresses may be 1.5 to 2.0 times

the effective vertical overburden pressure. This suggests a high degree of compaction

of the backfill. An additional factor is that the groundwater level in the backfill is

approximately 20 ft higher than anticipated in the original design.

54. With the backfill as the primary source of loading, the assessment of the

stress in the concrete of the chamber walls involves significant soil-structure interac-

tion. Because of the nonlinear stress-strain behavior of the soil and the formation of

the crack in the concrete, a nonlinear soil-structure interaction finite element analysis

is necessary to accurately estimate the stress in the chamber wall monoliths. Conven-

tional equilibrium method and linear elastic finite element models cannot capture these

important aspects of this problem.

55. The analyses for the assessment of static stresses in the chamber wall

monoliths were performed using the computer program SOILSTRUCT. SOILSTRUCT

is a general purpose finite element computer program for two-dimensional, plane

strain analysis of soil-structure interaction and soil-inclusion interaction problems. It

calculates displacements and stresses due to incremental construction and/or load

application and is capable of modeling nonlinear stress-strain material behavior. The

simulation of incremental construction may include embankment construction or back-

filling, the placement of layer(s) of a reinforcement material during backfilling or

embankment construction, dewatering, excavation, installation of a strut or tie-back

anchor excavation support system, removal of the same system and the placement of

concrete or other construction materials. The incremental loading simulation may

consist of the application of concentrated loads, boundary pressures or loads due to

temperature changes in nonsoil materials.
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56. The initial version of SOILSTRUCT was developed by Professors G. W.

Clough and J. M. Duncan for use in the analysis of Port Allen and Old River U-frame

locks (Clough and Duncan 1969). This version of the program reflects modifications

made in conjunction with a number of projects at WES to expand the capabilities of

the finite elements constitutive models, load vector formulation algorithms, the size of

problem which may be analyzed, and the transfer of input, output, restart and plot data

files by means of disc storage. A detailed description of the program is provided in

Appendix C.

Finite Element Model

57. The study commenced by reviewing construction drawing and records and

the reports from previous studies of the locks. From this information, the characteriza-

tion of the backfill and foundation and a preliminary characterization of the concrete

was made. The next step in the analysis was to select the dimensions and elevations

for the chamber wall monoliths to be analyzed. NCB requested the analysis of three

chamber monoliths, a north and south at Eisenhower Lock and one from Snell Lock.

In the detail scope of work, a south monolith at Snell Lock was scheduled for analysis.

A review of the data revealed that the north chamber monoliths have a slightly higher

backfill behind them resulting in the decision to analyze a north monolith at Snell Lock.

Figures 17, 18, and 19 show the basic elevations and dimension for each lock wall

sections selected for analysis. The dimensions and elevations are not for specific

monoliths at Eisenhower and Snell Locks, but are lower bound possibilities formed

from the typical sections shown in Figures 13 through 16. The boring data shows the

rock surface to range from el 139 to el 143 ft at Eisenhower Lock and from el 99 to

el 102 ft for Snell Lock. The Eisenhower models used el 140 ft for the rock surface

and Snell model used el 100 ft for the rock surface. Figures 20, 21, and 22 shows the

overall model configuration including the wall, backfill, and foundation. The backfill

surface begins at the top of the wall for both locks and connects to the surface of the

natural soils. The surface of the natural soils and the slopes of the excavation (Fig-

ures 20, 21, and 22) are consistent with preconstruction drawings for the two locks.
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58. This information provided the basic data to construct the finite element

meshes for three monoliths to be analyzed. Symmetry about the center line of the

chamber allows for modeling of only one wall of the lock at a time. This significantly

reduces the required mesh size. Each mesh contains a section through a lock wall

and a representative portion of the foundation rock, backfill, and in situ soil. One of

the side boundaries of the meshes is at the center line of the lock chamber. The

other side boundary is 500 ft from the center line of the lock, in a position such that

simulation of the construction of the lock wall and backfill placement should not effect

the stresses near this boundary. The rock foundation extends 200 ft below the base

of the lock walls.

59. Construction of the mesh for the north chamber wall monolith at

Eisenhower Lock, the first mesh generated, consisted of several stages with certain

constraints applied to the configuration of the mesh. Initially, a mesh was constructed

with approximately half the elements of the final mesh and a backfill placement was

simulated to test for accuracy. The mesh had to allow for the simulation of a crack

extending from the landward ceiling comer of the filling and emptying culverts to the

surface of the backfilled face of the wall. Special interface elements had to be used

between the wall and the foundation and between the wall and the backfill.

60. Clough and Duncan (1969) found that an accurate mesh for the simulation

of backfill placement was obtained if the stresses in the soil elements in the mesh did

not vary more than 10 percent during a placement of a lift. Maintaining this criteria

allows the soil constitutive model in the finite element computer program to follow the

nonlinear stress-strain response of the soil. The initial mesh was refined until the

changes in stresses were below 10 percent. Other criteria followed in the construction

of the mesh was maintaining an aspect ratio less than 4 in the wall and surrounding

soil. The OM5 element used in SOILSTRUCT is accurate for aspect ratios up to

eight. The highest aspect ratios in the wall, less than four, are along the slope of

backfilled face of the wall. In this area, the criteria was to have four or more elements

parallel to the crack to alow for accurate prediction of stresses in the direction of the

crack.
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61. Figure 23 shows the mesh for a section through a typical chamber monolith

of the north lock wall at Eisenhower Lock. The mesh consists of 2,505 nodal points to

define 2,200 two-dimensional elements representing the lock wall, soil, rock, and 221

one-dimensional interface elements. This was the first mesh generated and was used

to set a minimum standard for the two remaining meshes. Figure 24 shows the mesh

for a section through a chamber monolith of the south lock wall at Eisenhower Lock.

The mesh consists of 2,898 nodal points to define 2,818 two-dimensional elements

representing the lock wall, soil, rock, and 290 one-dimensional interface elements.

Figure 25 shows the mesh for a section through a chamber monolith of the north lock

wall at Snell Lock. The mesh consists of 2,353 nodal points to define 2,278 two-

dimensional elements representing the lock wall, soil, rock, and 245 one-dimensional

interface elements. The interface elements are at the interface between the concrete

and soil backfill, concrete and rock foundation, and soil and bedrock.

Simulation of the Construction and Loading Conditions

62. The finite element modeling technique used for this study is a nonlinear

analysis, where loads are applied incrementally to simulate the actua Zonditions in the

field. The key stages in the modeling are the initial conditions after excavation for the

construction of the lock, placement of the lock wall, placement of the backfill, raising of

the water table in the backfill, formation of the crack, placement of the anchors, and

operation of the lock. These are depicted schematically in Figure 26.

63. To establish the in situ stresses after the excavations for the construction

of the locks, the natural soil was placed incrementally in the configuration of the exca-

vations. This established the necessary in situ stresses to start the modeling of the

structure and the backfill placement and is more expedient than trying to model the

excavation process. During this stage of the analysis, the elements in the rest of the

mesh are weightless with no stiffness. After establishment of the natural soil and exca-

vation, the lock wall is placed under gravity load. At this point, all displacements in the

mesh are set to zero, thus creating the reference point for the remaining stages of

construction and loading simulation.
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64. The placement of backfill is simulated by placing the soil in load steps or

lifts of one row of elements each. Five iterations for each lift were used to permit the

stress-strain curves of the soils to be followed as closely as possible. This number of

load steps and iterations has been found to generate an accurate response for earth

pressures (Clough and Duncan 1969). In order to develop sufficient earth pressures

on the lock walls to cause a crack to develop, the effects of compaction had to be

included in the analysis. The program did not have a procedure to account for com-

paction, thus a procedure had to be developed. Elements above the lift being placed

are considered inactive and have zero weight and no stiffness.

65. Compaction equipment moving across a backfill adjacent to a wall induces

additional lateral earth pressures on the wall. When the compaction equipment moves

away from the wall, a portion of the additional lateral earth pressures continues to act

on the wall due to the inelastic nature of the soil. A typical pressure distribution

against a wall resulting from compaction is shown in Figure 27. This is similar in

shape to the pressure distribution reported in the Gannett Fleming report (1986) from

the pressuremeter and hydrofracture testing. A simplistic approach was taken to sim-

ulate the effects of compaction in the backfill for this study. The procedure used was

to increase the vertical forces being applied during simulation of the placement of a lift

of the backfill. This was accomplished by increasing the unit weight of the backfill lift

being placed by a magnification factor. The magnitude of the factor was determined

by performing a series of analyses where the factor was increased until the minor

principal stress at the landward ceiling comer of filling and emptying culvert reaches a

value that would initiate a crack.

66. After placement of the backfill, the water level in the backfill was raised.

The increase in water level was simulated by applying the water pressure in the back-

fill resulting from the change in elevation of the water table and applying boundary

pressures to the back and base of the lock wall to equal the hydrostatic head due to

the change in water table. The static groundwater level in the backfill below the drain-

age blanket is at the drain pipe invert in the drainage blanket. For the soil above the

drainage blanket, the location of the perched water table, the groundwater level is set

equal to the groundwater level in the natural soil.

29



67. Once it was determined that the earth pressures were sufficient to initiate

the crack, another complete analysis was performed with zero strength and stiffness in

tension along the crack. This provided the state of stress in the lock wall after the

crack had occurred. Next, the placement of the post-tensioned anchor was simulated

by applying point loads to the lock wall equal to the value for post-tensioning of the

anchors in the field. In the subsequent load step, the stiffness of the anchor is

activated. Six 636-kip anchors were installed in each monolith. The average spacing

of the anchors is 7.33 ft. SOILSTRUCT uses the plain strain assumption. Thus, the

load applied to simulate the post-tensioning of the anchors is equal to the post-

tensioning loads, 636 kips, divided by the average spacing of 7.33 ft. The force due

to post-tensioning of anchors is applied at the head of the anchor, while an equal but

opposite force is applied to four nodes below the crack in the direction of the line of

action of the anchor.

68. Operation loading conditions evaluated are a result of raising the water

level in the chamber of the lock from the dewatered condition to the lower pool water

level and then to the upper pool level. These are simulated by applying boundary

pressures to the chamber wall face, surfaces of the culverts, and base of the chamber

wall monolith equal to the hydrostatic water pressure for the different pool levels.

Soil and Concrete Parameters for Finite Element Analyses

69. The finite element models require input parameters for the concrete in the

lock walls, foundation rock, backfill, and natural soil at the site that describes their

stress-strain characteristics, unit weights, and initial stress conditions. These parame-

ters were determined from the laboratory tests described in Part III and from the

reports provided by the SLSDC and NCB.

Unit weights

70. The in-place relative soil density of the backfill soil has been a point of

controversy for sometime because of the high values measured by in-place tests.

Assumed wet densities from previous studies have ranged from 125 pcf in the 1955

Corps Design Memorandum to 140 pcf used in Harza Engineers' study (1981).
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Measured backfill density values from in-place tests range from a low of 135.5 pcf to a

high of 150.6 pcf. Measured values from laboratory tests of reconstituted soil samples

showed an average maximum dry density ranging from approximately 135 to 140 pcf

that would result in wet density values ranging from approximately 144 to 149 pcf.

Based on this information, a wet unit weight of 148 pcf was used in these analyses.

Angle of Internal friction and cohesion

71. Because of the difficulty involved in obtaining undisturbed samples, labora-

tory testing has only been performed on reconstituted samples. Measured values for

the angle of internal friction from reconstituted samples ranged from 35 deg reported

in the Corps Post Construction Report (US Army Engineers, Buffalo District 1957) to

42 deg reported by Empire Soils Investigations, Inc. (1985) and from zero to 5.4 ksf

for cohesion. During the engineering study by Gannett Fleming Geotechnical Engi-

neers, Inc., (1986) a value of 45 deg for angle of internal friction and zero cohesion

was used in their stability computations. This angle of internal friction value was esti-

mated from the results of pressuremeter tests.

72. The report by Empire Soils Investigation, Inc. (1985) recommended an

angle of internal friction of 40 deg and zero cohesion, based on the average of three

sets of triaxial tests of reconstituted samples (37, 40, and 42 deg, and 0,0, and

0.3 ksf, respectively). Our reanalysis of these tests, Appendix D, shows the angle of

internal friction ranging from a low of 35.2 deg with cohesion of .23 ksf to a high of

41.7 deg with a cohesion of 1.5 ksf. The greater strengths were for the materials

classified as SM. The lower strength materials were classified as CL.

73. It has been found that the angle of internal friction obtained from a triaxial

test is from 4 to 9 deg smaller than from a plane strain test. Plane strain conditions

develop along the chamber lock wall in this study. Therefore, the values from triaxial

tests will under estimate the angle of internal friction of the backfill behind the lock

walls. A conservative estimate of the plane strain angle of internal friction may be

found using the value from a triaxial test in the correlation:

= 1.54t-17
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for an angle of internal friction greater than 34 deg (Lade 1976). Using this correlation

the plane strain angle of internal friction from a triaxial test performed by Empire Soils

Investigation, Inc. would be 38.5, 43, and 46 deg, respectively, and a similar range for

our reanalysis. In light of this, the value of 45 deg for angle of internal friction used by

Gannett Fleming Geotechnical Engineers, Inc. (1986) seems reasonable and was

used in this study. The reanalysis of the Empire Soil tests showed significant values

of cohesion. It was felt that a cohesion of 0.5 ksf should be used in the analyses.

Stress-strain parameters for the soil

74. Using the procedures outlined by Duncan et al. (Duncan 1970) the neces-

sary stress-strain parameters can be computed from the results of drained triaxial

tests. These procedures were used to determine the stress-strain parameters from

the triaxial tests reported by Empire Soil Investigation Inc. The results are presented

in Appendix D. They show the strength correlation factor, Rf, with values ranging from

0.31 to 0.76, hyperbolic exponent factor, n, with values ranging from 0.2 to 0.69, and

the modulus constant, K, with values ranging from 223 to 1,232. The modulus con-

stant values seemed low for soil with such high density. Considering the fact that the

stiffness of a soil increases significantly with prestressing from loads such as compac-

tion and the authors' personal experience, the stress-strain parameters used in the

analyses are shown in Table 5.

Concrete properties

75. The concrete lock walls are assumed to behave linearly elastic in the finite

element analyses in this study. The primary properties of the concrete needed for

these analyses are the modulus of elasticity, Poisson's ratio, and unit weight. The

most important of these is the modulus of elasticity. The modulus is the primary

parameter controlling the magnitude of the displacement of the wall. In Part Ill, the

test results show that modulus value decrease from the top of the wall to the bottom.

The value ranged from 3.5 to 7.7 X 106 psi with a mean value of 6.08 X 106 psi and a

standard deviation of 1.20 X 106 psi (approximately 20 percent). Having a lower value

of the modulus in the bottom 25 ft of wall had less than a 5 percent change in the

stresses and less than a 3 percent difference in the displacements for the Eisenhower

north wall model. These differences are not significant enough to justify using a

32



varying modulus for the concrete walls. Therefore, a value of 5.0 X 10 6 psi was used

in the analyses. The unit weight of the concrete ra-'ged from 153.7 pcf to 163.8 pcf.

A value of 150 pcf was used. The lower than average values for the elastic modulus

and unit weight used in the analysis were chosen because concern over the influence

of large aggregate size on biasing the average values. Poisson's ratio values ranged

from 0.16 to 0.30. A value of 0.25 was used. The tensile strength was needed in the

analyses to determine the stress level where cracking would occur. The laboratory

tests showed a range for the splitting tensile strength from a value below 400 psi to

values over 700 psi. The tensile stress range assumed for initiation of a crack was

300 to 400 psi.

Analysis Results

76. Since the results for the three monoliths show the same general trends and

approximately the same maximum and minimum stress levels, only the results for the

north wall at Eisenhower Lock will be discussed in detail. The results for the other two

monoliths are presented in Appendixes E and F.

Initial stress state after
dewatering and excavation

77. The first important step in the analysis was to establish the initial statp of

stress in the natural soil after the excavation for construction of the lock and in the

lock walls after placement of the concrete. This was accomplished in two steps;

(1) placement of the natural soil at the configuration of the excavation and (2) place-

ment of the wall. Figure 28 shows a plot of the mobilized shear strength of the

natural soil. Figure 29 shows the distribution of vertical stresses in the lock wall after

its placement. Figure 30 shows the distribution of the minor principal stress in the wall

after its placement. When minor principal stresses in an element exceed the limiting

value of negative 57,600 psf (400 psi) or a zone of element has stresses greater than

43,200 psf (300 psi), a crack is assumed to occur. Negative values denote tensile

stresses, while positive values denote compression.
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Placement of backfill

78. Figures 31 and 32 show the contours of the vertical and horizontal dis-

placement, respectively, resulting from the placement of the backfill prior to the estab-

lishment of the crack at the comer of landward ceiling of the filling/emptying culvert.

The greatest vertical displacement is 0.29 ft and is located on the boundary between

the backfill and natural soil. As found by Clough and Duncan (1969), the maximum

displacement is located midway in the soil stratum being placed. The maximum verti-

cal displacement in the wall occurs near the top of the wall and is less than 0.04 ft.
The maximum horizontal displacement is 0.12 ft and is located at the top of the

chamber wall. These displacements occur during the placement of the backfill and to

our knowledge no measurements are available for comparison. Figure 33 shows

mobilized shear strength for the soil after backfill placement. The shear strength in

the backfill is fully mobilized near the top of the wall. This is expected because the
wall is moving away from the backfill initiating the beginning of the development of

active earth pressures.

79. Figure 34 shows the distribution of the minor principal stresses and the
deformed shape of the wall and surrounding backfill after placement of the backfill.

Figure 35 shows that the value of the minor principal stress near the landward corner

of the ceiling of the culvert has exceeded the limiting value for initiation of a crack.

Figure 35 shows that one element has exceeded the 57,600 psf (400 psi) level and

Figure 36 shows a zone surrounding the landward ceiling corner with stresses greater

than 42,000 psf (290 psi). The differences in stress levels shown in Figures 35 and

36 is due to the contouring algorithm in the plotting software. In Figures 35 and 36,
the initiation of the crack can be seen. Figure 37 shows the distribution of the major

principai stresses and the deformed shape of the wall and surrounding backfill after

placement of the backfill. The maximum compressive stresses ranging from

120,000 (833 psi) to 110,000 psf (764 psi) are found on the chamber face of the wall

at the change in slope near the toe and surrounding the chamber side of the ceiling

cornei ui the cu',vert. Figure 38 shows the major principal stresses surrounding the

landward ceiling corner of the culvert. The major principal stresses at the corner are

approaching zero. This analyses was used to establish the lateral earth pressure
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required to cause the existing crack at the landward ceiling corner of the filling and

emptying culvert.

80. Once the crack has formed, zero tensile strength and stiffness is provided

across the crack and stresses carried across prior to the formation of the crack are

redistributed into other portions of the wall. Figures 39 and 40 show the distribution of

vertical and horizontal displacements, respectively. The displacements are essentially

the same with or without the crack. Figure 41 shows the distribution of the minor

principal stresses and the deformed shape of the wall and surrounding backfill after

placement of the backfill for this case. In Figure 42, a .'rse-up of the culvert region

is shown. From this figure, the opening of the crack can be seen. A gap to the back-

filled face of the wall is not seen in this figure because the computed displacements

are so small, but the crack is open to the backfill face of the wall. Comparing the

minor principal stress distribution in Figure 41 with that in Figure 34 shows that the

tensile stresses once carried across the crack are redistributed to the concrete along

the chamber side of the culvert and to the concrete below the culvert. Before crack-

ing, the minor principal stress in these regions ranged from approximate 0 to -

12,000 psi (83.33 psi). After the formation of the crack the minor principal stresses

increased in tension in these regions to a range from -4,000 psf (27.8 psi) to -

16,000 psf (111.1 psi). Figure 43 shows the distribution of the major princioal stresses

and the deformed shape of the wall and surrounding backfill after placement of the

backfill for this case. The maximum compressive stresses ranging from 120,000 psf

(838 psi) to 108,000 psf (750 psi) are found on the chamber face of the wall at the

change in slope near the toe and surrounding the chamber side of the ceiling corner

of the culvert. These stress levels and locations are approximately the same as seen

in Figure 37. Figure 44 shows the major principal stresses surrounding the landward

ceiling corner of the culvert. The major principal stresses at the corner are

approaching zero.

81. Figure 45 show the resulting lateral earth pressures acting on a vertical

plane directly over the heel and the pressuremeter results from Gannet Fleming

Engineering's investigation (1986). The predicted lateral earth pressures show good

agreement with the pressuremeter results in the upper portion of the backfill. In the
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mid height range, predicted values are higher than the pressuremeter results. In the

lower portion of the backfill, there were no pressuremeter results for comparison.

Figure 46 shows the shear stress from the finite element analysis on the vertical plane

above the heel. The shear stress in the upper portion of the backfill relates to a wall

friction of 8 to 10 deg and in the lower portion of the backfill, it relates to a wall friction

of 28 to 30 deg.

Placement of the anchors

82. Figure 47 shows contours of the horizontal displacements. It shows that

the post-tensioning of the anchor moves the top of the wall back into the backfill by

0.003 ft. This is an expect result of the post-tensioning of the anchors. Figure 48

show the distribution of the minor principal stresses and the deformed shape of the

wall and surrounding backfill after placement of the anchors. It shows a slight

increase in the compressive stresses on the face of the chamber and surrounding the

culvert. Also, there is a change in the stresses at the anchor head. Figure 49 shows

the distribution of the minor principal stresses and the deformed shape of the wall and

surrounding backfill after placement of the anchors. The distribution of stresses is

only changed in the top of the wall with a slight reduction in the minimum value of the

tensile stresses, 26,390 psf (183 psi) to 24,610 psf (171 psi). Figure 50 shows a

close-up near the culvert. The crack has partially closed with the placement of the

anchors. This is consistent with the leakage found in the field. The leakage suggests

that the crack is not completely closed.

Lower pool

83. Figure 51 shows the distribution of horizontal displacements. It shows that

the top of wall moved 0.001 ft toward the backfill due to the raising of the water in the

lock chamber to the lower level. Figures 52 and 53 show the distribution of the major

and minor principal stresses, respectively, and the deformed shape of the wall and

surrounding backfill after raising the pool to el 200 ft. The distribution of stresses

shows a slight reduction in the maximum and minimum stress levels. These results

show that this load case is less critical than the dewatered case.
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Upper pool

84. Figure 54 shows the distribution of horizontal displacements. It shows that

the top of wall moved 0.009 ft toward the backfill due to the raising of the water in the

lock chamber to the lower level. Figures 55 and 56 show the distribution of the major

and minor principal stresses, respectively, and the deformed shape of the wall and

surrounding backfill after raising the pool to el 240 ft. The distribution of stresses

shows a slight reduction in the maximum and minimum stress levels.

Summary and Conclusions

85. The static stress analyses have shown that the most critical loading condi-

tion is when the lock is completely dewatered. For this condition, the static analyses

have shown that the chamber lock walls were overstressed in the past, due most likely

to over compaction of backfill and the 20 ft higher than anticipated water level in the

backfill. This overstressing was sufficient to cause the present crack from the upper

landward comer of the filling/emptying culvert and extending to the surface of wall on

the landward. Once the crack had occurred and the anchors were placed (the current

state of the walls), the analyses show that the tensile stress that caused the crack to

form has been redistributed to the concrete along the chamber side of the culvert and

to the section below the culvert. This redistribution of tensile stresses has not

overstressed the lock walls and leaves them with a factor safety greater than

2.0 (tensile stress of 180 psi from analyses versus 400 psi cracking limit) against ten-

sile stress induced cracking. The compressive stresses are well below (3.5 times) the

lowest compressive strength found in the laboratory test program. The location of the

highest compressive strength is in an area where the concrete deterioration has been

a problem.
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PART V: SEISMIC ANALYSIS OF THE NORTH WALL OF THE EISENHOWER

LOCK INCLUDING FLUID-SOIL-STRUCTURE INTERACTION

Introduction and Objectives

86. The active earth pressures and water pressures due to a horizontal seismic

motion on the lock have been estimated for the Eisenhower Project Site. Response

spectra from the Operating Basis Earthquake (OBE) and Maximum Credible Earth-

quake (MCE) were used to perform the linear dynamic stress analysis. Two dimen-

sional plane strain analysis was used to estimate earth pressures and water pres-

sures. These pressures were then added to the dynamic results to yield the final

stress values. Figure 57 shows a typical section of the north wall of the lock.

87. The purpose of the present report is to use current analysis methods,

which could incorporate the effects of soil structure interaction for a seismic analysis of

the lock. In addition, the report provides pertinent state-of-the-art information on soil-

structure interaction and identifies critical areas of the lock structure that should be

carefully engineered.

General Overview of Analysis

88. Retaining walls designed for earthquake effects may be grouped into two

main categories on the basis of their failure mode:

.a. Gravity retaining walls, using the mass of the wall for stability, which fail
by sliding or by overturning. These may be called displacement-
governed walls. The internal force levels in such walls are of secondary
importance.

b. Cantilever, tied-back or braced walls, which fail by fracture or yield of
one of the structural components involved. These walls may be called
force-governed walls. For at least some part of such structural systems
the internal force level is important.

The present analysis assumes that no displacement failure is anticipated, and the

Eisenhower Lock is composed of force-governed walls.

89. Generally the objectives in earthquake-resistant design are as follows:
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a. To ensure that no significant structural damage results from a moderate
earthquake having a reasonable likelihood of not being exceeded during
the life of the structure.

b. To ensure against collapse or major structural failure for a rare severe
earthquake.

90. The first design objective can be met by sizing the structural members

such that their strengths will not be significantly exceeded in an earthquake of moder-

ate intensity. At this design level, the behavior is essentially linear elastic and applica-

tion of elastic response spectrum analysis can be used to arive at critical member

forces.

91. The second design objective of ensuring against a major structural failure

is often met by employing design details that ensure ductile behavior.

92. These two objectives can be met if the necessary steel reinforcement is

provided. This is always the case for residential buildings and a certain class of life-

line structures such as bridges. For retaining walls that are very lightly reinforced

however, the objectives are still the same, but the objectives are met in a somewhat

different way.

93. The "dual spectrum approach" is used if two distinct levels of prescribed

earthquake excitations are employed to meet the two aforementioned design objec-

tives. The higher intensity motion is often called "maximum credible earthquake"

(MCE) or ductility level earthquake and the lower level motion is referred to as "operat-

ing basis earthquake" or strength level earthquake. The MCE spectrum reflects an

envelope of response values which have a high probability (e.g., 85-95 percent) of not

being exceeded during the lifetime of the structure. The OBE spectrum has a moder-

ate probability (e.g., 50-60 percent) of not being exceeded. The structure should not

suffer any damage from the OBE. Damage is acceptable for the MCE, but the struc-

ture should remain mostly intact and not experience a catastrophic failure.

94. For gravity retaining walls and in particular for forced-governed walls, the

members are sized so that failure is avoided and only reparable damage is allowed to

develop. This is accomplished by sizing the wall sections so that the strength of the

contraction material will be exceeded in limited areas that retain the function of the

structure and are accessible to retrofiting after the earthquake.
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95. The analysis reflects the "dual approach." The procedure for both the

OBE and MCE is the same with the only difference being the intensity of the lateral

forces acting on the lock wall.

96. The following steps comprise the analysis:

a. Evaluate lateral stiffness of soil in contact with the wall.

b. Evaluate earth pressures on the wall.

c. Stress analysis using the OBE and MCE loading conditions.

The dynamic analysis of the wall was performed with ADINA (ADINA 1988).

97. The wall was modeled with plane strain rectangular elements, while

spring elements were used to represent the soil. The evaluation of the spring con-

stants is based on state-of-the-art soil dynamics procedures. The minor differences of

the frictional angle of the soil, and the modulus of elasticity of the concrete Ec, used in

the static analysis and the dynamic analysis are insignificant given the complexity of

the system and the computational procedures in both analyses. The finite element

method (FEM) modelling of the lock, i.e., size of elements, and mesh were performed

according to guidelines found in FEM literature (Bathe 1982). The FEM model used to

extract the mode shapes as well as performing the response spectra analysis is

shown in Figure 58.

98. The analysis revealed that the soil-structute interaction (SS) does not

effect the dynamic response of the lock significantly - at least the effects on the

natural frequency of the fundamental mode shape. Without the soil, the natural fre-

quency was 12.1 Hz; with the soil, the natural frequency was 12.7 Hz, for a total per-

cent difference of 4.7 percent.

99. As a consequence of this small change, the earth pressures acting on the

wall have been changed insignificantly from the ones evaluated without soil-structure

interaction.

100. It should be pointed out that SSI, as has been accounted for in this analy-

sis, is a rough approximation of SSI behavior under seismic loads. Salient deficien-

cies of the analysis include:

a. Evaluation of the soil spring stiffness from a shear modulus, Gs, esti-
mated from earthquake induced strains.
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b. Assumption that the soil stiffness is constant. This is not always a
conservative assumption since the magnitude of the soil stiffness is
highly dependent on the frequency of the excitation (Wolf 1985).

c. Neglect of radiation damping in the soil. Radiation damping is a mea-
sure of the energy loss from the structure through radiation of waves
away from the footing, i.e., it is a purely geometrical effect. For hori-
zontal and vertical translations, radiation damping may be large
(greater than 10 percent of critical damping).

Analysis

101. The seismic analysis used the response spectra method. Two cases

were considered:

a. OBE with 5 percent damping.

b. MCE with 10 percent damping.

The 10 percent damping for the MCE is an approximation that accounts for structural

damage. This is a standard method used in response spectra and thus linear for

seismic analysis.

102. The response spectra for both the OBE and MCE is an envelope of maxi-

mum values of the site specific response spectra provided by Kinitzsky (1991). The

response spectra are for a Modified Mercalli intensity VIII earthquake. The time histo-

ries and response spectra are for a near field, hard site, and shallow earthquake. The

response spectra used are shown in Figure 59.

103. A total of 10 mode shapes were used to compute the seismic stresses.

The method used a standard response spectra method to combine the stresses from

each mode shape to calculate the net stresses. This method was a square root sum

of squares (SRSS) method, thus all stress values are positive. Although this is con-

fusing at first, it causes no problems in interpreting the results. Since it is an earth-

quake loading and thus a cyclic loading, the stresses are equally likely to be tensile or

compressive. Simply adding the dynamic stress to the static stresses will give the

largest tensile stresses which are important to determine if failure is occurring.

104. The static stresses are from the SSI calculations covered previously in

this report. Note that the sign convention for the stresses are different. Tensile
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stresses are positive while compressive stresses are negative. Also, note that all

dimensions and elevations are given in inches and stresses are in pounds per square

inch.

Results

105. The results from the dynamic analysis are shown starting with Figure 60.

This figure is a contour plot of the maximum principal stresses for the OBE loading.

The largest stress value is 300 psi located at el 2,678 on the exterior or right face of

the lock. This stress is well within the tensile strength of the concrete (ft=500 psi).

106. The results for the MCE are shown in Figure 61. The maximum stress

value is in the same location as is the OBE. Now, the maximum principal stress is

405 psi. This is getting close to the tensile strength of the concrete.

107. Combining the OBE stresses with the static stresses changes the maxi-

mum stress value very little. The OBE combined with the static load case is shown in

Figure 62. The combination did create another high stress region near the base of the

right face. This new stress is 225 psi.

108. Figure 63 shows the MCE stresses combined with the static stresses.

Again, very little change occurs in the location or magnitude of the maximum stress

value. It is at el 2,678 on the exterior face of the lock. The stress near the base of

the right face is now 250 psi.

109. For this structure, since the maximum dynamic stresses occur near the

top of the structure, which is a low stress area for the static load case, and since the

static stresses are high in a region where the dynamic stresses are low, the combina-

tion of static and dynamic stresses does not generate very high stress levels.

Conclusions

110. For both the OBE and MCE conditions, catastrophic failure of the lock

wall is unlikely to occur. No damage should occur during the OBE event with a maxi-

mum principal stress of 300 psi. There is a possibility of damage to the structure

43



during the MCE event near the top of the structure where the sloping face transitions
into a vertical face. If damage does occur during the MCE event, no more than about
5 to 10 percent of the section would be damaged.
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PART VI: CONCLUSIONS

111. For static loading and with the current condition as analyzed, the chamber

wall monoliths at Eisenhower and Snell Locks show no evidence of being over-

stressed. The results of the static analyses show that the chamber wall monoliths

have tensile stresses below 200 psi and compressive stresses less than 1,000 psi.

These stress levels are below any of the strengths determined from the laboratory

testing program (390 psi for tensile splitting tests and 3,660 psi for compression tests).

The highest stresses under static loading are in areas of low strength as determined in

the testing program. If for some reason the cross sectional area is significantly

reduced, such as concrete deterioration as found in the history of Eisenhower Lock,

the structural integrity would be in question. It is important for the SLSDC to maintain

an aggressive maintenance program of replacing deteriorated concrete. Immediate

attention should be given to the repair of deteriorated concrete near the bottom of the

lock walls at Eisenhower Lock.

112. For seismic loading events, catastrophic failure of the lock walls is

unlikely. No damage should occur during the OBE event where combined static and

dynamic tensile stresses reaches 300 psi. There is a possibility of some damage to

the walls during the MCE event near the top of the structure where the sloping face

transitions into a vertical face. If damage does occur during the MCE event, no more

than about 5 to 10 percent of the section would be damaged. Where the MCE event

has a low likelihood of occurrence and the damage level is low, it would be prudent to

wait and make repairs to the chamber wails after such an earthquake event.
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Table 1

Elevation
Top of Elevation Concrete Elevation Boring

Lock Boring Boring, Top of Bonded Bottom of Depth,
No. ft. Rock, ft to Rock Boring ft.

Eisenhower N-53 251.5 141.1 No 120.4 131.1

Eisenhower N-57 251.5 138.9 No 126.5 125.0

Eisenhower S-17 251.5 141.9 Yes 128.7 122.8

Eisenhower S-19 251.5 140.8 No 122.5 129.0

Eisenhower SS-18 251.5 * NA 215.7 35.8

Eisenhower SS-19 251.5 * NA 216.5 35.0

Snell N-56 205.0 * NA 131.1 73.9

Snell S-15 205.0 105.9 No 100.7 104.3

• Boring did not extend to concrete rock interface.

NA - Not applicable.



Table 2. Visual Inspection of Cores for Eisenhower and Snell Locks

Box Specimen Concrete
Hole No. No. or Rock Comments

N-53 4 38 Concrete Dense, well consolidated

39 Concrete Dense, well consolidated

10 40 Concrete Minor voids; poor agg/paste interface

41 Concrete Minor voids

19 42 Concrete Considerable voids; poor interface;
chipped end

43 Concrete Poor consolidation; broke while sawing

25 44 Concrete Minor voids; poor agg/paste interface

45 Concrete Considerable voids

26 46 Concrete Minor voids

47 Concrete Considerable voids; poor agg/paste
interface

28 48 Rock Sound, intact

49 Rock Sound, intact

19 43R Concrete Minor voids; poor agg/paste interface

N-57 7 1 Concrete Broke in half while sawing

2 Concrete Minor voids

15 3 Concrete Minor voids; poor interface

4 Concrete Minor voids

19 5 Concrete Minor voids; chipped end; poor
interface

6 Concrete Considerable voids; chipped end

25 7 Concrete Considerable voids; poor agg/paste
interface; big rock

8 Concrete Considerable voids; poor interface



Table 2. (Continued)

Box Specimen Concrete
Hole No. No. or Rock Comments

26 9 Concrete Minor voids; poor interface;
chipped end

10 Concrete Considerable voids

29 11 Rock Sound, intact

12 Rock Sound, intact

7 1R Concrete Minor voids: poor agg/paste
interface; big rock

S-17 7 13 Concrete Minor voids; one big rock in
specimen

14 Concrete Minor voids

10 15 Concrete Minor voids

16 Concrete Minor voids

17 17 Concrete Minor voids; #5 steel anchor in
specimen

18 Concrete Minor voids; poor agg/paste inter-
face

24 19 Concrete Minor voids

20 Concrete Minor voids

26 21 Concrete Minor voids

22 Concrete Minor voids; poor interface; big
rock

27 23 Both Good bond @ C/R interface

29 24 Rock Sound, intact

25 Rock Sound, intact



Table 2. (Continued)

Hole Box specimen Concrete
No. No. or Rock Comments

S-19 1 26 Concrete Minor voids; poor interface

27 Concrete Minor voids; poor interface;
chipped end; big rock

11 28 Concrete Minor voids; chipped end

29 Concrete Minor voids; chipped end

16 30 Concrete Considerable voids

31 Concrete Minor voids

32 Concrete Minor voids

33 Concrete Minor voids; big rock

34 Concrete Minor voids; big rock

35 Concrete Minor voids; poor interface; big
rock

N-56 3 62 Concrete Dense, well consolidated

63 Concrete Dense, well consolidated

9 64 Concrete Minor voids

65 Concrete Minor voids

12 66 Concrete Minor voids

67 Concrete Minor voids

16 68 Concrete Minor voids

69 Concrete Minor voids

17 70 Concrete Minor voids

71 Concrete Minor voids; chipped end



Table 2. (Concluded)

Hole Box Specimen Concrete
No. No. or Rock Comments

S-15 1 50 Concrete Minor voids

51 Concrete Minor voids

6 52 Concrete Minor voids; poor interface

53 Concrete Minor voids

11 54 Concrete Considerable voids; poor interface

55 Concrete Considerable voids; poor agg/paste

interface

19 56 Concrete Minor voids

57 Concrete Minor voids

23 58 Concrete Minor voids

59 Concrete Minor voids

24 60 Rock Sound, intact

61 Rock Sound, intact
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Figure 4. Typical section through south wall chamber monoliths (not to scale)
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Figure 8. Variation of concrete compressive strengths with depth
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Figure 13. Typical cross section of chamber wall monolith on the south side at
Eisenhower Lock
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Figure 45. Lateral earth pressure on a vertical plane above the heel after backfill
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Figure 60. Principal stress contours for OBE event
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Figure 61. Principal stress contours for MCE event
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Figure 62. Static and principal stress contours for OBE event



MAXIMUM PRINCIPAL STRESS (PSI)
324 415 505 596 686 777 867 958 1048mmr-Fr--F'm

2950 2950

2859 2859

2769 2769

2678 2678

2587 2587

2496 2496

2406 2406

2315 2315

2224 -- 2224

2134 2134

2043 2043

1952 15

1861 01861

1771 1771

1680 1680
324 415 505 596 686 777 867 958 1048
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APPENDIX A: INTERGOVERNMENTAL AGENCY AGREEMENT



AP 12 0 (R~Sried"

Study Management/Project Engineering Branch

SUBJECT: Structural Evaluation, Eisenhower/Snell Locks

Mr. Steven Hung
Contracting Officer's Representative
Saint Lawrence Seaway Development Corporation
Office of Engineering and Planning
Post Office Box 520
Massena, New York 13662-0520

Dear Mr. Hung:

Enclosed is the final Scope of Work for the subject study.
The Waterways Experiment Station (WES) will be performing the
bulk of the work for this study. Their Detailed Scope of Work is
incorporated into the final Scope of Work. The Mobile District
of the Corps of Engineers will be doing the core drilling and
sampling under the direction of WES. The Buffalo District will
be preparing the final report and is also responsible for study
coordination and overall project management. The North Central
Division (NCD) of the Corps in Chicago and the Office of the
Chief of Engineers (OCE) in Washington are providing technical
assistance.

The study cost is estimated at $570,000. A detailed cost
estimate and study schedule are contained in the enclosed scope.

The study is proceeding in accordance with the schedule
contained in the interagency. agreement between your agency and
the Corps of Engineers. The agreement was signed on
February 2, 1990 by General Patin. I anticipate on-site work
will commence on May 15, 1990. My project manager will provide
you a monthly report on the progress of the study.
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Study Management/Project Engineering Branch
SUBJECT: Structural Evaluation, Eisenhower/Snell Locks

My point of contact pertaining to this matter is Mr. Michael
Barton, P.E., of the Study Management/Project Engineering Branch
who may be contacted at 716-879-4231 or by writing to him at the
above address.

Sincerely,
xROv3 W. swGI

~.US. ARM?

Bruce W. Haigh
Lieutenant Colonel, U.S. Army
Acting District Commander

Enclosure

CF: Barton/mb
CECW-EG (Tony Liu) Gorecki
CENCD-ED-TT (Joe Schmidt) Nicaise
CEWES-IM-DI (Reed Mosher) Gilbert

Brooks
Haigh
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STRUCTURAL EVALUATION OF EISENHOWER AND SNELL LOCKS

SAINT LAWRENCE SEAWAY

MASSENA, NEW YORK

1. PURPOSE AND SCOPE

The purpose of the structural evaluation of Eisenhower and
Snell Locks is to determine the adequacy of the existing locks in
light of their present condition and future needs, and the
advisability of their rehabilitation. The scope of this study
will focus on the internal structural integrity of the chamber
wall monoliths at each lock. The study will review the past
history of the St. Lawrence Seaway Development Corporation
(SLSDC) structural repairs to these monoliths and will evaluate
their current internal condition based on field investigations,
detailed finite element analyses and seismic analyses. The Corps
will also review previous reports, including the Gannett Fleming
reports to identify pertinent information and acceptable existing
data for use in the subject evaluation.

The study will be divided into three phases:

Phase I - Field Investigation and Laboratory TestinQ
Program: This phase of the study will determine the current
state of the in-situ concrete in the chamber wall monoliths and
determine the concrete properties needed for the stress analyses.

Phase II - Static Stress Analysis: The state of stress
within the chamber wall monoliths will be examined by performing
two-dimensional soil-structure interaction finite element
analyses of two monoliths at Eisenhower and one at Snell.

Phase III - Seismic Stress Analysis: Dynamic finite
element analyses of two monoliths will be performed to assess
their structural integrity during an earthquake. To support the
dynamic analysis, a geological-seismological investigation will
be conducted to provide the ground motions, time histories, and
corresponding response spectra that could be expected during a
seismic event.

The findings from these three phases will be used by the
Waterways Experiment Station (WES) to assess the adequacy of the
existing locks, and for WES to make recommendations on the
possible needs for future rehabilitation.
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2. PROJECT MANAGEMENT

The Buffalo District will be responsible for project
management during this evaluation. These duties include the
following:

a. Provide monthly progress reports to the SLSDC with
copies furnished to North Central Division and Office of the
Chief of Engineers.

b. Coordinate the schedule for work being done by various
Corps agencies.

c. Initiate funding documents for work by other Corps
agencies relating to this evaluation.

d. Monitor funds used and report usage to the SLSDC.

e. Serve as point of contact for SLSDC and all Corps
agencies involved.

f. Coordinate OCE and NCD review of all documents generated
by this evaluation.

g. Perform -. ,.r miscellaneous project management tasks as
required (exarn K, arrange purchase and delivery of core boxes
for drilling)

3. DETAItED SCOPE OF WORK

Tn the following sections, the general scope of work
presented in the Intergovernmental Agency Agreement has been
expanded to provide the SLSDC the necessary information to assess
the adequacy of the proposed study.

Phase I - Field Investigation and Laboratory Testing Program

The field investigation and laboratory testing program will
be conducted to provide the necessary parametric data to support
the static and seismic analyses. The Mobile District will be
conducting the drilling operation. Continuous six inch diameter
core will be obtained from vertical core borings will be made six
representative locations, four at Eisenhower Lock (in monoliths -
N53, N57, S19, and S18) and two at Snell Lock (in monoliths - N56
and S15). Each boring will be approximately 125 feet deep and
will penetrate 10-15 feet into the bedrock beneath the locks to
check for any unknown rock cavities. A total of 750 linear feet
of 6-inch diameter core will be obtained. Core drilling will be
performed from the top of the lock walls. For monoliths N53 and
N57 at Eisenhower Lock and N56 at Snell Lock, the borings will be
located approximately 4 ft from the face of the lock wall to
avoid the cable gallery. All borings will be located to insure
no interference with the main conduit or any ports for filling
and emptying. All coring will be accomplished with a single
drill rig and with only one mobilization. Mobile District will
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provide a borehole camera to be used to visually inspect the
existing conditions of the concrete and rock core holes. WES
will have a concrete technologist on site to log and inspect the
cores. All core will be wrapped with material to resist drying.
The core will be stored on site in space provide by SLSDC.

Three additional core borings will be made depending on the
budget and if a distinction can be made between lift joints and
cracks. Two will be made at Eisenhower Lock in monoliths S19 and
S18 and one in monolith S15 at Snell Lock. The borings will be
located as close as possible to the back of the walls. The
borings will extend to a depth of approximately 20 feet. These
will be used to investigate the possibility of the existent of a
crack near the top of the wall where the back of walls changes
slope. If the budget permits, these borings will be made in
addition to the six primary borings. If not, three of the six
primary borings will be reduced in depth to allow these borings
to be made.

Once the coring is complete, samples will be selected for
laboratory testing. The following tests will be performed.

Concrete Tests

Type of Test Number of Tests*

1. Unconfined Compressive Strength 30

2. Poisson's Ratio 30

3. Elastic Modulus 30

4. Splitting Tensile 30

5. Specific Gravity, Absorption, Voids 30

6. Ultrasonic Pulse Velocity 30

7. Direct Shear 10

8. Petrographic Examination 2

* These are only approximate numbers of tests and are subject to
change after viewing the cores. Extra laboratory tests have been
included to compensate for any inconsistent test results due to
the 6-inch maximum size aggregate. The results will be presented
in a report.
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Rock Tests

Type of Test Number of Tests*

1. Unconfined Compressive Strength 12

2. Poisson's Ratio 12

3. Elastic Modulus 12

4. Ultrasonic Pulse Velocity 12

5. Direct Shear at Interface 2

* These are only approximate numbers of tests and are subject to
change after viewing the cores. Extra laboratory tests have been
included to compensate for any inconsistent test results due to
the 6-inch maximum size aggregate. The results will be presented
in a report.

Phase II - Static Stress Analysis

The static stress analysis phase focuses on the evaluation
of internal structural integrity of the chamber walls monoliths
at Eisenhower and Snell Locks. Of primary concern is the state
of stress of the concrete in the chamber walls. The stress
conditions in the chamber walls results from gravitational forces
on the walls and from external forces applied by the backfill,
water, and other possible external loads. The stress analyses
will be performed by using the finite element method. Three
typical concrete chamber wall monoliths will be analyzed, a north
and a south wall at Eisenhower and a south wall at Snell. Each
monolith will be analyzed for three loading conditions: normal
operation with upper pool in the chamber; normal operation with
lower pool in the chamber; and the maintenance condition with the
chamber fully dewatered.

The analyses will be performed using the computer program
"SOILSTRUCT" written by Dr. G. Wayne Clough and co-workers at
Virginia Polytechnic Institute and State University. SOILSTRUCT
was specifically developed to model complex soil-structure
interaction problems by the finite element method. The code has
been used to analyze a wide variety of problems, such as
navigation locks, retaining walls, supported excavations, dams,
tunnels, foundations, and cofferdams. The analysis will be an
incremental soil-structure interaction analysis where the
placement of the concrete and the backfill is simulated in order
to obtain the induced stresses in the system. The incremental
analysis applies the loads to the model in small increments to
allow the nonlinear constitutive model for the soil and interface
to adjust during the loading increment.
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The study will commence by reviewing construction records
and previous studies of the locks. From this information, the
characterization of the backfill and foundation and a preliminary
characterization of the concrete will be made. The chamber wall
monoliths will be reviewed for selection of the monoliths for
analysis. After selection of the monoliths, a finite element
grid will be developed for one of the selected monoliths. The
grid will allow for a simulation of a crack from the upper corner
of the culvert to exterior surface of the wall and the placement
of a post-tension anchor across the crack. The grid will include
a sufficient portion of the foundation and backfill as needed to
represent their interaction with the structure. Special
interface elements will be used between the wall and the
foundation and between the wall and the backfill. The rock
foundation will be modeled as a linear elastic material with its
properties determined from the laboratory testing program. The
backfill soil will be represented as a nonlinear material using
the Duncan-Chang hyperbolic model. The parameters for the model
will be developed from previous soil tests and correlations with
published values. The grid will be evaluated for accuracy and
adjustments will be made if found necessary. Using the initial
characterizations for foundation, backfill, and concrete, a
complete analysis of this monolith will be made so that the
accuracy of the model can be assessed. Adjustments to the model
may also be necessary at this point. Once the miodel has been
proven to b3 sufficiently accurate, grids for the other selected
monoliths will be generated. This work can be done concurrently
with the field investigation and laboratory testing.

After the field investigation and laboratory testing has
been completed, the final material characterizations will be made
for the analyses. Once the final material characterizations
have been completed, each of the three monoliths will be analyzed
for the three loading conditions. The results from the three
analyses will be processed and evaluated in light of the internal
structural integrity of the walls. The results will be presented
in a report.

Phase III - Seismic Stress Analysis

A seismic analysis will be conducted on either Eisenhower
or Snell lock depending upon which structure will be subjected to
the highest seismic accelerations. If earthquake-ground
accelerations are approximately the same, the seismic analysis
will be conducted on Eisenhower Lock, since it has the poorest
concrete conditions. To determine the strongest ground motions, a
geological-seismological investigation will be conducted to
provide the peak values of acceleration, velocity, and duration
for comparison of earthquake ground shaking between both sites.
Time histories (accelerograms) and corresponding response spectra
will be provided to represent site-specific cyclic shaking as it
would be felt at the structure experiencing the strongest
disturbance.
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Once the most critical structure is determined, it will be

analyzed considering three loading conditions in conjunction with
an operating basis earthquake (OBE). The three load cases are:
normal operation with upper pool in the chamber; normal operation
with lower pool in the chamber; and the maintenance condition
with the chamber fully dewatered. Two different typical lock-
wall monoliths will be analyzed using two-dimensional (2-D)
finite element procedures with a response spectra from the OBE.
These analyses will consider the 2-D dynamic behavior of the
structure, hydrodynamic response of the water in the lock, and
the dynamic lateral earth pressures. The active dynamic soil
pressures will be computed using the Mononobe-Oakbe equation, and
the passive pressures will be computed from either a Coulomb or
log spiral analysis. The foundation of the lock will be
considered rigid. Static stresses from Phase II will be used
with the dynamic stresses in order to determine the total state
of stress within the structures.

These analyses will provide a preliminary structural
evaluation of this structure for a seismic event of the site. If
the total state of stress is within the allowable limits of the
material, no further seismic stress analyses will be necessary.
However, if these analyses indicate that cracking is likely, a
seismic analysis using a time-history acceleration record and a
nonlinear concrete model should be considered. Such an analysis
is beyond the scope of work for this study and would require
additional funds.

Mr. Mosher will be the WES point of contact for the study.
He will also be the principal investigator for the static
analysis. Dr. Hall will be the principal investigator for the
seismic analysis. Dr. Krinitzsky will be responsible for
conducting the geological-seismological investigation. Dr. Denson
will be responsible for overseeing WES personnel performing the
logging and inspection of core at the site and directing the
concrete testing program.

4. SCHEDULE SUMMARY

The following is a summary of the schedule for the
completion of the structural evaluation.

TASK START DATE COMPLETE DATE

Notice to Proceed 1/29/90

Initial Site Visit 2/20/90 2/22/90

Prepare Detailed Scope of Work 2/22/90 4/9/90

Field Investigation 5/1/90 10/15/90

Static Analysis 5/1/90 4/15/91

Seismic Analysis 5/1/90 4/15/91
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TASK START DATE COMPLETE DATE

Draft Report 4/1/91 5/15/91

Review Period 5/15/91 6/15/91

Final Report 5/15/91 7/15/91

5. FINAL REPORT

The Buffalo District will be responsible for preparing the
final report. The report will summarize all work which took
place during the evaluation and review recommendations relating
to future maintenance of the locks. The reports generated by WES
will be appendices to the main report. The report will be
created in draft format for technical review by OCE, NCD, WES,
and Buffalo District personnel. Review comments will be
addressed and when required will be incorporated into the final
report. Following a short Corps review, the final document will
be forwarded to SLSDC.

6. SUMMARY OF COSTS

Following is a summary of costs necessary to conduct the
study:

Drilling, sampling, borehole camera work,
and other misc. field work (Mobile District) $116,000

Site engineer/geologist (WES) 30,000

Laboratory testing program (WES) 40,000

Static analysis (WES) 165,000

Seismic analysis (WES) 152,000

Project management (Buffalo District) 24,000

Final report and coordination (Buffalo District) 34,000

OCE technical assistance 3,000

NCD technical assistance 6,000

TOTAL STUDY COST $570,000
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THICK AT 113.4- SHALE. 1.75 M

13-If LAYERS AT ALL BREAKS 0.0'M
-05'- 0.2' TH~CK. 1.1'M

MD 0.2'
0.05' MS

114 0.2' CHIPS
2a

ALSO REC. 1.2 OF
MeLEFT SIDE OF

VERTICAL FX. AT
115- 110. 4' - 112. 0'

116-

MB 116.6

7=116.6' - 119.4'
117- MOTTLED 0010.

CAL. BLEBS UP TO 4 cmi
LONG, 3 wwn THICK 29

me

ENG FORM1836-A PivAEVSAEOSLT.PSoJECT -OL No

L MA 1EISENHOWER '90 N-53



ORILLING LOG (Cant Sheet) LEVA251.5 USLS Hole No. N-53
PROJECT '1;7TAUATIOH NC0 o~c5 muTq.'o SHEET 11
EVALUATION OF ESE*IOWER NO SNELL LOCKS EISENHOWER LOCK OF 11 HETSx CORE BOX OA ,.
.VATION CL S I O.. ICATION OF MATUN NJ .cov- S I. x Co. -

G 119.2' - 19A

SHALE BROKEN

121

120.4'- BOTTOM OF
HOLE. DID NOT RECOVER
LAST 1.0'
- BAREL WAS FULL.
- BROKE SAMPLE IN

HOLE AT SHALE BED/
DOLOMITE INTERFACE

- DIFFICULT TIME
RETRIVING CORE.
FROM THIS HOLE,
FROM WED 30 JUNE
TIL FINISH 4 JUNE.

I

I

b

ENG FOW 1835-A PRiow EOITNS# ARE OBSOETE POJECT HL

L V 1 EISENHOWER .90 N-53



DRILLINGLGEINHOWER LOCK orT1-frA1iS
1. PRQe~CT 10. SazE 00 TYPE[ OF &I 7Y4i" DIAMNOND
EVALUATION OF EISENHOWER ANO SNELL LOCKS W 0At, FOR ELEVATION SHOWN ' 1 r MW

2. LOCAIOON MWW W SUSLS - MSL
MONOLITH: N-57 LOCK STATION 506.0_ _ _NACUREIS DKSIGNATION OF DILL

OBILE DISICT FAILING 1500
U. OTAL NO. Of OVER- OI1STURBED LISTURBEO

NBURDEN SA -LES TAKEN 0 0
14. TOTA WubR COR BOXES 30

S. NAA FOLC
CM ILf mLER
CARL MOON iS. ELEVATION GROUND WATER

G. OMC1U4N OF MOLE 16. DATE MOLE 'STARTEO)E9 '" :CuPE 90,.' VcEM~ or ,o DO_____ 00 ( w~ o o( S5 JUNE 90 ;![ 8 JUNE 90
M] vat~rKAL (I iNmE -(G r5 VT

7. 1 EESS OF OVEBURDEN 0 1I. ELEVA11,N TOP Of HOLE 251.5'
._4%. TOTAL COW RECOVERY fOR SOP X

S. DEPTH D ILLED I70 ROCK 12.4 I. lGkAUL oF INSECTOR

9. TOTAL. DEPTH OF O 125.0 M.EILEEN GLYNN
x C Box Oa uuEI S

ELEVATON EPTH EEND LASSNICATION OF MATERLAS x COV- Box O fR MARKS

25.5 • e° . HO ,

251.5 0.0'- 3.0' 0.0' - 0.8'
- GOOD NEW CONCRETE. 1 PC. 0.4'

ENTRP. AR 1 mm - 1 cm DIA. RUBBLE 0.4'
MOSTLY V. SMALL AR SUBS.
0.4' - 0.x MISSING

1 ' BECAUSE IT WAS BEATEN - 0.8' - 3.0'
* BROKEN OUT OF CORE 1 PC. 1.2'

BARREL CATCHER.

4

100
2-

MS

3.0'- 4.7' 3.0' - 5.4'
' GOOD NEW CONCRETE. I PC. 1.9'

4- "
4 80

'ft 4

4

MB 4.7

5 4.7'- 7.1'
GOOD NEW CONCRETE,
GOOD CONSOL. WHITE RXN. 5.4' - 7.1'

* MTL. ON BREAK 4.7' REC. 2 PC.

AR ENTRP. Imm - 5 mm 1.8
DIA. AVG. I rm 4.6

• 6 4

MS 2

7- MS

7.1'- 8.2' 7.1'- 9.4'
G COOD CONCRETE, HAVING TROUBLE

PC. OF STEEL T-SHAPE AT LIFTING SAMPLE
* 7.2'- AR mm - 2 mm DIA. 1ST. TRY REC. 0.7'

a 2 NO. TRY 0.5'
me 8.2 OUlT

! .4

i"

2415 10 __- __

ENG FORM 1636 PRBEV VS [C.76s ARE OBS ETE ,poAC7 HE .

L k 71 EISENHOWER '90 N-57L~



DRILLING LOG (Cent Sheolt) TOP O MOLE 215.5 Hole No. N-57
PmOJ[C JWALLAM1 )HEE 2

EVALUATION OF ISEMOWER AND SNELL LOCIKS EISENHOWER LOCK 0F 11 SHETS

ELEVATON DEPTH LGEND CLASSCA70N Or MATNKS I COI 9D ON-MW
[MY I tO ac. as -

me

a 8.2' - 17.3' 94.0' - 17.3'
* GOD CONCRETE, 4 PC. 2.0'

WELL CONSOLIDATED 5.7'
i " GOOD AGG. DIST. 0.1' CHIPS

11 ENTRP. AR I mm - 5 mm 1.1'
. DIA. NOT ABUNDANT. 0.3'
- OCC. 1G. BU 2 cm LONG. 9.2'

SMB 11.8

12

9- ,. 9

13

114 4

14

-7:

15

Me.. 15.8

16 BOTTOM 0.3'
WAS BEATEN OUT

-, .,.OF CORE BARREL,

1C.M DON'T TEST 15.9'- 17.3'

17 MB

1 2. 17.3'- 26.0'
GOOD CONCRETE. 3 PC. 4.2'

- ENTRP. IR MOSTLY SMALL. 5 1.4'
18- , 1 mrn 2 rm, OCC. 3.0'

q Ilcm -2 cm IA.
| b "

MB 19.g

231.5 20 *

- ,

22 F
ONG FORM 138-A PRE(vUs cOF1s A OETE. GPoJECI MOLE WL .71 EISENHOWER '90 N-57



DRILLhNG LOG (Cant Shot)I LV7 TPOME 215.5 Hole No. N-57

£11 VA104N DEpTp L1EE C.MICAMOI Or KATCEAS 9 cow c Box on RE&V

EM NO &*~I

23 MB AT V. .0. BOULDER
*:23.0'- 26.0'

LC. ENTRP. AIR 6
MORE FREQ.

24

mB 24.8

25

26
26.0' 35.5' 26.0 -35.5'

GOO00 CONCRETE, 2 PC. 1.0*
COW00 CON4SOLIDATION. a.5'

27- - BREAK AT LG. 19OULDER 7
9.POSBE IFT LINE 7

1 27.0')

28-

29 ,

me 29.3

j221.5 30= AT 1006

.32

34 j

9-G 8OMMAPf* cmsAE0ME POC "

L~ ~ ~3 um? 
IEHWR'0N5



DRILINGLOG(Con Shot)ELEVATMC TOP Of HO.E
ORLIGLO (at het 251.5 Hale No. N-57

PROJECT I"I~-ME
EISENHO WER L OCK IO WUTS

ELVAMDETHLGM MAOA~ O ATA I CORE BOX OR RI)AAMK
CIVATON OTW L~ ~.WN*T1NOFJ MATAL ECOV- SALE

34.1

35
MB

7 35.5'-45.5' G000 CONCRETE.
1-4.AG. MOSTLY SMAUl 1 cm- 35.5'45.5'

36 4 cm AVE. 2 cm ENTRP. AIR 5 PC. 2.50'
* I mm-i cm AVE. NOT 93.00'

ABUNDANT. 2.60'
1.30'

0.60'
10.00'

37-

38 mB 3a.0

39-
.4

211.5' 40 10 1

41 '.me

42 .

MB 42.3

43

4e

44

.4

L IFT?
45- 4

M;

- 46 4 5 .'-5 .0

L N Om86APeAE~mm asrPOETT'HL o



&UEVA7M TW ofMOII.LING LOG (Cont Shoot) 251.5 Hole No. N-57
I.JCT iW4LA10 NET 5
EISENHOWER LOCK r" 11 SH Ts

E~lAINCWHLEM W"IAM VTML X c so On CmMq
RECOV- IA*WI.E 4mY No. ~ J*itW E

7 4 0 1 9

45.5*-52.8' GOOD CONCRETE. 45.5'-55.0'
I.. ENTRP. MR 1 mm-1 cm 2 PC. 4.50'

* THROUGHOUT. 5.00'

* . . .

47- "
.4

12
48

'41

49- * .Y-

20151 0 LFT.00201.5' - jT. BREAK AT 50.0' IS PLANAR
? BUT A UTTLE ROUGH. 50.0-

52.8'- MINOR DEGRADATION
" AROUND AGG. NOT SEEN

AOVE OR BELOW.
51 . . .

100

52-

34 13

-1- 52.8'-55.o GOOD CONCRETE.
53 ENTRP. AIR 1 m-3 mm DIA.

S:: 1? THROUGHOUT.

" 54.854.8'-55.0' BROKEN AND
BEATEN OUT OF BARREL. 55.0'-65.0'j -- LIFT? 55.01-65.0' GOOD CONCRETE.3PC6.0

ENTRP. AIR I rtm-1 cm DIA. 1.90'

•"OCC. 2 crn IRREG. BUB. 1.70'
';" "BOTTOM OF RUN WAS

.456 -- " BE ATEN W HAMMER TO
• ,, LOOSEN. 00 NOT TEST

Jr ,"":. '63.5'-65.0'.
S""14

57"

58 ._ _ _ _ _ _ _-.

ENG FORMd1836-A on moA E AM swoucL. P.WCT
L m m O'ISENHOWER '90 N-57

Li



DRILING OG (ont hosOELEVATION TOP OF HOLE
OALH LG Cat he 1 251.5 Hole No. N-57

PROECT ALTMLATION 13-SHET6EISENHOWER LOCK OF1IPT

ELEVATION DEPTH LEGEND CLAWSICATION OF MATMJ X COME BOXOR PLEtK
ERY NO.

-COLD 5.
JT? 58.8'-61.4' LESS ABU58.5

59- ENTRP.AIJR 1 mr-2 mm.,

191.5' 80

61 - .. 15

LIFT
JT? 100

62

63
Mg 63.3

64

-65.01-75.0' GOOD CONCRETE.
ENTRP. AIR 1 wvn-5 mnm DIA. 65.0O-75.01
0CC. 1 cm DIA., GOO 5 PC. 2.80'
CONSOLIDATION. 162.20'

66 V :.30: CHIPS

67

mB 67.8
68-

E 69-1
1 .7

151.5 - 70 LIFT? 
n c NL No

L ow 71 EISENHOWER '90 N-57



£LEVATION TOP OF HOLE
ORLLING LOG (Cont Sheet 251.5 H No. N-57

0ECT I .LATIO S T 7
EISENHOWER LOCK r 1- -S

x CO box OR
.Z ATON UOT Lea altslCAi O RECOV SALE

me 71.2

72 .

S"100

73 'S.
--::4Is

DO NOT TEST
73.2'-75.0'

74 .4

.4.
74.1-75.0' BROKEN 7.

75 75.0-85.01 GOOD CONCRETE. - 5-
ENTRP. AIR 1 am*-5 mmu THRU 75.01-85.0'
OUT. OCC. 2 cm LONG 4.20'
IREG. BUB. 4.20'

1.20'
0.40'

76
10.00'

- .4'i

78

S- . "100

e .M 79.2

161.5' so
TWO PARALLEL VERTICAL

CRACKS O020-81.8'.I

82 - no

NC FORMi1836-A , us aymmsw msmr PU,.c.L m 'A EISENHOWER *90 N-57



DRILLNG LO (Cat Sho' 77Al1W TOP OF HOLE
OLHGLG Cfi h 1t 251.5 poN.N-57

EISENHIOWER LOCK o- i I-10 fEES

DIVAIO DEPTH4 L100 CL43CATMIOHF MATUL 9cv C sFIE SOX OR -~

- El" No. u1
___ __ ___ __ __ ___ . f

1582.3'-82.7' ROUND GROUTED
HOLE. BROWN CEMENT. V.
SANDOY ONLY ON ONE SIDE.

84 ,,.v~*CRACK AT 94.0'

4.0 STEEL 13AR 1.5 cm DIA. ONE

8 5.0O-95.0O GOOD CONCRETE.
GOOD CONSOLE2ATION ENTRP. 85.0O-95.0'
AIR 1 mm-3 mm DIA. 0CC. 1.90,
1-2 cm LONG IRREG. BUB. 21 5.0

1.00,
86 -7:0.40' CIP

0.30, CIP
0.40'
0.10' 041P

100 BOTTOM BEATEN OUT
OF CARE BARREL.

151.5 90-:DO NOT TEST LAST
220 F RUN.

22

I9

E4G FORM 1836-A pImPznasz msrE OCTN

L No 7 EISENH*OWER 'go M-57



OWLING LG (Cont h ro LVATM TOP OF NL

DRIL.ING LOG (Cont SNe 251O . IoN. N-57

EISENHOWER LOCK 10 11 TS
* Col lOX ot I .~..LVAT1N WTH iGo ,.ASWICATN O MATMJ.S X COV- SOf I,.

MEW •AM Imtw o

-7-
5----- 95.0'-103.01 GOOD CONCRETE.

- -. GOOD CONSOILIDATION, GOOD 95.0 "-105.0'AGG. DIST. ENTRP. AR 23 4 PC. 7.0'

-- I ram-5 mm 01A., OCC. 1 cm 1.80,. DIA. 0.80

96 -- b'"". 0.40'

SMB97.MINOR DEGRNDATION

A.ROUN AGG. 101.50-103.0..

"0.40'

95 I

4..

_0 - BINOR AE ,G ADAI 97

10OUN* A0.PO CONCRETE0.0

LG. VOIDS STOG

",4"

14

10 - '-054'POR'ONR'E

I0 - .v

141' L0 V.05

24PC

102-- . BR AT LG BOLOER 102.0' 102

~~103--

EN FO103.0'-105.0' POOR CONCRETE.
LG. VMDS. STRONG.

* 2 PC

- "' POKER CHIP BROKEN

ENO rORM ~mvis r , c31e sarcP.LC IN.o
71 EISENHOWER '90 N-,57L___



I- -n
DRILLING LOG (Cot LEVAW TOP OP l.OmiLcr 251.5 Hole No. N-577o c TT. m ' "-10

ISENHjWER LOCK]ATOil 
OF .T,

ELEVA1ON O Eg" O .Mm)AT= or mAT1m X C -OE BOX Oft
RECOV- SAMKE Oft~~MRY No. At1s . V d

- -V - * I

105.01-115.0'105.7'-112.6, GOOD CONCRETE.
GOOD CONSOLIDATION ENTRP. 2 PC. 3.70'
AR 2 mrnm-5 mm DIA. OCC. 4.70'
1 cm DIA AIR LESS ABUNDA4T CHPS 1.60'

107- AT 111.0'-112.6'.

108 -

me

q - . .2 
6

131.1' 110-

100
.9 -. 9'

11 .... '

111.3

112

113

27
112.6'-113.3' GOOD DOLOMITE.
HARD. GRAY.
113.3'-115.0' POOR ROCK.

114 DOLOMITE INTERBEDEDk WISHA.E. EVERY 0.1' TO 0.4'.
MOSTLY BROKEN - SOME

POKER CHIP RECOVERY.

115 T ONE PC. INTACT 115.0
[. .3'-115.0'. 115.0'o 2 .0'

16 PC.
VERTICAL BREAK

116 115.15.3' SHALE WEAK. AT 115.3-116.2'

BLACK POKER CHIP 115.3'-
117.1' DOLOMTE V. HARD.

117
117.1'-119.0' DOLOMITE
INTERBEO W/SHLE BEDS MID
STRINGERS.

ENG FOMW1836-A i ruiw'oa osarm PACTu no.
L EISENHOWER '90 N-57L



DRLLING LOG CCont S 251.5 Hole No. N-57
PROA-CT m~,,.nom SW.IT1

EISENHOWER LOCK o0 11 VMS

ELEVATION 01TH LEOOQ OS 1W Of MATMJL 9 COR-S.E BXqN Oft VUR
Gay NO. -. =11

119 119.0-125.0' DOLOMITE
V. HARD LT. GRAY (DRY)
BLACK WET. OCC. SHALE
STRINGER * BEDS. -

120

me 29
121 MB

100

MB
122 MB

MB

122.8

123 MB "-M
mB

124 - 30

"T

- 125f " MB 125.0 BOTTOM OF HOLE.

126

9)
127

I
128

b

129

- - --
130 -C

ENG FOtM1836-A Po ws mnoms Am OSOLTL NO.
L ,m 'n EISENHOWER 190 N-57L -



F Hole No. S-17
DRIWN OG -SO EISENHOWER LOCK 1F1 HV

1. PROJECT 10. SIZE NO TYPE OF INT 6 INCH DIAMOND
EVALUATION OF EISENHOWER AD0 SNELL LOCKS n DATUMA FOR EEVATION SHOWN ffkI 4rN

2. LOCATN 0mrgmimw SN. US LAKE SURVEY CUSLS) 251.5'
-MONOLITH: S-17 LOCK STATION 192.50 m2 uMANFACTLURERS DSOA

T
MO OF DRI

3.ORILNG ISTRICT FAILING 150U
MOBILE DISTRICT 13. TOTAL. ,0. OF OVER- ;DSTURED j101111E

S."ENO-A~ 1d7A f BUDENSAMPLES TAEN 0ow ff wow)S-17 4. TOTAL KMEN CORE BOXES 305. lMWr R~E
CAL MOON t5. ELEVATION GROUND WATER

S.DIECIN F O rX.DTE"OE STARTED 'CO1LTE
6.OCJO~oHO.E .OTEILE 14 MAY9,0 19 MAY90o

M VERTICA E CLWOJD DE_______ C. FROM VERT.
17. ELEVATION TOP Or HLE 251.57. TIROGSS OF OVERBURDEN 0 3. TOTAL -O RECOVERY FOR WRINGY

B. DEPTH DRILLED ITO ROO( 132 19 UGIATm OF INSECTOR
9. TOTAL DEPTH OF OL 122.5. M.ELEFNGLYN___________
ELEVATION DEPTH LEGEND CLASSIICATION OF MATERIMA 11 CORE BOX OR RA~ARKSRECOV- SAMPLE 41m~h do dERY NO. a~', M ~ t~ )

25.5* 0.0' - 2.5'GOOD CONCRETE DRILL TIME z20 MIN.
NB V. WEATHERED SURFACE HYD. PRES 300
W/RON STAINING. * ENTRAIN RUN 1
AIMR 1 mm DIA. 0 cc. ENTRP. 0.0'- 2.5'
AIR THRU OUT MB HAS

1-: ENTRAIN SUB. AtImm DIAL
THRU OUT 100

NB

MB1
2

* 2.5- - 5.0- GOOD CONCRETE DRILL TIME *20 MIN.
MB AGG. EVEN DIST. HYD. PRES -300 Z3 RUN 2

2.5- - 3.5- LARGER ENTRP. AIR 2.5' - 5.0'
.0.5 cm - 2 cm LONG

-MS .100
4 3.5' - 5.0' ENTRP. AIR

* LESS FREQ. (3-5 mm DIA.)

5-
5.0' - 7.2' GOOD CONCRETE DRILL TPIME a 20 MIN.
HARD. MIR ENTRP. 2 HYD. PRES 3300

5.0' - 7.2'

245.5 6-M 100

* 7.2

S 7.2' - 9.7' GOOD CONCRETE DRILL TIME x20 MIN.
. HARD. AIR ENTRP. HYD. PRES *300 Z

BRA4TBUDR H 7.2' - 9.7'

SREAK BOUDER. WH. 100RU

MS

94

24.Li SEE NEXT SHEET (21

EING FORM 1836 Pw%-ous mim Am oeso.Ew PROJECT HOLE NO.

L MAR 71 EISENHOWER LOCK S-17



7 -7

DRILLING LOG (Cont S t I TOO 251.5 USLS Hole No. S-17
P 0J"CT nNT^LLAllWN 94LT 2
EVALUATION OF EISENHOWER A40 SELL LOCKS EISENHOWER LOCK oF 11 SHEeTS
.LrVATN DEPTH LEO" CLAsWICATON Of MATX3qM.S AECOV- SAWFU C lm d- d

ELEVTIO OEPh LGOQERY NO. a ,
* S * 8 5 f 0

- 9.7'- 14.7'GOOD CONCRETE HYO. PRES a 300
" ENTRP. AIR a 1 cm OIA. ORLL ACTION :SMOOTH

THRU OUT 1 LG. BUB 1 PC. RECOVERED
i AT 10.7'(2 cm DEEP X 5.0'

" -, 2 cm LONG X 1cm WIDE) 100 RUN 5
11 9.7'- 14.7'

ENTRAIN AIR a 1-3 mm DIA. 11.7

2 THRU OUT AGG. GOOD DISTR.
12 ',

13,

• • -

14- 4

14.7'- 18.7' GOOD CONCRETE 14.7' - 24.3'
157. ABUNDANT ENTRP. AIR is RUN 6

1- 2 cm DIA. BREAK AT AGG
NOT ACROSS AGG.

16 16.2
ENTRAIN AIR v 1-2 mm DIA.

17-,

100
18"

* 5
JMB

- 18.7'- 24.3' GOOD CONCRETE
19 LESS ENTRP. AIR

I S

20 •*

20.7

21- ,

22_ _ "_ _
ENG FORM1836-A P-v sy m E asouoTr. !PROJECT "m No.

L M 7 EISENHOWER LOCK 5-17

L



I-- hole No. S-17 -
INSTALATIO F9 3_RLUNG LOG EISENHOWER LOCK r 11 sHrs

c. ECT 0. SZE O TYPE oF aT 6 INCH DIAMOND
EVALUATION OF EISENHOWER AND SNELL LOCKS In DATUM FOR ELEVATION SHOWN fa , ,SU

2. LOCATION 1W r SA- US LAKE SURVEY (USLS) 251.5'MONOLITH: 5-17 LOCK STATION 192.50 t UUFACI S DESINON OF DRLL
. D tutL4 AGECY

MO8ILE DISTRICT FAILING 1500
13. TOTAL NO. OF OVER- TDIS1WD 0 IINSTURSED4. HOLE NO.(Ar - mN BWOCN SAMPLES TMKEN 0 0

ow "1714. TOTAL NUWMAR COW BO S 305. NAME O DILLER

CARL MOON 15. ELEVATON GROUNo WATER
6. OECTION Of HOSTOLT 1CO.DLAETHEOU. 0ATENOLL 14 MAY 90 !19 MAY 90

-1V1ERTrcAL 0"- INCLINED DEG. FROM VERT. iT1MY9 "9MY9

17. ELEVATIOGN TOP OF HOLE 251.57. THICKNESS OF OVERBLRDEN 0 16. TOTAL. COM RECOVERY FOR BOING A
& DEPTH DRILLED INTO ROCK 13.2, ". 5g0ATUREJ OF I 'ECTOR
2. TOTAL _O_ = 1_- 122"'M.EILEEN GLYN

ELEVATiON DEPTH LEGENO CLASSFICATION OF MATERULS X CORE EOX OR REMARKSRECOV- ShfiPLE ("IV/r, Hat. WO As 04 AERY NO. w0wluv. ff E VFV)

6

24- "

24.3'- 27.4' GOOD CONCRETE DRILL TIME , 45 MIN.
HARD, ENTRAIN AIR 1 mm DIA. HYD. PRESS 300
ENTRP. AIR a 3 mm DIA.- RUN 7

25 "_ 2 cm LONG LARGE VOID AT 25.1 24.3'- 34.3'
S 25.7'. POSSIBLE COLD JT. 1 PC. 3.1'

AT 25.2' NO COLOR CHANGE
JUST A THIN WHITE LINE.

• COULD BE A HARLINE CRACK.

26-  30

27--
-MB7

-* 4 27.4'- 34.3'
ENTRP. AIR 5 mm

28 1cm DIk., 2m
28-- ~ENTRAIN AiR 1-2m

~29-

29.4

31

CRACK AT 31.5'

ENG FORM 1836 *vxoJs w'm Am oesoLm. POJECT f"OL NO.
L WAR 71 EISENHOWER LOCK S-17



7 7

ELEVATION TOP Of HOLDRILLING LOG CCont h) 251.5 USLS Hole No. S-17

PNOJECT INTALLATOH sHEET 4
EVALUATION OF EISEI-OWER NO SNELL LOCKS EISENHOWER LOCK 9r 11 SWEETS

I CO m BOX OP RWAAMKSELEVATION O"TH iIEDO C.SWICATION Of MATENAS XCOM B-OMPLu U? OR RA.. d

ED&y O. NV -y No. m W' J

- 33.1

34 - ..,

' CRUMBLY AT 34.3'- 34.8' DRILL TIME 15 MIN.
CORE INTACT EXCEPT FOR 2 PC. 3.1'
SIDE WEDGE. 7.0'

35 - 34.8'- 37.3' RUN 8
GOOD CONCRETE g 34.3' - 37.3'

" -170

36-

37 *

37.3

-.. 37.3'- 40.0' DRILL TIME 50 MIN.
GOOD CONCRETE 4 PC. 2.6'
AR 1mm - 1cm DIA. 2.8'

35 •3.1'
0.4'

* RUNSg
b 37.3' - 46.2'

-•100

40

41-

42-

ENG FORMi136-A PKVI E I MO AM OBSOLTE, (ct No
L. 7, EISENHOWER LOCK S-17

IK i



DRILLING LOG Ccont She) EEVATION TOP Of HOLE

F 251.5 USLS Hole No. 5-17
PROJECT 

1ITALLATION ____[T_5

EVALUATION OF E ANNDER mo SNELL LOCKS IISENMOWER LOCK Ir 1 IETS

ELEVATION DEPTH LEOEO COASIrCATION OF MATBA X COME BOX ORE

CRY No.
b d

.Me" 42.3

- .MB.

. Me

43"

b

45--0,•.

,---MB BRE~AK ALONG LG. AGG. 45.8

MB

2 .. 46.21- 49.8' GOOD CONCRETE DRILL TIME 50 MIN.
., 0.2 - 1.0 Cm DIA.

AI",',R ENTRP. BUSS SEEM
47 TO BE LOCATED ,ADJACENT
47 "_,, TO AGG.

48.-

<~ ~49" •0

' -" MB.

50" 49.8' - 52.7' ,IR ENTRP. BLOB
k, SEEM TO BE DEEPER a lcrn

- "INTO CORE. W/ 1 cmn DIA.

5

MB' RA(AOGL.AG

i5 -2Z ,"

MB

53 v 52.7'- 55.2' GOOD CONCRETE

LESR ENTRP. AUIS EEPT

ONE LG. OU AT 54.7C

I J",.2.5" LONG I cm DEEP Z

54

ii

ENG FORM18,36-A PWL rEDITIONS ARE OeSO.1TE, lP*OCT HOLE No,

L MA 71 EISENHOWER LOCK S-17

51- - m - m . m, m m m m nmn n u m m • m l



DAULLING LOG CCont SheU I LEVATION TOP OF HM 5. SS oeN.S1
PfOJECT 96TALATIONSHE6

EVALUATION OF EISENHOWER NO SNELL LOCKS EISENHO~WER LC O 1SET

EL.EVATION DEPTH tice CLASSMATIO OF MATMN. 1cov COM 001 ORMA
* S *d S AMPL

55 .e

.55.2' - 55.9', 3 LG 81.11S
1.5 cm DIAX I1cm DEEP

56-
bv 55.9'- 59.8' 14 DRILL TINE 70 MIN.

COO CONCRETE 3 PC. 3.9'
AIR ENTRP. I1cm DIA. 2.4'

* 3.5'

57

MB 5.
58.

59 U

60 *, 59.8' - 62.2' MR ENTRP.
AVG. 0.5 crn DIA.

15

61

62 -MB

, 62.21- 63.7' LESS ENTRP.
AIR (I1mm - 5mmr DIAL)

63: MB 63.1

63.7'- 65.7' MORE ENTRP.
AIMR AVG. 0.5 cm 2 LG. BU.SS

64 f. 1.5'cm LONG

5 16

65

I 66 J
ENG FORM1836-A Pwv*Aj toavoms ARE OBSOLVE. PROJECTOL Nio.

L A 1EISENHOWER 'g0 S-17



ORILLING LOG (Cont Sheet) £LEVATIM TOP OF HOLE251. 5 5 USLS Hole No. S-17PROJECT 6TLLATD SHEET 7EVALUAT N OF EIEJHOWER ND SNELL LOCKS I EISENHOWER LOCRK io..11 SFTS,.,T,, MT, L CLAT OF"M,, X CORE BOX OR REjAAICESATKN OP uATS ~RECOV- SAMPLE law-m do(Ot CRY NO.
. d • 0

dU

65.7' - 69.6' GOOD CONCRETE DRILL TIME
AIR ENTRP. AVG. 2 mm DIA. REC. 5 PC.THRU OUT. SOME LM. AT 3.9'
1 cm DIA. 1.5'

2.8'7- 0.8'
0.7'

67.5 RUN:
65.7'- 75.6'

REBAR 68.7-

69

Ms
17

70 '

71 *MB REBAR 71.0'

T 71.1'- 74.0' GOOD CONCRETE
AIR ENTRP. AVE 2 - 5 mm
DIA.

me 71.9

72-

737.

MB REBAR AT 73.9' 18
74 73.9'- 75.6' GOOD CONCRETE

LESS AR ENTRP. EXCEPT 1
LG. BUB AT 75.3' -

* MB 1.5 cm LONG

.VI

75 1

MB 75.6

75.8' - PC. OF REBAR 75.6'- 85.6'
762.3'S0.2' CHIPS

i 1.6 '
1.45'

3' 3.5'

19 0.8'

77-

L MN G7 EISENHOWER '90 S-17



OWIN LG Cot hot)I LEATONTO O HLZ251.5 USILS Hale No. S-17

EVALUATION OF EISENOWER AND SNELL LOCKS I ESENHO~WER_ LOCK 10F 11 SHUITS

ELVTINDPT ED C4NIAYION OF MAEALS 9 cowBo ot IcS~v

CHIP AT 77.9' MISSING CHIPS AT
78.2'- 79.7' GOOD CONCRETE 75.1' A1D 84.7'

O0 REBAR AT 78.7' RUSTED 1
79 .

AI* R ENTRP. 2 - 3 mm DIA.
AUND. AT 79.2'- 70.7'

?~ 79.7'1- 51.15' 0000 CONCRETE
80-in PC. OF AGG. (4 IN)

AIR ENTRP. W/ RCT MTL. AT
;BREAK POSSIBLY WEATHERED.
*REBAR AT 50.11

81.15' - 84.6' G000 CONCRETE
LESS AIR ENTRP. 3 mmvi DIAL

20

82-

* 98.5
a3-MB

REBAR AT 83.2'
CRACK IN AGG. NEAR RE5MR

a4 83.2

-v, 84.7' - 85s' GOOD CONCRETE DO NOT USE LAST PC.
815-* INC. IN MIR ENTRP. THROUGH- FOR TESTING

OUT I BUB AT 1 cm DIA. (WAS BEATEN OUT OF

v 21 CORE BARREL)
85.6'- 91.6' GOOD CONCRETE DRILL TIME -70 MIN.

56 * MR ENTRP. Icm, DIA.
1 1cm DEEP -1

MB 87.0
5 7

57.0' - 91.6' 0000 CONCRETE 85.6'- 95.1'
MIR ENTRP. AVE. 1-3 mmr 100
0CC. 1 cr DIA. 4 PC. 6.00'
AIR BUB ADJ. TO AGO. 2.25'

22
ag

0
_z

EN FR~a3-APw* imos E 0SLEPf"C HLEN

LK A 1ESNOE 9 -1



DRuIN LOG (Cont S-et I LEVATION TOP OFNI251.5 USLS Hole No. S-17
PROJECT IN~NOER~~LC S 1TALATION MEET?4OWE

ELEVATION DEPTH LEOOE) CAWAION OF MATEIAL X AL COM BO OR l

CRY No. - ~

22

91

mBe 91.6

v..91.6' - 94.95'G000 CONCRETE
92-: AIR ENTRP. 91.6' - 92.0'

I 1cm DIA.

100

93

23

94- AMR ENTRP 93.6' - 94.5'
1 2cm DIA.

MB

-- 94.95' - 95.1' BROKEN

95-Z 95.1

Y 95.1' - 99.7' GOOD CONCRETE 95.1' - 105.2'
ENTRP. AIR THROUGH OUT
AVG. OIA. I cm

96

97 4

8 24

100

99-

MB 99.7

100 99.7' - 101.8' GOOD CONCRETE
O CC. LG. AIR 13UBS
1 -3 cm LONG

101-

1 1102" ___

EKG FOM'1836-A Pwo cmiom E OBOLTE PROJECT 1 Mau No.

L MAR ' EISENH-OWER '90 S-17



DRLLING LOG (Cont Sha LVWNTPO o 251.5 USLS Hole No. S-17
PAWECT 05TALLATMN SHUT 10

EVALUATION OF EWENHDWER AND SCLI. LOCKS EISENHOWER LOCK 10F 11 SHEETS

CLEVAI1OU DEPTH LEGOQ CUM5WtATOt Of IiATUDM.S ECOV- SMPL IM - o d f

10.'-105.1'
b GOOD CONCRETE ENTRP. AIR

0.5 cm MIAL

103-

04 T0 8

CHIPS AT 104.6' - 104.8'

10

'.105.21- 109.61 105.21 - 115.4'
GOOD CONCRETE B PC. 5.5'
SOUNDS ORUMMY, LOOKS 0.2' CHIPS
MORE POROUS THAN ABOVE 26 0.7'

1HIGH CONCENTRATION OF 1.7'
*ENTRP. AIR 3 rnyu - 0.4'
*2 cm LONG 0.3' CHIPS

AVG. 3 mm DIA. 0.55'
0.5'

107 *~,DRILL TIME 80 MWN.

* 96.6

108 * 108.0

109 *.

BOND

'7 10g.6' ROCK ICONCRETE 2

110 ~ CONTACT, GOOD BOND 2

10V. STRONG ROCK. OK GRAY
DOLOMTE -0 115.4'

r~ JT.
111 CRACK AT CONTACT

IN ROCK. PROBABLY MECH.Ime 111.6
112

113
MB

CHIPS AND DISCS
I _ 114 113.7' - 114.0'

ENG FORM1836-A Pwvms ramos m ossarn PAO"CTNoN,

L onEISENHOWER '90 S-17



OftILIJO LOG (Cant ShfS.U V '251.5 UISLS Hole No. S-17
PROECT 06TAUATION 11EET 1
EVALUATION 0F EISE4C'fER AND SNELL LOCKS IEISENHOWERLOCK IOF 11 SHEETS

ELEVATION OEPTN LEO"Q CLASWWATION OF MATEIIIAS Xcv COME Ol REA1

S ELONGATED HOLES
AT 114.2'

JT5 WEATHERED JT. 114.9' 2

115.4' - 118.2'
GOOD HARD. BLACK / GRAY
LAMINATED DOLOMITE

116 -11.

JT VERTICAL JT. AT 116.2'

117-

JT
-- CLAY /SHALE STRINGER

118- Jr 29
S 116.2' - 120.0' GOOD HARD
.. ~DOLO. MOTTLED OK * LT.

GRAY, CALCITE BLESS
IF TO 4 cmT LONG

119 .0 100

CLAY / SHALE STRINGER

12 120.0' - 122.8' GOOD HARD,

..?:GRAY DOLOMITE SHALE BEDS 120.4
UP TO 0.2' THICK AT 120.4'

121

STYOLITE 3

122 Z

POSSIBLE JT.

me
BOTTOM OF HOLE

123

ENG FOR~1836-A P*.kEININS4 WOVE OL O

EISENHOWER '90 S1



Hole. No. S-19
DRLIWNG LOG V5 GMAINSHEET

I. PROJECT W. WE AND TYPE OF &T 7-3/4" DIAMOND ~
EVALUATION OF EISENHOWER AND SNELL LOCKS . ....~ ... ELEVATION SHON ffw Ir mu

2. LOCATION CwrWdr$N MSL-USGLS
275.O0'-7.825' FROM LOCK CHAMBER M. MAKFJCTUREWS DESICIATIO OF DRILL

3. DRLIGAEC C 0 E MOBILE DISTRICT DIAMOND
113. TOTAL NO. OF OVER- DOI URED UISTURBED

4. HOE bNo. orw e of SEDE an" .E TM'D 0 0

$4.TOALAILIBR O OXS 30
S.NM O ~ CARL MOON IL ELEVATION GOUND WATER

a. DIRCTION or WX X. DATE HOLECOI.TE~VEKTL0OICIED_____ i 21MAY go :25 MAY 90
_________________________E_.____ 7. EEAINTPO O[215

7. TIC06SS OF OVEIE 0 T7. EAIO N COP PEOVFO E 2 128.7

5- DEPTH ORILLE INTO -O 129.0'-110.7'-18.3- _-. -7-7"mRECOR FOR EILEE G2a.7

g. TOTAL DEPTH OF HOLE 129.0' INSPECTOR M. EILEEN GLYN

ELEVATION DEPTH LEGEND CLASFOATION OF MAMALS X CORE BOX OR RMRC

CR Y No.

251.5' 0.0'-2.51- GOOD CONCRETE. DRILL TIME 20 KIN.
* AVE. SIZE AGG. 2.5 cm LONG. 1 PC. INTACT 2.5'

AIR ENTRP. 1 mm-5 mm DIA. PRESS m 275 PSI
'TI4RU OUT.

100

250.0' -7

S1.7'-2.5- - ACG. SIZE AVE.
2-7- INCREASES TO 3 IN.

2.5'-5.0' - GOO CONCRETE. DRILL TINE ft 20 PIN.
* AIR ENTRP. 3 mm-I cm LONG, PRESS ft 275 PSII1PC.

MOEABUNDANT A45'.0,2.5' INTACT
AEAG3 IN. DIA.

100

4- AVE. AG2cmDIA. 4.5'-5.0'-
SOUNDS DRUMMY

5.0'-7.2' - GOOD CONCRETE. DRILL TIME 20 PIN.
AIR ENTRP. 3 mm-2 Cmi LONG I PC. 2.2'
AGG. DIST IS LG. 100-150 cm
W/SMAL.LER 1-2 cm DIA

6 100

245.0'

7.2'-4.7' - GOOD CONCRETE. DRILL TIME 20 PIN.jAIR ENTRP. 3 mm-i cm DIA.,2 1P.25
AGC. GOOD DIST., ENTRAIN. AIR 2 1P.25
1 mm DIA.

* 100

- 10 *SEE SHEET 2-
END FORM 1836 .aryusi oEfom A ossmm POEISNHWE '90 E NO.

L MAR 71 
EIEHWE 95-19



DRILINGLOG Con Shet)CLEVATION TOP OF mOLE
ORIIG OG(CntShet 251.5 USGLS Hle Na. S519

PROEC M.ALATMO sw~L .
ELEVATION DEPTH LECEND CLASSIFIATION OF MATERIALS X CORE BOXPL OR~ RDAARIM~

IEW. RY Mo. wimy~. .f AWO

9.7'-14.4' GOOD CONCRETE. 3 PC. 4.70'
ENTRP. AIR 2 mmw-2 cm DIA., 3.60'
ENTRAIN AIR rzImm 1.80
THROUGHOUT. ABUNDANT LG. DILTM
ENTRP. AIR AT 12.7'-14.0'. AGG DRILL ATIE: SMOT

*HAS GOOD DIST.DRLACINSOT

235.0'

12-

13 ,

vMB jMB AT BOULDER 1.
14.4'-18.0' GOOD CONCRETE. 100 1.
ABUNDANT MIR ENTRP. 2 mm

". 01k -3 cm LONG. AVE. 5 mmw

DI.

230.0'

4
17

18 MB MB AT BOULDER
i8.o'-1g.8' GOOD CONCRETE.

k SMLLERAGG.AVE.3-4 cmn

MB ABUNDANT ft 2 ImiFn 01. 18.9

2V 19.8"21.i GOOD CONCRETE. ~P.13 .0

OC.L.AGG. 20 cm 1.40
AGG. 0 cm0.80'

5 BRKE 0.20'

2 mB MB AT BOULDER0.0

225.0'

I 22A i 21.1' -26.BEXITE SHEET J)



CLvATIOM TOP Of HOLE
DRILLING LOG (Cant Shet7) 251.5 USCLS Hole No. S-19
PRO.ECT INSALATION S4EET3
EISENHOWER LOCK I IF1 E~

ELVTOND.MLEED CASSIFIATION OF MATERALS X CORE BOX OR REMARKS
a.EVnONDEP~ ~ZO~ RY NO.

21.1-26.8 GOOD CONCR ETE.
ENTRP. AIR 2 mm-1.5 cm WIA.
MORE ABUNDANT AT 24.5'-
26.5', AGG. HAS GOOD DISTR. 22.a

23

24-

6

25-

100
26

220.0'
M1MB MBI AT BOULDER 26.8

,26.8'-28.81 GOOD CONCRETE.
27 *ENTRP. AIR 2 mmw-i cm DIA..

* AGO. V. SMALL *LG.

28

MB

2 9 29 0' 29.6' BROKEN
CONCRETE. 7

9 MaBEATEN OUT O0f CORE BARREL.

29.6'-29.8' GOOD CONCRETE.___________

30 29.8*-33.5' GOOD CONCRETE. 7 PC. 2.70 7
LG. HOLE AT 30.8 (2.5 cm 17
SO.) ABUNDAN4T ENTRP. AIR 1.20
i cm AVE. DIA. ENTRAIN AIR 3.0

I' 1mmi DIA.. POSSIBLE COLD 107

31 AT 30.8'. 0.35
31 MB31.1 0.30

DRILL TIME 28 MIN.

215.0'

32 * 100

3 32.5'-34.2- GOOD CONCRETE.
ENTRP. MIR 2 mm-1 cm DIA. 8

33

ENG FORM 1836-A PWojs Emnoms ARE O9SOLVE. JPROJECI 1HOLE No.

L No 7 EISENHOWER '90 S-19



ELEVATION TOP Of MOLE

.LI LOG .....(Cent Sheet) 251.5 USGLS Hole No. S-19
P XCET LINSIALLATION ,SW T 4
EISENHOWER LOCK o 2 SHETS

9 CORE box Olt REMMKSELEVATION OPTIH LEGD CLASSFICATION OF UATENALS REcov- SAMPLE B M NR 9f
C0MA/w ERY NO. wliq r. "WJmV,

*A o 4 * , g

- MB AT BOULDER
34.2*-37.4' GOOD CONCRETE.
ABUNDANT ENTRAP. AIR 2 mm-
5 mm AVE. 3 mm a

35-

MB, ,-

36-

210.0'

37- 100

MB AT BOULDER
" 37.4'-39.8' GOOD CONCRETE. 9

_ ENTRP. AIR LESS ABUNDANT-
8- 5 mm DIA.MAX.

*._ I
"MB MB THROUGH AGG.

AGG. GOOD DIST

39- M MB THROUGH AGG.

MB IMB THROUGH AGG.

' 39.2'-39.8 BEATEN OUT OF 3 _.'-

* END OF CORE BARREL
40-- 3 9.8-4 3 .0 GOOD CONCRETE 40 MIN.

- ENTRP. AIR 2 mm-5 rvtm DRILL TIME
- THRU OUT. AGG. GOOD DIST. 39.81-49.3'

. -. 6 PC. 3.20'
3.40'

41 
1.40'
0.90'

8 0.40'

205.0' MB' CHIPS
0.20'

42- - 10

43 " MB AT BOULDER 100
43.0'-46.4 ° GOOD CONCRETE.SME AS ABOVE

44 -- .,I = " • 44.4-

45

11

46 ,
ENG FURM11536-A PWVouS ElTOS ARE OBSOLETE r. .ECT 

1HOLE NO.-
_ M,1 EISENHOWER '90 5-19



DELEVATM TOP OF HOL
DRILLING LOG CCont Se) 251.5 USGLS We No. S-19
PROJECT 06"ALLATION SHEET 5
EISENHOWER LOCK Io 12 SHUTS

ELEVAT1ON OWTH LEOOQ CLASWFCATION OF MAtM. X COR E RE ARKS

IMB BREAK AT BOULDER W/NR
200.0' , ENTRAIN BUBBLES BROKE

46.4'-49.4' GOOD CONCRETE.47- (SAME AS ABOVE)

-" 11

:MB . 100BREAK AT BOULDER
48-

BREAK AT BOULDER 48.7
49-.' MB .

BREAK AT BOULDER
49.1'-49.2' BROKEN
49.4'-54.4' GOOD CONCRETE. 49.4'-54.4'

' ABUNDANT AIR ENTRP. (2 mm- 2 PC. 3.00'
4 1.5 cm DIA.) AVE. 4 mm AIR 2.00'-

50 " ABUNDANT AT 49.4'-0.0'

12

51

195.0'

100

522.4
5 4

MB. RP 52.4"v c DA

4. 5.'6.' MR C .0

OU.

4 '

j . ''' 54.4'-62.9' GOOD CONCRETE. 544-29
-,ENTRP. R 3 mam-1 cm IA. 5.'6.'

- . AT 54.4'-60.1', MORE 3 PC. 2.90'
55- .'. ABUDANT AT 60.1'-62.9' 13 2.80' -

•GOOD CONSOLIDAT1ION THRU 2.80'
i OUT.

56

190.0'

MO 57.3

- - --

ENG FORMI136-A PEvajs E11N0 ARE OBSOLETE. PROJECI HOLE NO.
L WA 71 EISENHOWER '90 S-19

L -. ll IH llI



[- -7
ELEVAT" TOP OF HOLE

DRILLING LOG (CCont SheU 251.5 USGLS Hole No. S-19
PRLKECT 6ALLAON SHEET
EISENHOWER LOCK I oF 12 PUTSS

X CORIE BOX OR REMARKS
EL"EVATON 0-TH LEG" L. F1IATMN OF MATEN LS RECOV- SAML m ^. o

Coamr/w ERY NO.
• -4 .S 4' 0

" "(SEE SHEET 5)

..9, .1,

-14

6G- MB--

100

61-

-5.' *MB 61.5185.0* :

62 . ,

4 '

63- 62.9'-71.1' GOOD CONCRETE. 62.9'-72.9'
GOOD CONSOLIDATION THRU DRILLED 10.0'

- OUT COOD AGG. DISTR., ENTRP BUT LEFT 1.5
AIR 2 mm DIA 1.2 cm 15 IN THE HOLE.
long *irreg. DRILL TIME 45 MIN.

64 M

6.
" 6"

- 66.9'-68.0' ENTRP. AIR MORE 65.6
- ABUNDANT

66- '

~~180.01

4me 83

67-N "
S4

16

I- 4

69-:-4•

MB 69.5

70 - "

ENG FORM 1836-A pRVou EDIoNS AR OESOLTE. oocT HOLE N.

L MM 71 
EISENHOWER '90 S-19



DRILINGLOG(Con ShsO LEVATM~ TOP OF HOLE

D~LIN LG Cat 1 251.5 USGLS Hole No. S-19
PROJECT 1NS7ALLAn1ET
EISENHOWERLOCK .I -12SHEETS

ELVAT*ON DEPTH LEGEND CLASSFICATION OF MAMALS Zcv CORE .BOX ORRMAK
Wmw~V ERY NO. ff~l~Lr. dUtv*mj

(SEE SHEET 6)

4

71 me
:7 71.1*-78.8- GOOD CONCRETE.

GOOD CONSOLIDATION, AIR
175.0' ENTRP. 2 mm-7 rnm, DIA. -

0CC. LG. I RREG. 2 cm
LONG.

72-1

73- 72.9'-79.9'

5 PC. 3.10'
4, 3.40'

1.40'
I 0.60,

MB474. 0.30'+ CHIPS

75-

75-

126
165.0'

77-

MB.

78-

-b .

:LIFTA
-MB 78.8-79.9 GOOD CONCRETE. 79.0

79 A LITTLE SOFTER, MORE
POROUS HOLDS WATER
LONGER. CEMENT COLOR IS______________

BROWNISH GRAY W/SMALLER
AGG.. ENTRP. AR 2 mm-I cm

80 I 7.9-89.

79.0'-79.9' BEATEN OUT
OF CORE BA9REL 1

81 79.9'-82.0O GOOD CONCRETE.
SAME AS 79.0'-79.9'. BROWN-

160.0' CRAY HGER CONTENT OF

160.0SMALL ACC. 1 mm-2.5 mm IN
CEMENT LOOKS WEAKER.

82 '* POROUS POOR CONSOLIDATION]
ENG FORI 135-A Povxjs comm OSE [ SIE. PROJECT HOE-O

L -a 7 EISENHOWER '90 S-19



ELEVATION TOP OF HOLE
RLLING LOG Cont he 251.5 USGLS Hole No. S-19

PROJECT iLT noe IS.EE r 8
EISENHOWER LOCK oF 12 Si:TS

ELEVATION DEPTH EED CASSCATION OF MATALS X CORE BOX OR RAARKS
(OW"RCOV- SAIPLE AM - of 'r

ERY NO. 0 = wofflawV
d~ 9

82.0' GOOD CONCRETE.
- DARK GRAY SEEMS HARDER
GOOD CONSOLIDATION,
ENTRP. AIR 2 mrm-5 mm DIA.

83-- ' 5.MB AT BOULDERS 83.1

84"

MB Z
MB AT BOULDERS

85

084 Z
JT 20

? OR LIFT LINE, COATED
86 ".v W/WHITE MATL.

85.9'-88.6' GOOD CEMENT,
1 COLOR LITTLE BIT LIGHTER
.THAN ABOVE + MORE POROUS
. ENTRP. AIR 2 rm-5 mm DIA.

87- CEMENT MATRIX HAS A HIGH
CONTENT OF V. SMALL PC.
OF AGG.

LEFT 1.6' IN HOLE

MB88
::, i88.3

88.3-98.1 GOOD CONCRETE.

MB SAME AS ABOVE, SOUNDS
I ---y DRUMMY, ENTRP. AIR V. SMALL
'.. 1amm-4 mm AVE. 2 mm.

89 '
' SOME IRREGULAR BUBS.

4

90

-0 •"•89.9'-98.1'_

21 6 PC. 0.40'" - 5.30'
S"! 2.20'

1.50'8 91 4 0.35'
-0 .0.25'

150.01
• MB 92.0

92-- 122

'4

4

93
22

94 Me _______

ENG FORM 1836-A PwvOu cE'noa OBsOLTE. 1xRoJECr JHOLE No.--

L ,
"  

EISENHOWER '90 S-19
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ELEVATION TOP O HQLE
DRILLING LOG (Coeft S 251.5 USGLS Hole No. S-19
PROECT tYALLATION SCET 9
EISENHOWER LOCK or 12 SWETS
DEVATION MYTH LIEGCL 4WICATXN Of MAI3LS X COR BOX OR ROAARCS

Rcov- SAM PLE wZ3a R M AWN
ERY NO. w*5.W apinVJ

" SEE SHEET a

95-

96 Ma' 96.2

145.0'

97- "

1Me

98-:
" • " 23 -

98.3'-101.6' 000 CONCRETE. ,.
' LT. GRAY CEMENT. SAME AS 98.3'-108.2' Z-

ABOVE. V. HOLEY (ALMOST 6 PC. 3.30'
99-: HONEYCOMB PATTERN). ENTRP. 2.50'

- , AR 1 mm-1 cm DIA. ABUNDANT 0.90'
MB SMALL BUB 1-3 mm. 1.60'

0.50'

."4.

100-:

MB 100.4

101 .

140.0'
T, 101.6'-108.2' GOOD CONCRETE.

. SAME AS ABOVE. EXCEPT MORE
102-: ENTRP. AIR AT 101.6'-103.8'.

k- 100

424

.4

104

* MB 105.0E105- -_
-- .. ,•

106 
17

ENG FORM1836-A w m coi ono s oLETE. PR"cT Mau -
L.-- R 71 EISENHOWER '90 S-19



DRILLNG LO (Cot Shoo ELVATION TOP OF HOLE

ORILLINIG LOG (Cont Shee 251.5 USGLS Hole No. 5-19
PROJECT TALLATION SHET 10

EISENHOWER LOCK op 12 smxTs
X CORE BOX Ot RE4ARKS

E.rVAT"O# WPIh LEPM L p FM"tATE.S RECOV- SAME a w A dm f
i [RY NO. f f. AVW~n')

".4

135.0' M

107; 1 VOID AT 106.8' W/8 cm DIA. 25
MB

108. ":

- 108.2'-110.7' GOOD CONCRETE.
LT. GRAY CEMENT AS ABOVE. 108.2'-115.2'
W/CONSIDERABLY LESS ENTRP. 6 PC. 2.50'
AIR 2 rvn-1 cm DIA. 0.90'

109- 0.80109 1.40'

0.20'
1.20'

110

26
- '8

CONCRETE/ROCK CONTACT
V. SMOOTH BREAK/JT? NO
BOND.

100
130.0' MBz 111.6' C"4Ps

110.7'-115.2' BLACK GRAY
112 (WET) DOLOMITE tITERBED

MB W/LT. GRAY WEAK CLAY AT 112.4
113.8', 114.0'-115'0' 1-3 m
THICK.

113

MB
1 _r- DOLOMITE V. HARD. V. DENSE

114. M UNFORM. IN STRUCTURE.
k 27

115- -MB

115.2'-117.0' 115.2'-120.0'
SAME AS ABOVE 5.

5 PC.

116- -4--

125.0'

ENG FORM1836-A ewmo cioARE ossnLsa.. tcTM NO.

L MAR 71 
EISENHOWER '90 S-19



ELEVATION TOP OF HOL

DRILLING LOG Cont he 251.5 USGLS Hole No. S-19

PROJECT ALLATION SET 11

EISENHOWER LOCK rr 12 SH ITS

1 CORE 801 Of REMARKS
E3LEVATnON OTM LECO ID or Umw RCOV- SAMPIE 0= A % *.

ERY No. &W._

~~117.0-
117 117.0'-120.0' COLOR CHANGE

TO MOTTLED DK. AND LT.
DOLOMITE W/NUMEROUS LT.
GRAY CLAY THIN LANIINAE
1 mm THICK.

118 100

28

119

me
120.01

10LG. CALCITE BLEB. 1120.01
120.0'-125.05' DOLOMITE.
BLACK (WET) CALCITE BLEBS 120.0'-129.0'
THRU OUT, INTERBED W/WEAK 12 PC. 1.60'
BLACK SHALE 4-8 cm THICK. 0.30'
DOLO. V. HARD V. DENSE. 0.90'

121 STYOLITES COMMON. 0.10

0.10' ISSING
MB 1.60'

0.30'
0.50'2 MB 0.60'

122 29 0.90'

me

123 123.0O-123.1' MISSING.

124 98

,3 115.0'

Ib 126

LV HAD EISENHOWER 90 S-

WHE WELTL ON

.. ... I I I I S HL



DRILINGLOG(Con Shet)ELEVATION TOP OF HOLEDRILLING LOG (Cent 251.5 USGLS Hole No. S-19
PROJECT ALTI HT 12EISENHOWER LOCK r- AoF, 12 S12TS

1 COV£ SML O

wERY NO.

111.0' . SEE PREVIOUS SHEET.

BOTTOM OF HOLE.

b

ENO FORM 1836-A mr1OA EUT1OU ME OEISOLETE. PROWECT HOE-o

L MO 71 EISENHOWER '90 S-1g



Hole No. SS-~18

ORILLNG LOG OVIH T-AU EISENHOWER LOCK F4sms

1. PR"CT M. SIZ AM TYPE OF NT 7Y4" OD
EVALUATION OF EISENHOWER AND SELL -LOCKS -? DATUhI FOR ELEVATION SHOWN fl'BiI if M

2. LOCATINdlwf dr SA MSL - USGL 251.5'
MONOLITH: ss-18 LOCK STATION 226.00 V- UNYCUESDSGAINO RL

3.ORIL DISGE ICT FAILING 1500
4.OLE DIRIC MM~ ~4 TOTAL NO. OF OVER- ;DO6T~wO 0 jLKRED

14faALAJSS1 . TOTA.L NIWR CORE BOXSLE!ALET~ 0
5. NANE OF DRILLER

CARL MOON t. ELEVATION GROND WATER
STARTED CO~~rE9. DIMCTION OF HOLE M. DATE "DI 9 JUNE 90 '11 JUNE 90

~I RI~L 9~ED _________ EC.F~U 111T 11 ELEATO TOP OF MOL 251.5

S. DETHO OFL INOEU RM 0-4- TOTAL CORE RECOVERY FOR BORIG 35.85
S. DP~h ALL hiT RoOSU ATURE OF MIPECTOR

9. TOTAL DEPNh OF HOLE A581ELEFI'_GLYN___________

ELEVATION DEPTH LEGEND CLASSFIATION OF MATERIALS I COME SAP. Olt W' - E R

TRy NO. ofm406f vni

_____ I I .v

0.0' - 0.7' GOOD CONCRETE 00-07
711 C 05

* 0.7' - 3.0' GOOD CONCRETE 07-30
LITTLE TO NO ENTRP. AIR1P.25

1 4 /GOOD CONSOLIDATION

115

2-Z

4

3-
3.0' - 5.3' GOOD CONCRETE. 3.0'- 5.3'

S HARD. GOOD CONSOLIDATION. 1 PC. 2.3'
v ENTRP. AIR 1 mm -3mm

0CC. 7 mmn DIX

4.me 4.2
100

5
MB _ _ _

BROKE ACROSS AGG.
5.3' - 7.9' GOOD CONCRETE. 5.3' -7.9'

S HARD, GOOD CONSOLIDATION 1 PC. 2.6'
* ENTRP. AIR I1mm -2mm

6 DIAX

* 2
100

7- v

MB3

a-~ 7.9' - 9.7' GOOD CONCRETE. 7.9' - 10.4'
(SAME AS ABOVE )1 PC. 1.5'

me 8.7

4- 45

LIFT ________________ _____________

10 __ _ _ _ __ _ _ _ _ ___ _ _ _ __ _ _ _ _

ENG FORM 1136 PprvioI.5 EDITa off aeOsDI PROJECT ~OEN
L MAR 71 EISENHOWER R 'go SS-18



DRILLNG LOG (Cant Shot I LEVAION TOP OF HOE251.5 Hole No. SS-18

EVILUATION O EIEHOE ANDow w u LOMsI~~A EISENHIOWER LC F4sE~

EL[VATIONd DETH LEG"m CASWIATION OF MA XA. ~ CORE 9OX Of Is REA

'9.7' - 19.6' GOOD CONCRETE
' GOOD CONSOLIDATION __________

IENTRP. AIR 1 mm - 10.4' - 19.7'
3 mmv~ DIA NOT ABUNDANT. 2P.53
O CC. I1cm DIA. 4.6'

* 3
bz

12

M6 12.5

13-

V 4

14-

15 LF.BREAK IS RELATIVELY 1.

PLANE~R.10

STEEL AT. 15.8'
16-. 8 cm LONG, 2 WIDE

17-

5

MB

11.

197 -19.7ODCNREE 97' 58

LITTLE ENTRP. AI6

21

LENG FORM 1836- A PwY* Em~w AR oEEESENEWRE90 S-1



DRILINIG iOC (Cont She. £LEVATION TO Oap L

EVALUA71Me OF EMEIOWER NO) SHELL LOCKS I" ISENHOWERLOCK cvF 4 SWETS

E.EVATWN DEPTH EOEO~ CLASIFCATO OF MATMANJ 11 COEs0 R j
CRY NO. ~ vE. ~

23-

5 6

100
24-7

25 .

me

26-' . 25.13- 34.7' 0000 CONCRETE. 7 25.5'- 35.8'
AS ABOVE. 1.6'

2.9'
V 4.3'

S 0.7'
27 . 0.4'

27 10.01
MS ~27.410'

BOTTOM OF RUIN
25- WAS BEATEN

OUT OF CORE BARREL
v

29

* 100I 30-Z

CRACK ? OR LIFT ?
SNO EASILY IDENTIFIABLE

WEATHERING, NO STAINING.

me 31.9

32

L M OR 7163- EIASENHOWE R 'go SS-18



ORILLING LOG (Cont Sheet)I EVAT OP F U 251.5 mole No. SS-18

EVALUATO OF EISENHOWER NO0 SNELL LOCKS ImluT EISENHWER LCK 1~c 4SHXL
x cow BOX Olt r~macS

ELVATO 03TH 11000 0_ASCATIOW OF MATUALS KC0V- SAMP Am ̂ v

SEE PREVIOUS SHEET

34

* 35.81 BOTTOM

35--

37-

38

39

V

- --

EPIC FOM1836-A pMI-AM EMT*oi ME o8soUrrc PftO.CT No013.

L M71EISENHOWER 
R '9O 5-18



F Hole No. SS-19
DRILLNG LOG EISENHOWER LOCK " 4 s~EE-s

t PROJECi 10. SZE AM TYPE OF SIT 7h" DIAMONEVALUAitN OF EISENHOWER ND SNELL LOCKS i. DTA FR E.LVATO SIOWN 7W Wk
2. LOCATION OWL*" W MSL - USLS

MONOLITH: SS-19 LOCK STATION 275.00 tL WuWAcT.MI's ociMToM oF OmI.
OBEo D ISGTRICT FAILING 1500

3. TOTAL NO. OF OVER- ;06S11E WU6'UL
04. MOLE NO. M a AV B P

. O4. TOTAL. MR COME OlES5. Ni OF" D LER

CARL MOON 25. ELEVATIN OLo WATER
6. DIWCno OF HOLE X. DATE HUE :S

'
TED COWLE1 D

nM vERTxCAL 0 - eC - DEC. FUOM VYET. ' 11 JUNE 90 ! 12 JUNE 90
7. ELEVATNM TOP OF HOLE 251.57. TINOdESS CF ovEIRE 0 6. TOTAL cOm RECOcvEY fOo OmN 35.0 2

6. OEMPh DRLLED INTO RC ' a. 0"o OF I4SPEICTOR
. TOTAL DEPTH OF O 35.0' MEILEEN GLYN

E.EVATMO DEPTH LXEJO CLASSUICATION OF MATERIAL X COW-SMI I= ~ S RE)AyS
a" N10. -. 0=8. = 11W

0.0'- 2.5' GOOD CONCRETE. 0.0'- 2.5'
SOME ENTRP. AIR Imm - 2 PC. 2.2'
3 mm DIA. 0.2'GOO CONSOLIDATION

- "100

- .BOTTOM BEATEN OUT
2-7_ MB OF CORE BARREL

- 2.4'- 4.4' GOOD CONCRETE. 1 2.4'- 5.0'
" SAME AS ABOVE 1 PC. 2.0'

4- ,
4

MB

. 4.4'- 6.9' GOOD CONCRETE.
, SANE AS ABOVE 4.9

- -.- 5.0'- 7.5'
2 PC. 1.8'

0.5'

6 "..6

MB

120
mb

7 6.9' - 9.4' GOOD CONCRETE.
SAME AS ABOVE

7.5' - 9.4'

120

miMB 9.4

9.4'- 19.1'
' 4 •

10

ENG FORM1836 PoA mrm AK uxET PROJECT

L WAR 71 EISENHOWER 'gO SS-19



MILLING LOG (Cant Shot) I E LAION TOP OHLE251.5 Hao No. SS-19
PRO.LCT 

@f;TM.LATMO 
OFI 2 HETEVALUATION OF EISENHOWER AND SNELL LOW( EISENHOWER LOCK I~4SCT

ELEVAION "6TH LO CLASSIFIATION OF MATRIAS X CORE SOX OltI EMRK

'9.4- 19.1' GOOD CONCRETE. 3 PC. 4.6'
*' ENTRP. AIR Immn - 3mnm 3.7'
*' , IA. G000 CONSOL. GOO00 1.4'
* BONDING W/ AGG. 9.7'

S Me

12 3

130

*. 4

MB.
14 , BREAK AT LG. BOULDER.

16 MB

197 m

18 * BREAK AT LG. BOULDER

19.1'- 26.1' 000 CONCRETE. 19.1'- 26.0'
ENTRP. AIR 1 mm - 3 mm
DCA. 0CC. IRREG. BLBS
I cc LONG.

20 AIR MORE ABUNDANT THAN
ABMOVE. 0000 CONSUL.

100

21

EGFORM 1636-A ovsEymAIOBLT.
L MI 1ESNOE 9 S1



F
DRILLING LOG (Cant Sst)Ie ELEVATION TOP OF HOE 215Hl o S125OJ.5 INTALAIO SHE. 3S1

EVALUTIO OF ISEHOER ND NEL LO EISENHOWERLOKo 4SET

ELEVATION DEPTH LEGEND CLASSWEATO OF MATERIALS Iev CORE So OR REA

23 # 23.1

4.

24

25

5 6

26 ___________

S26.1- - 35.0' GOOD CONCRETE. 26.1' - 35.0'
o ENTRP. AIR I1mm - 5 mn, 2 PC. 7.0'

SDIA. NOT ABRUNDANT. 2.0'
GOOD CONSOLIDATION. V.

27- P HARD

NO EVIDENCE
OF A CRACK
26.1'- 350

28
Me 28.3

29

Me'
307 BROKE WHEN BROUGHT

k OUT OF BARREL. PROBABLY
A I FT JT. IF ANYWAY.7

32--

32.5

BREAK AT LG. BOULDER.

33

L MN EISENHIOWER '90 SS-19



LEVATON TOP OV HOLE

DRILLING LOG (Cont Sh IEET 251.5 Hole No. SS-19
PROJECT DiSTALLATd SHEET 4

EVALUATION OF EISENHOWER No SHELL LOS EISENHOWER LOCK or 4 swETs
ELV~0 DPT EG LACAO O MTNAS X CORE BOX OR REMARKS~.EAT~N EPT LGOC CI CAIO orMA~NNS COV- SAMPL (=IW W af op of

vY NO .. f PaV

5 M_3 35.0' BOTTOM
35-

i -!-7-

hz

MG4 FORM111536-A PWVX EDITX)N ARE OBSOLEKTE- POEISNHWE '90 L SSO

EtEHOE '-SSi! L



How No. SN-N56
OMLLiG LOG 91A1USNELL LOCK [r7 .Cers

I. AOW. I SIZE AND TYPE of 07

EVALUATION OF EISENHOWER AND SNELL LOCKS It. DATUM FRC ELEVATION SHOWN ffW w W

2. LOCATION M -R ar ssVuV MSL -USLS 205'
MONOLITH: SN-N456 LOCK STATION 462.00 '2, MAPAFACUME DESIGNATION OF OW(L

~6ILE DISTRICT LIGTO r0  g
3,TOTAL. NO. OF OVER- :DTM6UDSTRE

4. HOLE IC. fANg -- W0116 fsa . N SAMPLES TAKEN 14 JUN g
ofaSN-N56 -

CATRP MOO ABUDA . 0.0VTIO GRUN 2.6ER

PITTEDTEXTUE TITU OUT

4.~ ~ ~~RM ATECIO OfHLOULDER OE 19 ,14 9 '1 9
M 2.6'-A 4.7 GODCNCRETE.- PULLROM 2RT

7. ABUNDANT. OCF 5VRU E mm T- 2L 0 PC. 1.7ODE'05
28 TOmA CRREE LEOEYFSONG 7US..'

0 .7' - .6' GOOD CONCRETE, PULL________1_

ENTRP AIRABUNANT.0' - 7.1'
IHARD. m SOLID 1C. PC. 2.'

BREREC 2.4'UDE

2 cm RREG LONLOSSS 0.0'

2.2

LOSS 0.1'

4-:r

L me4.



7 -7
ELEVATlIqi T0P OF I4U

DRILLING LOG (Cont ShIUIT 251.5 Hole No. SS-19
PROJECT 1TA.LATCN SHEET 4

EVI.UATION OF EISENHOWER AN SNELL LOCKS fISENHOWER LOCK or 4 sarsr CO£ mOX cmmwc

EV"ATION DEPTH LEWxDc CLASNATXW OF MATERMLS cov- SCOM BOX Olt -

amrt MY NO

- me 35.0' BOTTOM

- - --

ENG 7O183- ~~WEloaAEOSL PROJECT

L GFW86A--m uesAEOSLE EISENHOWER '90 SS-19

L



r 7
OLLH LOG(Cen Shet) LEVAIOI TOP OF HL

0RILING LOG (Cn, Shoot) I.205 Hole No.SN-N56
PROJECT ICK r TALLAINSNE SEET2

EVALUATION OF EISENHOWER AN SNELL LOC ELL LOCK Sw(ySX C 0 R B O x C Al ~
LEVAION DEPT" LEGE00 O.AS ICA ON OF MATEALS XcoV- CORE t /i. 0 Im "

ERY MD. 0=*ft =. o

9 9.6'- 19.6' GOOD CONCRETE. 9.9.. 19.6'

- " ABUNDANT. ENTRP. AIR 1 rm 2 PC. 2.6'
-7: - 2 mm DIA. OCC. 5 mm 5.1,

SDIA. RELATIVELY SMOOTH 2.3'
TEXTURE GOOD CONSOL, REC. 10.0'
HARD. LOSS 0.0'

SGAIN 0.0'

12 LIFT
- PLANAR BREAK

MB 12.915_ 9 .6'

2.6'

12.2'

14
9

15

4

16-

j .9
17 *

LIFT 1.- - PLANAR BREAK

_9
18 M

j 9. "

, 19.6 - 27.3 GOOD CONCRETE. 19.6'- 29.3'

20-L 6 HARD, GOOD CONSOL. 4 PC. 2.6'
" ABUNDANT SMALL ENTRP. 5.3

AR. I - 2 mn DIA. OCC. 1.81S mrn DIA. - 1 cm IRREG. REC. 7.7'

LOSS 2.0'
,,Bk GAIN 0.01

B .
, 21 -

MB3 21.7

~22 : _ _ _ --

ENG FORM 836-A P(vo I ton m sE.( P0.JC(T "ME No.
u, EISENHOWER *90 SeN-N56



F
"arvA1NtICI TO f HOt.[

DRILLING LOG (Cant Sheet) 205 Hole NO.SN-N56
PROJECT INSTALLATION $WET

EVALUATION OF EISEIMWER NO SNLL LOCKI SNELL LOCK or 7 SHETS
CX BOX OR IIMAftS

ELEVAION DPTH LrGED a.AsW rICA 4 OF MATEIMLS x Ov .Scw Box of r MA d
(~~RY NO. Ruf 4 d,~, t 'lV

. ! . C .

23-

.9 6

24

25 - 'a-

LIFT 25.5
MB - PLANAR BREAK

26

27

27.3'- 37.0 GOOD CONCRETE, 37.0'
HARD. GOOD CONSOL. REL. 27.3'
SMOOTH TXT. ENTRP. AIR. 9.7'

28 1 "rn mOE &OCC. 2 -5 mm
N OiA.

29

MB 29.6

29.3' - 37.0'

30-: 1 PC. 5.1' Z
4.6'

REC. 3.7'
GAIN 2.0'

S* "LOSS 0.0'

311

Ia

32

mB

bS

33

ENG FORMU36-A Pntv* cns m =oE.T. SoCIt 140.

L VAR 71 
EISENHOWER '90 SN-N56



ORILLIHG LOG (Cofit ShoolIEet t c o o 205 Hole Nq.SN-N56PRO.CT 
SUTALATO 

sEET 4TI OF NOSI*'E SW0 ELL. LOCKS I SNLLLOCK or 7 HrrsEVATMO CVT LEM CL5 tA AM .3 X COME BOX Olt F.MIC
c" dOP NO. = Z1 1

U..

Me. 3 mm9A.SM RE, 3.

37

- GOOCNOETPpI

MB 
CAN .0

410

40.

M8.8

41-

LAG VOID 41.7.7

~~~~ B~~LREAKID AT 44.7S

45 - -LIFT? VOD

:7 - ~~45.0' - SFETEIEF5OE

ENG FORI 1836-A Pwo mro m onsorm.

L MP7 IEHWR10S-5



F 7
DRILLING LOG (Cant Sheew) I205 Hole No.SN-N56
Pot cl ,INSTALLATIO SmEET 5

EVALUATION OF EISENHOWER "n SNIL ILOCs - NELL LOCK or 7 SETS
1 coq BOx OR [,SELEVA7ION DEPTH LEGEND C.ASSFICA70ON OF MATE[MALS cov Sox OR REMR

[MY MD. -oh -. a- 9n' v,

- 45.0'- 54.5' GOOD CONCRETE. 45.8'- 54.5'

v GOOD CONSOL, HARD. AIR 2 PC. 6.4'
ENTRP. ABUNDANT 1 mm DIA. 3.1'
THRU OUT 2 mm - 1 cm REC. .5'

. FREQ.. REL. SMOOTH TXT. LOSS 0.0'
4- .GAN 0.8'

-

S

4 12

b5- 5o. 50.0o

9

9-.&m

50

51 9

52 .

me1

54-

:t . 54.5

• 54.5'- 64.1' GOOD CONCRETE, 54.5' - 64.1'

HARD. GOOD CONSOL. 4 PC. 1.2'
55- ENTRP. AR 1- 3 mm DIA. 3.5'

. PITTED TXT. THRU OUT. 3.31

SOME 5 mm - 1cm IRREC. 1.4'

REC. 9.4'
LOSS 0.2'

56*- CAIN 0.0*

j. 9 14

57 9

ENG FORMI36-A L'oUs c7m0m Am morE. PRO.,CT loE 040.

L 
EISENHOWER '90 SN-N56



DILLING LOG (Cant Sheet) IEV7MTPOMLE205.0' Hole No.SN-N56
pOtc7 

6TALAYO LLE 6OKlr KTEVALUATION COFEISEWeOWER 00 SCLL LOCKS L_ CKO 9IS

ELEAIMN CEPTn LIC OLASWCA11 Of VATEIv- x i~ cowv Bo on 1W~

58.7

60-

15

61

62 I

MB 62.6
BOTTOM 2.0'

v BEATEN OUT OF' BARREL.

64-* 63.9'- 73.9' GOOD CONCRETE, 64.1'- 73.9'
- vABUNDANdT ENTRP. AIR 3 PC. 3.2'

AIMR I1mm - 3 mm DIA. 5.91
F'REQ. 4 mm - I1cm IRREG. 09

* BUS. PITTED TEXTURE. SOME 10.0'
65 MINOR DEGRADATION AROUND1.0

56

57 me 67.1

67

68- m

I 1 01 1PROJCT

ENG FORMUS-A PCVOUS WTGO MW OSIOLCT PIA

L mm 7 EISENHOWER '90 SN-N56



F- 7
CLEVAlmd TOr 0O" NOLE

O1ULLING LOG (Cant Swh O FLt) 205.0' Hole No.SN-N56
IO.LCy INSTALLATION SMUT 7

EVALUATION OF EISENHOWER jN I( 1LL SNELL LOCK of 7 SHETS
X C )K EM [s

ELEVATIW4 OPTH LEGND C-ASSIrCATION Or MATE ALS xCOV- $/E O O A .W A V

[Ry NO. &vw eca. i lEw

. . 9 91

71 .
9

Me 71.6

72"

S."9 18MS

73

37.g- BOTTOM

74-

--
I -

L -

I-

ElNl FOAM L16"A ,SvD.E [roI O( SO(TE -[T X

Et [S[NHOWER '90 SN-N56



Hole No. SN-S15

2.TLLTO LOCTM i* '~

EVALTION O F LEIEHWRM 0. S NELLG OCK -A~M --- uiv#.

GOL CONOLTAIO 0.0 ELVTO SHWN .5Vw S
2.RP LOARO 1~r~~ wm -Ak 2 S mm REC. 2.5

M O I E0IT IC . O A 0C C. 1OF OVER - L O S SU 0 L X T R E 0

2CARL 5.0N GOOD COC EE AIO GROLL 2AE
B. CONSOLDATIO 14 JUNE 90. 1600 HRSE

9. TOA 5.0'H OF 16.' GOODEE COGLT.YN0N 75

6.4' ~ ~ ~ ECV SAPL 4.=UBE=. EGH FRBR

.0' - .5- GOOD CONCRETE. PULL 1

GO CONSOLIDATION .0D.5

100

[N2.5 5.0'd GOOD CONCRETE PULL 2~os

3-: EISEHOWE 'go ISN-5.15m2 C 20'
LI.05



DRILING LOG (Cont She)IEEAMTPO M 205 Hole No. SN-S15
PUOJCT I GTALATMO 5ECT 2

EVALUATION OF EISENHOWER NO0 SNELL LOCKS SNELLLOCK 10F 9SEETS

0..EVAI1ON OEPTH LESOS C.ASSMATON OF MAT!MU Iy CORE D OR roo

11.g' - 19.41 GOOD CONCRETE. 9.9' - 19.6'
ABUNDIANT. ENTRP. AIR I mm 2 PC. 7.1'

. 3 -mm DLA'. 0CC. MREG. 2.4'
BUB 1-2 cm LONG. COLOR REC. 9.5'
UNIFORM TIRU OUT. (GREY) LOSS 0.1'

12 3, PUL
MB

13

15

163

MB.

8 BREK ATLG. BULDE

9B.

19.

GOO BRE CETE ATRD LG BOULDER'
GOO COTERNSOLIATION, BRE6'

20 ABEANT LC. B IR LDER

I 1mm 3 mm DIA. g.g'
( LESS ABUN4DANT 19.3' -

*22.4' PILL 6
REC. 9.9,
LOSS 0.0'

21 'GA4N 0.3'

MB

L C1~6 E SSL22



DRILLING LOG (Cant Sheet) IELVTTOOFM 205 HogNo. SN-Sl5
PORgCT 1T4.LATM Is FCT 3

EVALUATIO Of EIE"HWER MVD SMELL LOW( SNEFLLLOCK or 9Sl~ms
MECOV- lOXOf ROA

MwERY NO. ,=

23- - 5

-mB 23.9
24-

25-

V 626-

27-:Z

28 28.0

29

8 * 29.2' - 38.8' 29.2' - 38.8'
GOOD CONCRETE, 2 PC. 3.2'
hINOR DEGRADATION AROUND 6.4'

* GG. SHALLOW PITTED 9630- TEXTURE THR~OUGHOUT,

IRREG. BUB.RE. 96

100

-e HRM ~32.4

- RA I LNR

bO ~ ~ N 1



DRILLING LOG (Cant Sheet) I.(VA1O 205 Hole No. SN-S15
PR.AcT mTALLA7ON SHEET 4
EVALUATION OF EISENHOWER NO SNELL LOCKS T SNELL LOCK or 9 SHETS

7 C BOx OR IEWMAqS
ELEVA7I0 DEPTH LEGEND O.ASSICATON Of MATERIALS 7COREV- sX1 OR M K. 'm .A

ERY SAMPLE. * W,

M5

35-

36 I

M.

me 36.9

37 "

M19

38

* HOLE

BREAK AT LG. BOULDER
39-, 38.8'- 42.8' 38.8- 48.3'

GOOD CONCRETE, MINOR 9 REC. 1 PC. 8.8'
DEGRADATION AROUND AGG. LOSS 0.7'
ENTRP. AR 1 mm - 3 mm GAIN 0.0'
OCC. 5 mm DIA.
RELATIVELY SMOOTH

40" TEXTURE.
PULL 8

41
MS 41.3

42-

) - .

- " 42.8 '
- 47.6'* 4 COO CONCRETE. A LITTLE

MORE DEGRAD. AROUND AGG.

THAN ABOVE, PITTED 10
TEXTURE. ENTRP. AR

S mn -3mm
44-Z

LIFT 7 44.8' - 47.6'

I- "
45-_'

me A45.A

ENG FrORMSM3-A (v~OA WoNos AK oNsUXETE, PROJECT IIXrNO.

L o71 
EISENHOWER '90 SN-S15



7 -2

DRILLING LOG (Cant Sh e t) I -VA7 H TO O 2N .205 14o46 NO. SN-S15
PfLCT ITALLA7mR f"ET 5
EVALUATIOF EISEHOWER N SNELL LOCKS SNELL LOCK OF 9 SHETS

X cow sox oft KmubsELEVA704 DEPTH LEGND O.$ASWCAUId OF VATCDLS Wco- S*E ("IVmf w anA"
CRY No, No* do ff &W~VJ

47-

-" LG. VOIDS AT 47.5'
-e* 2 cm DIA.

BREAK AT BOULDER
* 47.6'- 49.6'

48 GOOD CONCRETE. MINOR
. DEGRADATION AROUND AGG.

- ENTRP. AR 1ra -3 .mm
- I A. 48.3'- 56.6'

PULL 9

49 "

49.6' - 51.1' REC. 8.0'
POOR CONCRETE. GAIN 0.7"

50 LG. VOIDS UPTO 10 cm LOSS 1.0'
-,. LONG. CORE NOT INTACT

50.4' - 50.7' 50.4

51 " 51.1 2 PC. 2.9'
51.1' - 55.6' 5.1

7 G- CD CONCRETE,
RELATIVELY SMOOTH

TEXTURE. ENTRP. AR.
52 1 mm -3 mm DA.

| 53- "

12

- I •PROBABLY ONLY* RECOVERED 7.5' ?

- I
54 __•

MB.

I.

~55- " 55.0' - 55.6'* 5- , s55.2
' REC ENTRP. MR

AROUND AMC.

55.6' - 57.8'

56 - GOOD CONCRETE.
MINOR DEGRADATION AROUND
ACG. ENTRP. MR
Smm - 3 mm DIA.

I. 13

56.6' - 64.6'
57 " 2 PC. 2.2'

5.2'
REC. 7.4'

MB LOSS

5- - LC. VOIDS AT 57.8' PULL 10
ENG FORM1836-A P6Evo Ioems Am osavc( OPO.ECT I oL mo 7 EISENHOWER '90 SN-S15



ORILLNG LOG (Cat Shoot) £ILEVA1O TOP OF "OLE205 Hole No.SN-S15
tO"CT INSTALLIM SHET 6

EVA.UATI1ON OF EISElOWER AND SNELL LCK I SNELL LOCK1f 9 SHEETS
1 ~BOX OR EM RIS

ELEVAITIN DPTH LEG(N C.MNSICATON OF MAT(.ILS X CORE BOX OR' RMA RKS
fl~iollllwl/CRY N. m~' , .1 W p l .

NO * C . ,

* 57.8' - 63.1-
* GOOD CONCRETE. MINOR

D DEGRADATION AROUND AGG.
• ENTRP. AIR Imm -3 mm

DIA.
59 , 13

* bv

b 59.9
60

Me
-LIFT 7

61 - : 60.8'- 63.1'
SLIGHTLY SMOOTHER
TEXTURE

MB

M2- 14

63 M

- .. 63.1" 72.1'
- " GOOD CONCRETE,

ENTRP. AIR 1mm 2 mm
' OCC. 3 mm - Icm DIA.

64 -: GOOD CONSOLIDATION

Me 64.4

64.6'- 72.1'

65 PULL 11

3 PC. 4.7'
63.1'- 64.1' ANO 4.3'
65.8'- 67.8'. HIGH 0.8'

- CONTENT OF SMALL AGG.

3 mm TO I cm LONG. REC. 9.8'
66 " LOSS 0.0'

15 GAIN 2.3'

MEASURED DEPTH OF
- HOLE 72.1' DOES NOT

CORRELLATE W/ AMT.
67 OF CORE.

* •
72.9', PROBABLY
MEASURED PULLS

1 * 8'- 9'LONG.

68 68.1

69 *6Z'Z

S -n

ENG FORM1836-A PEC VOUS (0o106 AM OSSOLE(. PROJCT I.o
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OfItLING LOG (Cont Sh ot) [LEV7ld 205 .... HO
1205 Hole NO. SN-S15

PROJECT 6TALLA310 smcl
EVALUATION OF EISENHOWER No SNELL LOCKS SNELL LOCK 10 IFTS
LEV'A114 DEPTH LEEND O UICAI1k Or MATENA.S x COE PoX of IMMAS

ECOV- SMPLE H A wACRY . .NO.

f LG. BOULDER 8 IN. LONG

AT 70.5'

71 MB! 16

72 * 72.1

72.1'- 81.0' 72.1' - 81.0'
GOOD CONCRETE, HARD. PULL 12
GOOD CONSOL. ENTRP. AIR MONDAY MORNING

M mm - 4 mm OCC. 3 PC. 0.9'
7 " I cm 1.5 cm OIA. 5.6'

S. TEXTURE REL. SMOOTH. 2.4'

REC. 8.9'
V. LITTLE. ENTRP. AIR LOSS 0.0'
72.1' - 73.1' GAN 0.0'

74- BOTTOM WAS

- 17 BEATEN OUT OF CORE
- BARREL EXT.

75- • r'-

75--

MS" 75
-mB 75.3

77

C. -

"- BREAK AT LG. BOULDER

799

80

-- MB 80.5

81.0' - 90.7 PULL 13

( CSEE NEXT SHEET 3 1 8.0' - 90.8'
* REC. 2.7'

LOSS 0.1'
a12 GAIN 010

ENG FORMIS36-A PR(wovs I mTS AR E, O.O. LO C O MCOLE NO.
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7 7
CLCVA1~1W WO OI .OL

DRILLING LOG (Contt Sheet) 205 Hole No. SN-S15
PROJECT INSTA.LLAION SMKIT a
E,,VALUATION EISEtOWER AN SNELL LOCKS SNELL LOCK 1 sMETs

Z CR BOX OR A(
ELEVA1IN DEPTH LEGEND CLASIFCATOW OF MATERIALS x COR- b Sl. onRIM .

CRY NO. A 'b Al w * )

- 81.0' - 90.7' REC. 3 PC.

GOOD CONCRETE, HARD. 4.6'
- me GOOD CONSOL. SMOOTH 1.4'

TEXTURE, ENTRP. AIR 1.0'
- 1 mm - 2 wn OIA. 2.0"' 3.7'

83- OCC. I cm OIA. IRREG. BUB. 0.7'

b

V.9

844

-me 1584.7

-- 0 STEEL AT 84.8' 2.5 cm DIA.

85 *.

.me -',.'. POSSIBLE LIFT ?

RELATIVELY PLANAR BREAK.

-•20

87 - REAK AT LG. BOULDER

MB
88--

1145 8 88.5

*21

891

_* •

''B,_ 2"0U 21 LL1

-MB
E' -BREAK AT L.G. BOULDER

91- 90.7'- 98.6' 90.8' - 100.2'
-•• GOOD CONCRETE. SMOOTH PULL 14

ff6. •TEXTURE ENTRP. NOT 3.01

ABUNDANT 1 mm - 3.8'
3 mm DIA. OCC. 1 cm DIA. 1.5'

MB, LARGE VOIDS AT BREAK 0.7'92 ABOUT 0.2' THICK AT 93.7' 0.2' CHIPS
1' MB 92.4 0.2' CHIPS

1 *REC.

93 LOSS 0.0'
9 

"  22 GAIN 0.3

1 194 F____________
ENC FORMI136-A ,mvoisc coTm osOvTE. PROJECT .

L M 71 
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r205 HoeNO. 5N-1
PROEC WTLLALLOON SHET

EVALUATION OF EISEOWER ARNO SNLL LOCK I SNELL LOCK or 9 SETSx B ox a. ~ d
ELEVAMIN VCPTH LCEC C.ASWICATi OF MAT[IS X CO- BOX on R

NRY N o. /

.b

-- Pv

95 . 9

9

91' 10.2

97 '.

- LBme 100. BBRERE AT LG. BOULDER

m- 23

gg Me ROCK/CONCRETE INTERFACE
- AT 9g.1' NO BOND.

- "7-7" 9.1- 100.2'
V. HARD. GRAY DOLOMITE

RYLOOKS LAMINATED BOTTOM OF RUN WAS-MB- BEATEN OUT OF" CORE
10 tB-100.2 BARREL. I ORIC. ONE PC. )

MB 100.2' - 103.3' 100.2'- 106.2'
--- "GOOD, V. HARD DOLOMITE PULL 15

" CRYSTN,.LIE, LAMNATED REC. 4,1'

101
0.2'
2.6'
0.3'
0.3'

102 0.4'

- 24 4.1'

7- LOSS 2.0'

10

- 103.3' - 104.3'
SHALEY DOLOMITE WORM-| °' -- LIKE VEINS OF SOFTER

104 MATL.

104.3

- 106 ___z

ENG 1ORMS -A PREMM (OlC ME EEES.POJCL NO.
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APPENDIX C. DESCRITPIONS OF SOILSTRUCT



SOIL-STRUCT: Finite Element Computer Program
for Soil-Structure Interaction Analysis

SOILSTRUCT, is a general purpose finite element program for two-dimensional,
plane strain analysis of soil-structure interaction and soil-inclusion interaction
problems. It calculates displacements and stresses due to incremental construction
and/or load application and is capable of modeling nonlinear stress-strain material
behavior. The simulation of incremental construction may include embankment
construction or backfilling, the placement of layer(s) of a reinforcement material during
backfilling or embankment construction, dewatering, excavation, installation of a strut
or tie-back anchor excavation support system, removal of the same system and the
placement of concrete or other construction materials. The incremental loading
simulation may consist of the application of concentrated loads, boundary pressures
or loads due to temperature changes in non-soil materials.

The initial version of SOILSTRUCT was developed by Professors G. W. Clough
and J. M. Duncan for use in the analysis of Port Allen and Old River U-frame locks,
Clough and Duncan (1969). This version of the program reflects modifications made
in conjunction with a number of projects at WES to expand the capabilities of the
finite elements constitutive models, load vector formulation algorithms, the size of
problem which may be analyzed, and the transfer of input, output, restart and plot
data files by means of disc storage.

FINITE ELEMENTS EMPLOYED

Three types of finite elements are used to represent the behavior of different
materials, (1) a two-dimensional continum element, (2) an interface element, and (3)
a one-dimensional bar element.

A two-dimensional, subparametric, quadrilateral element (QM5) is used to
represent the soil and most structural materials. Structural supports, such as the
struts or tieback components of an excavation support system, are typically modeled
as a spring support using bar elements. However, two-dimensional elements have
been used to model these supports. The geometry of this element, developed by
Doherty, Wilson, and Taylor (1969), is defined by four external nodes, while the
displacement functions include an internal fifth node. To improve flexural response,
a constant shear strain, calculated at the location of the internal fifth node, is imposed
throughout the element. The QM5 element can be allowed to degrade to a triangular
element by letting two adjacent nodes of the quadrilateral coincide.
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The Goodman, Taylor, and Breeke (1969) interface element is used to allow for
relative movement between different materials, such as between a soil backfill and a
support wall. This element is defined by four nodes, with each of the two pairs of
nodes having the same coordinates; thus, this type of element has no thickness.

One-dimensional, two node bar or spring elements are used to model the
behavior of a variety of structural systems. This includes the modeling of structural
supports such as braces or tiebacks or the modeling of reinforcement placed within
a soil backfill.

MATERIAL STRESS-STRAIN BEHAVIOR

Several modes of stress-strain behavior are utilized to represent the response
of soil, construction materials and the interface region between different materials.

The constitutive relationship used for all two-dimensional elements is Hooke's
law. SOILSTRUCT uses an incremental, equivalent linear method of analysis to model
nonlinear material behavior. In this type of analysis, the incremental changes in
stresses are related to the incremental strains through a linear relationship. This
relationship is defined for each structural element by two engineering constants, the
Youngs moduli and the Poisson's ratio. For the soil elements either the Youngs
moduli and Poisson's ratio, or the Youngs moduli and bulk moduli may be specified.

Non-Linear Stress-Strain Response of Soil

A plane strain, isotropic drained or undrained stress-strain soil model is
incorporated within SOILSTRUCT. The program uses a nonlinear, stress-dependent
hyperbolic curve to represent the relationship between stress and strains developing
during primary loading of the soil (Figure la) and a linear stress-strain response during
unloading or reloading of the soil (Figure 1 b). The unload-reload stress-strain response
is applicable when the current stress state is less than that which has been applied
previously; otherwise, the primary loading stress-strain is appropriate. Laboratory
testing and interpretation procedures for determining the parameters used to define
the soil model are described in Duncan, Byrne, Wong, and Mabry (1978). A brief
review of the hyperbolic model is given below.

The nonlinear soil response to loading is modeled by performing a series of
analyses in which each load is applied incrementally, with the total change in stress
computed at the center of each soil element being equal to the sum of the incremental
changes in stress over all the load steps. In general, the greater the curvature of the
stress-strain relationship or the larger the magnitude of the applied load, the greater
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the number of load steps required to accurately model the nonlinear soil response.
This may be achieved in two ways using SOILSTRUCT; either the total load is applied
using a greater number of incremental loadings, or during the course of each load case
analysis the load vector may be applied in series of increments using the substep
option.

Application of each loading in the finite element analysis results in a change in
stress within each of the soil elements. In addition to the change in stress, there is
a corresponding change in stiffness. Since each incremental analysis is performed
assuming equivalent linear element response, SOILSTRUCT updates the value of the
elastic moduli assigned to each soil element so as to reflect the magnitude of the
current stress state within the element. To account for the change in stiffness that
occurs during the application of a load increment, each incremental load calculation
may be repeated using the iteration option. When the iteration option is invoked, the
load vector is reapplied with a revised value for the element stiffness. The value
assigned for the stiffness of the soil element reflects the average of the stress state
developed at the end of the previous load case, or substep, and that which develops
during the current iteration. However, when only one iteration is specified, the
modulus values are calculated using the stresses developed at the end of the previous
the load increment. Upon completion of the last iteration for each load case or
substep, the arrays tabulating the values of the total nodal point displacements and
total element stresses are updated with the computed incremental values.

Primary Loading - Youngs Moduli

Prior to each analysis a tangent Youngs moduli, Et, is assigned to each soil
element. The stress-dependent value of Et is computed using the relationship

E, = E(1 -RISL) 2

where

E= the initial Youngs moduli
Rf - the failure ratio
SL the stress level

The initial Youngs moduli, E,, is equal to
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E, = KP(- 2 Y'o

K = the modulus number
n = the modulus exponent
Pe = Atmospheric Pressure
03 = minor principal stress

The proportion of mobilized shear strength for each soil element is reflected in
the value of the stress level, SL. SL is equal to the current deviator stress,(a,-a),

divided by the deviator stress at failure,(ol- a)f, denoted by the subscript f.

SL = (0 1 -0)

where (01- U)f
01 = major principal stress

The value of SL ranges from a value equal to zero, to a value equal to unity. SL equal
to zero indicates an isotropic stress state, while SL equal to unity corresponds to the
complete mobilization of shear resistance within the soil element.

The version of SOILSTRUCT used in this study allows for two procedures for
defining the deviator stress at failure; the original Duncan formulation, Duncan and
Chang (1970), and a procedure developed by Peters(1988). In the original Duncan
formulation as shown in Figure 2a, the values of the minor principal stress at failure
is set equal to the current minor principal stress. The deviator stress at failure is given
by

2c Cos + 203 sin 4
( 01 a 0 1 - sin w

where

c = cohesion intercept
= angle of internal friction
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In the Peters formulation shown in Figure 2b, the value for the deviator stress at
failure is defined based upon the assumption that the average value of the major and
minor principal stresses at failure is equal to the average value of the current major
and minor principal stresses.

(a1 - a) = 2ccos + (o1 + 3) sin

The difference between these two procedures may be expressed in terms of the
resulting vector curves as shown in Figure 2. Vector curves are loci of points
describing the state of stress on planes on which failure eventually occurs. The
resulting vector curves in the Duncan formulation are to the right; reflecting the
assumption that failure is a result of an increase in major principal stress. In contrast,
the vector curves to the left in the Peters formulation are attributed to a coincident
increase in major principal stress and decrease in the minor principal stress. In
general, the Duncan formulation results in larger values of (a, - a) and therefore
smaller values of SL than the Peters formulation. The Peters formulation was

developed for undrained loading where al + /3 is the constant consolidation stress
determined for the initial stress state.

The failure ratio, R,, relates the ultimate deviator stress, (oY - a)=, to the

deviator stress at failure , (a - )f"

(a 1-a)f = Rf(° -

The ultimate deviator stress is the asymptote to the stress-strain hyperbola, as shown
in Figure la. The value of Rf is always less than unity and varies from 0.5 to 0.9 for
most soils.

Unload-Reload Stress-Strain Behavior

During unloading or reloading when the current deviator stress is less than that
which has been applied during previous loadings, a stress dependent, linear response
is assumed, as shown in Figure lb. In this case, the value of E., is computed using
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E1 , = KwPa(*03
P.

where
K,, = the unload-reload modulus number

Poisson's Ratio

The second elastic parameter used to define the material behavior of soil is
either the Poisson's ratio, v, or the bulk moduli, B. This version of SOILSTRUCT
allows either parameter to be used. When using Poisson's ratio two values are
specified; a constant value which is applicable for all states of stress prior to failure,
SL < 1, and the value of Poisson's ratio applicable when the shear strength of the soil
is fully mobilized, SL = 1.

The hyperbolic model is designed so that as the soil approaches failure the
0.5. The variation in v is accomplished by computing the shear modulus with E, and
v, and bulk modulus with E and vi This variation in v amounts to

1 1-b
2 1+lb

2

where

E 1-2v,
Ej 1+vi

Therefore, v = v, when E, = E, but increases toward 0.5 as E becomes small, near
failure.

Interface Response

Interface elements are used to allow for relative movement between different
material regions, such as between a soil backfill and a support wall. These elements
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are defined by four nodes, each node having two degrees of freedom and each of the
two pairs of nodes share the same coordinates. The interface element, therefore, is
of finite length but zero thickness.

The properties of interface elements are defined by an interface normal
stiffness, kn, and an interface shear stiffness, k.. These values of stiffness relate the

average relative displacements normal to the interface element, A, and average

relative shear displacements, A., to the corresponding normal stress, 0 ,, and shear

stress, -, by the equations

On =knAR

and

The units of kn and k. are force per cubic length.

The value of kn is set equal to 1 X 108 within the program. This value for kn
ensures that the normal relative displacement of the interface element is insignificant
when English units (ft, Ibs) or SI units (m, KN) are used. If other units are used, the
value of the normal stiffness may need to be changed to a higher value.

Two types of interface shear response are modeled, a bilinear shear stress-
displacement relationship shown in Figure 3a, and a hyperbolic shear stress-
displacement relationship shown in Figure 3b. In the bilinear model, the value
assigned to k. is a constant so long as the average shear stress, r, along the interface
is less than the shear strength. If the shear strength of the interface element is fully
mobilized, which occurs when -r is equal to rf, then k. is set equal to zero. When the

normal stress, a. , is greater than or equal to zero, the value of rf is given by the
relationship

I ! = + ntan6
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where

c, = cohesion intercept
6 = angle of internal friction along the interface

and is shown in Figure 3a. When a. is less than zero, rf is computed using

Ct

where
Ot = tensile strength

Direct shear test results on soil-to-concrete interfaces and soil-to-steel
interfaces by Potyondy (1961), Clough and Duncan (1969) and Peterson, Kulhawy,
Nucci, and Wasil (1976) have shown that the value is proportional to the angle of
internal friction of the soil. The value of the constant of proportionality is dependent
upon both the type of soil and the type of material comprising the surface of the
structure.

The direct shear tests performed by Clough and Duncan (1969) and Peterson,
Kulhawy, Nucci, and Wasil (1976) have shown that for some materials, such as sand-
to-concrete interfaces, the interface response during shear is nonlinear and dependent
upon the normal stress. A nonlinear, stress-dependent hyperbolic curve is used to
represent the relationship between shear stress and average relative shear
displacement developing during primary loading of the interface (Figure 3a) and a
linear shear stress-relative displacement response during unloading or reloading of the
interface. The stress-dependent value of k., is computed using the relationship

kt= k(I 1RfSLi)2

where

ki = the initial interface shear stiffness
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Rf = the failure ratio
SLj = the stress level

The initial interface shear stiffness, k, is equal to

0k~j= = j,,-!

K= the interface modulus number
y, =unit weight of water
n- the interface modulus exponent

a = normal stress
P. = Atmospheric Pressure
The proportion of mobilized shear strength for each interface element is

reflected in the value of the stress level, SLi. SLj is equal to the current shear stress,
-r, divided by the shear stress at failure, -/.

SL, =

Tj is computed using the equation above. SL, ranges in value between zero and one.

The failure ratio, Rfi, relates the ultimate shear stress, r, to the shear stress
at failure.

• I = R f=uf

The ultimate shear stress is the asymptote to the shear stress-relative shear
displacement hyperbola, as shown in Figure 4b. Direct shear tests on sand-to-
concrete interfaces by Peterson, Kulhawy, Nucci, and Wasil (1976) have shown the
value of Rfi typically ranges in value from 0.3 to 1.0.

The relationship between the average normal stress along the interface and the
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tensile strength is shown in Figure 4b. The value of k is a constant value equal to

1 X 10' when a. is greater than or equal to a, . If 0. is less than a,, then k is set

equal to zero, assuring that additional tensile stresses do not accrue upon subsequent
loadings. This procedure allows for separation to occur between two adjacent regions
of the mesh along interface elements during the course of an incremental analysis.
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(after Duncan, Byrne, Wong, and Mabry 1978)
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APPENDIX D: REANALYSIS OF TRIAXIAL TESTS
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APPENDIX E: RESULTS FOR SOUTH CHAMBER WALL AT EISENHOWER LOCK
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APPENDIX F: RESULTS FOR NORTH CHAMBER WALL AT SNELL LOCK
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APPENDIX G: PETROGRAPHIC EXAMINATION RESULTS



U.S. Army Engineer Eisenhower & Snell Locks

Waterways Experiment Station October 20, 1991

3909 Halls Ferry Road G. Sam Wong

Vicksburg, Mississippi 39180-6199

1. Cores from both Eisenhower and Snell Locks were taken for evaluation and

examination. Portions of two cores from Eisenhower and one from Snell were selected

for petrographic examination. When constructed in the mid 50's the two structure have

been subjected to similar environmental conditions but severe deterioration was
noticed in the concrete of Eiserhower Lock and was investigated by WES and reported
by Buck in 1967, "Investigation of Concrete in Eisenhower and Snell Locks, St.
Lawrence Seaway", TR No. 6-784. The current investigation also compares the concrete
from the two structure.

Samnles

2. Identifying data for the samples are shown below:

Serial No. Lock Structure Description

N-53-26-46 Eisenhower North side of lock, Boring No. 53, Box
26, specimen #46, core run 104.8-108.6
ft, just above bedrock, 3610 psi

S-17-7-14 Eisenhower South side of lock Boring No. 17, Box 7,
specimen #14, core run 25.1-29.4 ft,
upper portion of lock, 5980 psi

SN-S-15-1-50 Snell South side of lock, Boring No. 15, Box
1, core #50, core run 0-4.5 ft, upper
portion of lock, 7420 psi

Test Procedure

3. The as-received pieces of core were examined and subsamples were cut
longitudinally and surface ground prior to examination.

a. Pieces were examined using a setereomicroscope.

b. Air content was determined using automatic image analysis system. The air
voids in the sample were enhanced using a mixture of TiO2 and grease to fill
the voids.

Results and Discussion

4. Inspection of the three pieces of concrete indicated the following:

a. All pieces of core were similar in appearance. The maximum aggregate size
was 3 in., 1.5 in., and 6 in. for samples N-53-26-46, S-17-7-14, and SN-S-15-
1-50 respectively.

b. All of the broken surfaces appeared to represent fresh fractures. The
breaks tended to go around the larger coarse aggregates and through the
smaller coarse aggregates. Examination of freshly broken surfaces made during
the examination also indicated similar features.

WES FORM 1115
Rev May 1990



c. The concrete was air-entrained. The air content for the samples examined
ranged from 2.3 to 2.8 percent. Figures 1, 2, and 3 shows good distribution
of air voids in the paste portion. Figure No. 2 indicated some tendency for
air voids to be near the aggregate/paste interface of some coarse aggregate
particles. Because of the relative small area of sampling for the air content
determination, the low air content of the concrete is not believed to be of
any significance. Previous average air contents reported by Buck were near
3.5 percent for the two lock structures.

d. The concrete contains crushed dolomite coarse aggregates and crushed
dolomite fine aggregates. Reaction rims were not found in any of the
aggregate particles. No other deleterious reactions were observed in any of
the pieces of cores examined.

e. Use of phenolphthalein indicator to enhance the paste portion for image
analysis indicated no carbonation of the paste as the entire paste portion of
the concrete turned a reddish color.

5. Examination of two pieces of cores from Eisenhower Lock and comparison with
concrete from Snell Lock indicated that concrete from both structures are similar and
free from damaging cement-aggregate reactions and other deleterious reaction. The
concrete from the two structures are similar.
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