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PREFACE 

The work of a detailed engineering condition survey and structural 

investigation for Locks and Dam 3 located on the Monongahela River was 

conducted for the U. S. Army Engineer District, Pittsburgh, Corps of 

Engineers, by the Concrete Laboratory of the U. S. Army Engineer Waterways 

Experiment Station (WES). 

The contract was monitored by the Pittsburgh District Office with 

main assistance from Messrs. J, Colletti, H. Ferguson, J, Gribar, and 

S. Long. 

The cooperation and assistance of all personnel at the District 

Office were greatly appreciated. 

The study was performed under the direction of Messrs. B. Mather, 

J. M. Scanlon, and J, E. McDonald, CL. The structural analysis was 

performed by Messrs. C. E. Pace, R. L. Campbell, E. F. O'Neil, J, T. 

Peatross, and Major H. Beardslee. The material property ·and foundation 

investigation was performed by Messrs. R. L. Stowe, A. D. Buck, G. S. 

Wong, F. s. Stewart, and J. B. Eskridge. The report was written by 

Messrs. Pace~ Stowe~ and Buck. 

The Director of WES during the conduct of the program and the 

preparation and publication of this report was COL G. H. Hilt, CE. 

Mr. F. R. Brown was Technical Director. 
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT 

U. S. customary units of measurement used in this report can be converted 

to metric (SI) units as follows: 
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ENGINEERING CONDITION SURVEY i\ND 

STRUCTURAL INVESTIGATION OF LOCKS i\ND Di\M 3 

MONONGAHELA RIVER 

SECTION 1: INTRODUCTION 

This report presents the results of an engineering condition 

survey and a structural analysis of Locks and Dam 3 on the Monongahela 

River. The investigation was conducted during the period from October 

1974 through June 1975 by the Waterways Experiment Station (WES), for 

the U. S. Army Engineer District, Pittsburgh, ORP. Authorization for 

the investigation was given in DA Form 2544, dated 23 October 1974, 

issued by ORP. 

Background information pertinent to inspec~ion and evaluation 

of completed Civil Works structures, and previous reports concerning 

periodic reports and a condition survey is presented in Appendix I. 

Location of Study Area 

Locks and Dam 3 is on the Monongahela River and is located in 

Allegheny County just upstream of the town of Elizabeth, Pennsylvania. 

Locks and Dam 3 is about 24 miles upstream from Pittsburgh, Pennsylvania, 

where the confluence of the Monongahela River and the Allegheny form the 

Ohio River, and about 105 miles below the head at Fairmont, West Virginia. 

Purpose and Approach 

The purpose of this report is to present the findings and con

clusions drawn from the condition survey and structural investigation of 

Locks and Dam 3. The overall evaluation of Locks and Dam 3 included an 

evaluation of three component parts, the foundation, the concrete structures, 

and the concrete-foundation interaction. All parts were studied relative 
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to the structural integrity, existence of any critical conditions which 

could cause iI!llllediate failure, deterioration of materials, existence of 

severe cracking, and movement. 

The principal work items were a condition survey, evaluation of 

rock core borings and concrete, evaluation of field and laboratory testing, 

stabili.ty analysis of typical monoliths, a finite element analysis of 

specific monolith cross sections, and a final evaluation of the existing 

structure. This report presents the results derived from the principal 

work items under appropriate Sections of the text and in Appendices that 

address the foundation condition, the concrete structure, and the structure

foundation interaction. The last work item, a final evaluation of the 

existing structure, is presented in Section VIII: Conclusions and 

R~commendations. 

Historical Construction 

Locks and Dam 3 were -c-onstructed from 1905 to 1907 and have been 

operational since 20 May 1907. The two parallel navigation locks were 

originally constructed with 56-ft wide chambers 360 ft in length. The 

landward lock chamber was extended to 720-ft length in 1924; therefore, 

the downstream guide wall was constructed at that time, The upstream 

guide wall and guard wall were extended in 1926. 

The upstream guide wall has never had wall armor; therefore, it 

has been badly gouged. The addition of a filling and emptying flume covered 

by a structural slab and supporting beams was added in the land wall mono

liths. This addition resulted in construction joints at the interface of 

the original and newer additions which could cause the structures to act 

as separate units and not as monoliths. The units can be overturned much 

easier than the total monolithic structure because the effective base area 

is reduced and loads can be applied at the top of a unit by strut action 

(for example, through the structural slab) making them deficient in re

sistance to overturning. In certain case loadings these additions can 

also result in overstressing. 
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In some cases the as-built structure is substantially different 

from the planned construction. This is especially true for the downstream 

land wall monoliths and for the lower guide wall monoliths. A hanging 

wall is constructed on the river side of some of the land wall monoliths. 

This construction causes the monoliths to be less resistant to overturning; 

especially when this hanging wall extends deeper than the base as originally 

planned. Also, stress analysis shows that this hanging wall can act as 

a cantilever, creating a path of tensile stress up through the monolith. 

The horizontal surf aces of the land wall were resurfaced a few 

years ago. The vertical face of the land wall has been refaced two or 

three times. The vertical surfaces of the middle and river walls and 

the horizontal surface of the middle wall have been resurfaced. In many 

places the resurfacing is gone and in most cases there is advanced 

deterioration. 

The upper guard wall extension, added in 1926, is a concrete cap 

supported on a rock filled crib. Due to the low bearing area of the inter

face_ of th.a timber rribbing secti ans_ and_ settlement- of_ rock.- fill in the 

crip sections there can be stability and stress problems with this 

construction. 

The 56-ft lock miter gates are kept in relatively good repair 

because they are replaced by spare ·gates on a rotating replacement program. 

The operating machinery for the landward chamber miter gates are hydrauli

cally operated and the riverward chamber miter gate machinery is air 

operated which does cause some problems in cold weather with ice forming 

in the lines. 

A severe and expensive problem is encountered in dewatering the 

locks because the filling and emptying valves have no provisions for being 

bulkheaded. There is no provision for emergency closures at this project 

and it was originally planned to use cofferbeam and needles as closures 

for maintenance. 

The non-navigable fixed crest dam spans 688 ft from the river face 

of the river wall to the river face of the abutment. The dam is constantly 

underwater. The abutment next to the dam is supported on pilings. 
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The locks and dam essentially do not even have temperature steel 

in the concrete monoliths. The concrete is nonair-entrained and is 

therefore more susceptible to weathering. It is amazing that the structure 

has functioned so well for over 70 years, but it is fast approaching a 

condition where its remaining life is the time necessary for a replacement 

structure to be built. 
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SECTION 2: SURFACE CONDITION OF CONCRETE 

Surface Cracks 

There are many horizontal and vertical cracks in the walls of 

the locks. Most of the cracks are isolated and do net fit into a total failure 

picture but can result in localized failures, especially in critically 

stressed regions. Recently, a localized failure due to tow impact did 

occur in the lower guide wall and as gouges and concrete deterioration 

continues failures of this type will become more frequent. This local 

failure probably initiated from surface cracks • 

.Many of the surface cracks show the results of leaching as 

evidenced by leakage from a horizontal crack at about station 2+90B 

on the riverside of the river wall. Evidence of leakage was observed 

in a near vertical crack between stations 3+82B and 4+70.SB on the same 

lock wall. Borehole camera data indicate that the near vertical crack 

may be continuous at least part way through the monolith. The borehole 

camera traces a vertical crack 1/8 to 1/4 in. wide for 35 ft in the con

crete, or 71 percent of the depth of the monolith. The possibility is 

suggested in Appendix II and explored in detail in Appendix IV. 

A good example of leaching in original concrete just below an 

overlay was observed for a distance of about 50 ft on the lower guide 

wall. This area has many tight horizontal and vertical cracks; most of 

which are covered with white calcium carbonate leached from the concrete. 

In almost all cases the surface cracks cannot be related to internal 

cracks because of the many repairs to both vertical and horizontal sur

faces over the life of the locks. There is no way of knowing whether 

visible cracks are confined to the thickness of the repair or are exten

sions of internal cracks. However, it is known that the surface cracks 

permit water to percolate into the concrete and during severe weather 

conditions causes deterioration by the process of freezing and thawing. 

A 6-in. -wide crack is described in Reference 1 and is located 

at station 4+44.6B just above the waterline. The possible extent of 
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this crack is one-third the way through M-16 (see Appendix II). Monolith 

M-16 is a gate monolith and should be considered as a critically stressed 

monolith. 

Structural cracking has occurred in the roof structure over the 

landward flume. The roof forms the open deck of the work area and is of 

a concrete beam and slab construction. Observed cracking in beams renders 

the area unsafe for other than very light loaded vehicles or equipment. 

Deteriorated Concrete 

The fact that essentially all of the original concrete surfaces 

of these locks have been masked by repair work during the 50 to 70 years 

of their existence is evidence of deterioration by weathering and lock 

usage, The rate of deterioration will not decrease with longevity, rather 

it will accelerate, Both core logs and borehole photography records 

show that the outer 2 to 6 ft of concrete is badly weathered; it can 

reasonably be assumed that the greater portions of the tops and the ex

posed sides of the lock walls are in a similar condition. 

Figure 2.1 shows the downstream areas of the chamber face of 

the river wall. They illustrate the appearance of the gunite, the areas 

of old concrete where the gunite cover has come off, and some opening 

between the gunite and the underlying concrete in the gate recess. Fig

ure 2.2shows an area on the top of the river wall near the chamber face 

where the overlying concrete repair has spalled off exposing the old con

crete beneath it. The aggregate particles in the old concrete are loose 

in their sockets and pieces of mortar can be removed by hand; this area 

of loose aggregate and fragmented mortar looks like and probably repre

sents damage due to long-time frost action. Figure 2.3 illustrates the 

damaged surface of the guard wall just above the upper gate of the large 

chamber. This type of damage is common in ~he guard wall surfaces, and 

is caused by continued impact and scraping by boats and barges upon 
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frost-weakened concrete. The amount of deteriorated concrete in the lock 

wall is not surprising in view of the length of time the nonair-entrained 

concrete has been exposed to the severe climate where freezing and thawing 

are common occurrences. Continued maintenance and repair of the exterior 

concrete will be required at Lock and Dam 3. 
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SECTION 3: FOUNDATION CONDITION 

Introduction and Problem Statement 

No major problems within the foundation have been previously 

identified. However, as an integral part of the structure, the founda

tion condition was investigated and evaluated relative to stability. 

Core boring information, core logs, borehole camera data, and physical 

property test results were used in evaluating the foundation condition. 

Core Drilling 

The locations of the vertical drill holes from which 6-in.

diameter core was recovered were selected so that core from critically 

stressed regions would be obtained. Both concrete and foundation cores 

were recovered. Six of eight drill holes were located adjacent to gates 

and in the gate monoliths; two were located in the land wall. Ten vertical 

NX-size drill holes were put down for supplemental concrete and foundation 

core information and for making borehole camera runs. The relative loca

tion of the 18 drill holes is presented in Figure 3.1, Detail information 

about the holes is presented in Appendix III. The core from all but holes 

M-7 and M-8 were stored at the U. S. Army Engineer Division Laboratory, 

Ohio River (ORDL) , A 1Yrief description of the- regional and local geology 

at the Locks ~nd Dam 3 site is presented in Appendix III. 

Summary of Weak Zones 

The foundation drilling disclosed several zones of possible 

weakness in the foundation rock. The foundation rocks recovered by 

drilling are essentially flat-lying, cyclic sediments consisting chiefly 

of shale, siltstone, limestone, and indurated clay; coal is present in 

minor quantities. Five core logs (M-1, M-2, M.A-7, MA-10, and MA-12) 

indicate that for an average depth of 8.5 ft below the concrete, the rock 

is weathered or badly fractured. Holes M-1 and MA-7 are adjacent to the 
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upstream and downstream gates, respectively. The borehole photo log 

of hole MA-7 shows that there is a poor contact between the concrete and 

foundation rock; in addition, the log shows that the rock contains voids 

and is highly fractured. Hole MA-7 is located in monolith R-23 and 

the first few feet of the underlying foundation rock is considered a weak 

zone. The photo log of hole MA-7 shows a vertical crack of from 1/8 to 

1/4 in. wide extending from a depth of 2.4 ft beneath the top of the mono

lith to a depth of 37.4 ft. It is possible that the fractured foundation 

rock has contributed to the formation of the vertical fracture in this 

monolith. 

Holes M-2 and MA-12 are in the middle wall with M-2 located 

adjace:-1t to the upper gate. The photo log of MA-12 indicates a good 

contact between the concrete and the foundation rock. Because of the 

zone of fractured rock in these two holes, monolith M-2 and M-9 are 

considered to be resting on several feet of weakened foundation rock. 

The photo logs show a poor contact between the concrete and rock 

in hole MA-10 which is located at station 3+40A in the landside upper 

guide wall. In addition, the log shows that the rock is highly fractured 

with numerous voids for a 6-ft-deep zone just under the concrete. The 

foundation under the section of wall in which hole MA-10 is drilled is 

considered a possible weak zone. 

No plastic clay seams or other very weak seams were detected in 

the foundation. Coal was noted to underlie monolith R-12 and quite low 

shear values (cf> = 15° C = 0) were assumed for the stability analysis 

of this monolith. These low values should approach residual values if 

residual shear parameters are assumed for the coal member. 

Fragmented foundation rock appears to be localized over the 

lock site. If the locks are dewatered then there is the possibility of 

major failures due to sliding of monolith R-12 and of those sections 

underlaid with highly fractured rock. 

3.2 



c 

D 

FLOW ~ ,,.., 

B 

~ 
MX-13 

A ,--

-~ ;~8® 

~ Drilled in 1973 . 

.... .... , \ 

I © I Drilled in Fall 1974. 
' / --

R\\/f"R. WALL 

M~·lq 

LAND WAL.L 

PLAN 

Core locations at Lock and Darn No. 3. Partial reproduction of Drawing 037-13-10/1.1 dated 23 Har 73, 
Twenty vertical hole locations are circled. The relative locations of seven sections are shown and 
identified by letter. 

3.3 

c 

G ~ 
l~T'r 

MX·B 

B 

MX-21 Hx-2~~ 
MK·IS' 

MJHT 

A 
al 
\/1 

G 
,.. 
~ 

F ~i-----·--···------------------~ 
(CONT/NUAT10N OF 1..0W'fi GUIO£ WAL.I.) 

Figure 3. l 



SECTION 4: CONCRETE INTEGRITY 

The concrete portion of the borehole photo logs, field soni

scope results, and core logs of the 6-in.-diameter core were reexamined 

for any additional information that would aid in assessing the interior 

concrete. 1 This reexamination was concerned with trying to correlate 

interior with exterior cracks, extent of honeycombing and determining 

if unsound concrete existed in critically stressed regions such as gate 

monoliths. 

Interior and Exterior Cracks 

All cracks described in the borehole photo logs, detected by 

soniscope tests, and described in the core· logs were considered when 

the original correlation between internal and external cracks was made. 

One probable correlation was found during the reexamination. Correlation 

between internal and external cracks was not possible due to the large 

amount of overlay repairs. There is no way of knowing with regard to 

most of the cracks whether a visible crack is restricted to the repair 

or is an extension of a crack that is present in the underlying concrete. 

A-great many internal -cracks were recorded -0n the core log 

sheets as breaks or fractures. Many of these features were described 

as either stained, weathered or leached. Staining, weathering and leaching 

are caused by percolating water through the concrete. One area in 

particular has a large number of these features. The area is in the 

middle wall in the downstream gate monolith, M-16. The core log repre

senting the concrete core from hole M-3 shows that in the first 20 ft 

of concrete there are 6 of 16 breaks that are either stained, weathered 

or show signs of leaching. In the second 20 ft of concrete 6 of 11 

breaks are either stained, weathered, or show signs of leaching. Assuming 

that 5 ft lifts were used to obtain the 40 ft of concrete and checking the 

log to see if any of the stained, weathered, or leached surfaces coincided 

with lift joints, we find that only 2 out of the 12 features coincide 

with lift joints. 

One possible correlation between an interior and an exterior crack 

in monolith R-23 is discussed in Appendix IV. 
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Honeycombing 

Honeycombing was found to occur in a few of the holes and 

existed in the older concrete. The honeycombing is a placement defect 

and not due to deterioration. However, the presence of honeyconiliing 

serves as structural weaknesses and does contribute to deterioration 

by allowing avenues of flow for sulphate bearing water or other types 

of acid waters. The lateral extent of the honeycombed areas cannot be 

ascertained. Several of the core logs and the borehole photography 

records indicate honey·combing at and near the concrete-foundation rock 

contact. Again the late~al extent cannot be determined. 

Inadequate Concrete 

The lowest compressive strengths reported in Reference 1 

represent concrete recovered from drill hole M-3 which is in monolith 

M-16;M-16is a downstream gate monolith in the middle wall. The strengths 

are 1450, 2100, and 1150 psi at el*727.8, 719.8, and 715.8, respectively. 

Within 2 ft of each of these elevations either stained or weathered 

break..~ e.xi.S-L~ H.o.nayc.omh~Q areas are present between the high and low 

elevations just mentioned. The extent of low strength concrete cannot 

be determined. However, the concrete within el 727.8 and 715.8 should 

be considered inadequate, based on present day design criteria. The con

crete is in a critically stressed area and immediate remedial action 

is suggested. 

The upper 2 to 6 ft of the original structure is now of low 

quality after 66 years of exposure to frost action. The same condition 

probably exists in the outer surface of the walls from above high pool 

elevation (726.9 ft) part of the way to lower pool el 718. 7 ft. Beneath 

these top and wall surfaces the quality of the concrete is better, aside 

from scattered volumes of honeycomb, and probably of adequate quality for 

a gravity structure. On the other hand, it must be recollected that a 

concrete lock in a severe climate may manifest more cracking as a result 

of freezing and thawing near the top of the structure but local regions 

of high void content in the walls of the chanbers allow saturation of 

* All elevations cited herein are in feet referred to mean sea level. 
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less porous adjoining concrete which will then be highly vulnerable to 

freezing and thawing of greater than average severity. This process can 

reasonably be considered as occurring in critical stress regions such 

as gate monoliths. 
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SECTION 5: LABORATORY TESTS 

Introduction and Problem Statement 

Physical property data for the backfill material, the foundation 

material, and the original and newer concrete were required for the 

structural investigation. Most of the material properties were obtained 

from laboratory tests conducted during this investigation; however, pre

viously determined data for the concrete were incorporated where appropriate. 

The material properties required consisted of unit weights, comp~essive 

strengths, triaxial and direct shear strengths, and various elastic constants. 

Backfill Material 

Shear strength and unit weight values were desired for the back

fill. In regard to shear strength, a wet sieve analysis of a portion of 

one of the samples indicated that there was too much granular material 

in it to permit a quick valid inplace shear test to determine strength. 

Nor was it feasible to test remolded material for strength since, as 

already mentioned, these tests would not be representative. Inplace shear 

strength tests were not considered due to money and time limitations. 

Therefore, no shear strength data could be obtained in the time allotted. 

Two approaches were used to obtain a unit weigbt value for the 

backfill material. In one case, the unit weight of the two combined grab 

samples from hole M-7 was determined in its field moisture condition, and 

this value was modified to account for the large rock fragments that were 

not present. It was estimated that the larger rock would make up 10 per

cent of the total backfill material. The specific gravity of the rock 

fragments obtained during the sieving process had been determined, and a 

unit weight of the rock had been calculated .. A unit weight for backfill 

was calculated as 90 percent of the measured unit weight of the backfill 

sample plus 10 percent of the calculated unit weight of the rock fragments. 
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follows: 

The other method of obtaining a unit weight value was as 

a. The material passing the No. 10 sieve was defined as soil; 
its unit weight was estimated to be 90 lb/cu ft. 

b. The amount of rock and amount of soil in the backfill 
sample were calculated from the partial sieve analysis. 
This value was modified to account for the estimated 
10 percent of large rock fragments not present in the 
sample. This gave a value of 65 percent rock and 35 per
cent soil in the total backfill material. The unit weight 
of the backfill was then calculated as 65 ± 5 percent of 
the calculated unit weight of rock plus 35 ± 5 percent of 
the calculated unit weight of the soil. 

To obtain a saturated unit weight value for the backfill, 

excess water was added to the sample e.nd maintained for about 60 hours. 

The unit weight of this wetted material was then measured and a new 

value calculated from 90 percent of measured unit weight of backfill 

sample plus 10 percent of the calculated unit weight of the rock fragments. 

A value for the field moisture content of the backfill was ob

tained by drying the sieved material passing No. 10 and using differences 

between as-received and dry weights. The moisture content was calculated 

based on the dry weight. 

Concrete Property Tests 

A limited number of 6-in.-diameter concrete cores that were 

recovered from the drilling effort in 1973 were received from the ORDL. 

Of the cores received, only three were suitable for compressive testing. 

One unconfined compression test and two triaxial tests were conducted in 

accordance with applicable portions of test methods CRD-C 19-72 and CRD-C 

93-70, 2 respectively. Unit weights were obtained using measured volumes 

and weights of the cylinders. The tests yielded the following information: 

a. Marginal verification of compressive strength, 
unit weights, y , presented in Reference 3. 

b. Modulus of elasticity, E . 

c. Poisson's ratio, v . 

d. Shear modulus, G • 
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Rock Property Tests 

As mentioned earlier, the gray shale recovered from drill holes 

M-7 and M-8 comprised 95 percent of the core recovered at L/D 3 during 

the WES drilling effort. The core recovered in 1973 was not used for 

testing. The grayish shale that was tested is uniform, competent rock 

that is adjacent to the concrete under this structure in almost all cases, 

and its use for testing is considered appropriate. There were no unusual 

planes of weakness, such as bedding plane faults, detected in the shale 

from M-7 and H-8. 

The unit weights were obtained using measured volumes and weights 

of the core. The unconfined and triaxial compression test specimens were 

prepared according to standard method of test for triaxial strength of 
2 undrained rock core specimens, CRD-C 147. The specimens were cut with 

a diamond-blade saw and the cut surfaces were ground flat to 0.001 in.; 

specimens were checked for parallel ends and the perpendicularity of ends 

to the axis of the specimen. Two vertically and three horizontally mounted 

linear potentiometers, respectively, were used to measure the vertical and 

diameter change during compression testing. The displacement measurements 

were then used to calculate the axial strain, E , and the diametric a . 

strain, Ed The modulus of elasticity, Poisson's ratio, and shear 

modulus were calculated from the stress-strain data. Axial specimen load 

was applied with a 440,000-lb-capacity universal testing machine. Con-

fining pressure for the triaxial compression test was applied by a hand-

operated electrohydraulic pump. 

The direct shear test specimens were prepared according to 

applicable portions of the standard method of test for shear strength, 

CRD-C 90. 2 The direct shear tests on intact shale were conducted using 

normal loads, a , of 33, 66, and 100 psi. Tensile test specimens were 
n 

prepared according to standard method of test for splitting tensile 

strength of concrete specimens, CRD-C 77. 
2 
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Due to heavy work load schedules at WES when this program was 

initiated, the sliding friction tests could not be run. Since a coefficient 

of sliding friction value and a cohesion value were required for the 

stability analysis, in particular, a value for a concrete-foundation rock 

was needed; a multistage triaxial test was conducted. A piece of concrete 

core recovered from the Montgomery Dam during the drilling efforts of 

1973 and a piece of shale from hole M-7, el 704, were used for testing. 

The multistage triaxial test was run in the same pressure chamber 

as the standard triaxial tests. The weights of the piston, swivels, and 

specimen end platens were accounted for in obtaining the axial load on 

the specimen. Seven stages were run, including confining (a
3

) pressures 

of 10, 35, 65, 105, 150, 200, and 300 psi. The sawed surfaces were 

oriented at an angle of 45 deg from the longitudinal axis of the core. 

Figure 5.la depicts the orientation of the cores and the method 

used to cut the cores to insure that the surfaces would reasonably match. 

The cores were aligned parallel to each other and located relative to each 

other such that the required portions of the concrete and shale would be 

obtained. They were then hydrostoned in a wooden box. Figure 5.lb shows 

the two cores after the 45-deg saw cut was made. When the specimens were 

removed from the hydrostone, the concrete and shale surfaces were checked 

for alignment and found to match quite well; when held to the light, you 

could only _see _through about 10 _percent of the contact area. 

Petrographic Examination 

The following four hand samples of rock from cores M-7 and 

M-8 were used for a petrographic examination: 

Hole Depth, ft Material 

M-7 34.0 Grayish Shale 

M-7 42.5 Grayish Shale 

M-7 44.0 Carbonaceous Black Shale 

M-8 45.0 Grayish Shale 
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The samples were allowed to dry, an<l the color was determined. 3 

Dried pieces were placed in water to sec if they would slake. The rocks 

were examined with a stercomicroscope. 

Portions of each of the four rock samples were ground to pass 

a No. 325 sieve (44 ~m). These samples were X-rayed as backpacked powders. 

In addition, slurries of these powders were placed on glass slides and 

allowed to dry; these powder films were· then X-rayed in the air-dry con

dition, after heating to 300 C for one hour, and after treatment with 

glycerol. All of the X-ray patterns were made with an XRD-700 diffractometer 

using nickel-filtered copper radiation. 
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SECTION 6: STABILITY ANALYSIS 

Introduction and Problem Statement 

One main consideration in determining the structural adequacy of 

the locks and dam is the stability of the various monoliths when subjected 

to possible loading conditions. The stability study involved analyzing 

selected monoliths of the locks and dam to determine if adequate resistance 

against overturning, sliding, and excessive base pressure exists. In 

this study, only one monolith of each typical configuration and loading 

was analyzed. The conclusions determined for these data are adequate for 

all monoliths. 

In addition to the condition survey report ~Reference 4), a 

field survey and examination of Locks and Dam 3 were conducted. The 

absence of protective wall armor has resulted in the walls, especially 

the upper guide wall, being gouged (Figure 6.1) by tows and construction 

joints being weathered and worn extensively (Figure 6.2). The concrete 

loss was not extensive enough to contribute substantially to stability 

considerations but is an important factor in stress analysis. The over

all alignment was good except for the upper guard wall and the dam abut

ment; although a detailed examination of construction photographs shows 

that in the past there has been relative movement of some lock monoliths. 

The upstream guard wall has settled and rotated (Figure 6.3) approximately 

6 in. toward the river. Settlement for structures of this type which are 

supported on timber cribbing is not unusual, and this case could lead to 

a structural failure. Lock personnel report visible movement in the 

guard wall as a result of large tow impacts. It is, therefore, possible 

that the wall could be overturned as the rotation toward the river 

increases. The dam abutment has a cant toward the river, but this move

ment seems to have stopped and is not, at present, as critical in stability 

as the upper guard wall. 

Critical stability situations can exist for monoliths in the 

land wall where additions to these monoliths have resulted in construction 
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joints. If adequate bond between old and new concrete at these joints 

is not maintained, the structure will not act as a monolith but will act 

as separate units. The units can be overturned much easier than the 

total monolithic structure because the effective base area is reduced 

and loads can be applied at the top of a unit by strut action (for 

example, through the structural slab) making them deficient in resistance 

to overturning. 

Stability computations were made to give indications of how 

safe the monoliths are in relation to overturning, sliding, and base 

pressures. Conditions such as concrete cracking, spalling, and other 

distress areas which affect stress considerations more than that of 

stability are considered in Section VII .• Criticnl st:>bility problems 
which are mentioned nbove will be discussed in this section, 

Results 

The summary of the stability analysis is presented in Table 6.1. 

The stability analysis for typical monoliths is given in Appendix VI by 

Figures VI.l through VI.21. 

--'Lt is good to remember -that -the 1:Unt:lusi.ons whi.ch follow for 

the stability analysis are based on several factors which are not con

servative (See Appendix VI). Some of these factors are: 

a. Backfill saturation levels used in the calculations are 
not as high as normal design levels nor as high as can be 
expected after overtopping and fast dropping of pool levels. 

b. A lower bound at-rest-pressure coefficient is used. 

c. Concrete density of 150 lb/cu ft is used which is higher 
than the actual value. 

The land wall monoliths do not meet the present-day criteria of 

desired safety against overturning as can be seen in Table 6.1. In fact, 

some of the force resultants fall outside the base of the monolith. This 

indicates that factors not dependable enough to be justified in good 

engineering design are keeping these monoliths stable. It is important 

that one does not relax the engineering criteria to include variables 

which are not dependable because during infrequent but special conditions 

failure could occur; it is just not good engineering. Some river wall 

monoliths are also not stable in overturning. 
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The safety factors against sliding are not adequate for the 

land wall monoliths, and if the lock is ever dewatered for maintenance, 

some are critical. Thj_s makes dewatering for maintenance of the lock 

unsafe. As old and deteriorated as this lock and dam is, it would be 

presumptuous to assume that dewatering will not be required, especially 

if the lock and dam is kept in operation for periods longer than necessary 

for replacement or complete rehabilitation. The safety factors against 

sliding are also inadequate in many cases for the middle wall, and river 

wall monoliths. 

The stability analysis for various monoliths will be considered 

in detail. The monoliths, their numbering and stationing are shown in 

Figures 6.4 through 6.7. Monolith L-18 is representative of the upper 

guide wall monoliths. It does not have adequate resistance against over

turning; in fact, for normal operation, when hawser pull is included and 

for the flood case, the resultant of the external loads falls outside 

the base. It is not even adequate for overturning when impact loads are 

considered. It does not have adequate safety factors against sliding. 

Fer normal operation and flood conditions, the safety factors are from 

fr. ~2 to 1. 26 and should- be a minimum of 4. The- base- pressures are not 

compressive over the total base and are excessive. 

The upper landwall gate monolith (L-23) is adequate in over

turning because of the added weight of the powerhouse. The safety factor 

for sliding is inadequate for both the normal operation and maintenance 

conditions. The base pressures are greater than the allowable 20 ksf. 

Monolith L-32 is in the upper chamber on landside and shows 

typical construction of monoliths containing the filling and emptying 

flume. This monolith was checked for stability by considering it as a 

unit and by considering it as made up of separate units. It is reasonable 

that these landwall structures may act as separate units because when 

the lock was extended and additions added to the original monoliths, con

struction joints were made as shown in Figure VI. 4 of Appendix VI. When 

L-32 is considered as a monolith, it is deficient in resistance to ~tiding, 

In figure VI.4, pages l through 4, of npnendix VI, it is seen that if the 

monolith acts as serrnrnte units the riverside nnit 
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is totally inadequate for overturning and sliding. This is a realistic 

possibility and should be considered for possible lock failures in these 

land wall structures. The base pressures for this case are much larger 

than the allowable. 

Monolith L-37 is a land wall chamber monolith which when con

sidered acting as a unit, is adequate for overturning but can be deficient 

if construction joints cause it to act as separate units. Even as a unit 

it is very inadequate for sliding. 

Monolith L-42 is a lower chamber land wall monolith. From core 

logs and construction photographs, it was determined that the as-built 

structure varied significantly from the planned construction. The 

stability analysis is computed for the geometry of the as-built monolith. 

The monolith is insufficient in resistance to overturning and sliding and 

the base pressure is excessive. The inadequacies for sliding become more 

critical and in some cases will become extremely critical if the lock is 

ever dewatercd. 

Monolith L-46 is a lower gate bay land wall monolith. The 

monolith was built of different geometry than is shown on the plans and is 

checked for stability by using the as-built section. It is inadequate 

in resistance to overturning; in fact, even for normal operation, the 

resultant fa1ls outside the base. It does not have an adequate factor 

of safety against sliding and maximum base pressures are excessive. 

Monolith L-55 is in the lower guide wall. Whether one considers 

the planned construction or the approximate as-built construction, the 

monolith does not have adequate resistance against overturning and is 

insufficient in factor of safety for sliding. The planned and the approxi

mate as-built structures are analyzed and both presented in Appendix VI. 

It also has excessive base pressures. If deterioration at the lift joint 

occurs such that bond is lost there will be a critical situation for 

overturning, 

Some middle wall and river wall lock monoliths are not adequate 

in safety factor against sliding. This is especially true for the river 

wall monoliths if this lock is ever dewatered for maintenance. Critical 

sliding situations will exist if the base of the monolith is located at 

or near a coal seam. 
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There are two monoliths which are supported above coal seams 

which are considered weaker in shear than the rock that is under most 

of the monoliths. The coal seam is at the concrete interface of mono-

lith R-12 and 3 ft below monolith M-16. Monolith R-12 and monolith M-15 

(close to monolith M-16) were checked for safety against sliding using 

lower bound values of ~ = 15° and C = o0 
, 

Monolith R-12 is adequate (Figurevr.16, page 4 of 4) for normal 

operation, but if the lock is dewatered for maintenance, a critical sliding 

condition exists. 

The coal seam does not affect the sliding of monolith M-15 more 

than it is affected at the concrete-shale interface. 

The excessive bearing pressures which exist at the interface 

of the upper and lower timber cribbing sections of monolith R-2 (Section 

B-B, Figure 6.15) of the upper guard wall, especially when tow impact is 

considered, logically leads to the expectation of settlement and tilting 

of the wall toward the river. Such settlement and tilting has, in fact, 

occurred and, as has been previously stated, could lead to failure of 

this guard wall. 

The sill and dam abutment are supported on piling. The abutment 

does not have adequate safety against either the horizontal or axial 

forces. It has excessive compressive force in piling on the riverside 

and large tensile forces in the landside piling. This could well explain 

why the abutment has tilted riverward. This tilting could continue if 

the soil from the landside yields such that it continues to exert the 

horizontal force for which it has proved a capability by the fact that 

the monolith has tilted. (See p'1ges VI-95 to VI-101 of Appendix VI.) 

Some of the worst cases of instability (the upper guard wall 

and the abutment) have actually shown physical signs of overturning. 

This substantiates the stability analysis and leads to the belief that 

other inadequacies can lead to failures. 

In general, the stability of the monoliths is inadequate. 
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TABLE 6.1 

Summary of Stability Analysis Results 

-~ }lonoli th Cases Considered 

L-18 Normal Operation 

L-23 

Normal Operating Neglecting Impact 
Flood Condition 

Normal Operation 
Haintenance Condition 

L-32 Normal Operation 
Normal Operation Neglecting Impact 
Maintenance Condition 

L-32 Normal Operation 
w/con- Normal Operation Neglecting Impact 
struction Haintenance 
joints 

L-37 Normal Operation 
Maintenance Condition 

L-42 Normal Operation 
Normal Operation Neglecting Impact 
:Iain tenance Condit ion 

L-46 Normal Operation. 
Normal Operation Neglecting Impact 
Maintenance Condition 

Distance From 
River Toe of :'.1on-
olith to Where 

Resultant Inter-
sects Nonolith 

Base. ft 
Hinir:ium 

Allowable Actual 

2.50 0.87 
2.50 -2.82 
1.67 -1.09 

:::10.00 19.93 
:::10.00 18.02 

8.25 7.75 
2.50 7.46 
1.67 5.93 

3.75 0.28 
3.75 0.96 
2.50 0.97 

7.50 10.69 
5.00 8.82 

4.00 -0.06 
4.00 1.88 
2.67 0.02 

4.00 -0.17 
4.00 -1. 25 
2.67 -2.08 

(Continued) 

Sliding Safety 
Factor 

Minimum 
Allowable Actual 

4 1.26 
4 0.92 
4 1.09 

4 3.41 
2-2/3 2.04 

4 2.07 
4 1.98 

2-2/3 1.66 

4 1.43 
4 1.50 

2-2/3 1.27 

4 2. 72 
2-2/3 1. 74 

4 1.64 
4 1. 31 
4 1.11 

4 2.29 
4 2.01 

2-2/3 1.16 

Foundntion 
Pressure, k/sf 

Allowable Actual 

20 19.31 
20 00 

20 co 

20 28.00 
20 31. 00 

20 6.68 
20 6.94 
20 9.06 

20 134.05 
20 39.10 
20 49.48 

20 4.83 
20 7.00 

20 
20 17.55 
20 1760.00 

20 "" 
20 
20 00 
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TABLE 6.1 (Continued) 

Distance From 
River Toe of Mon-
olith to \\'here 

Resultant Inter-
sects Monolith Sliding Safety 

B2~s·2, ft Factor ?cundation 
f·1ini:-IlU:!l }Iini:nu~ Pressure~ ~:/sf 

~1onolith Cases Considered Allo·.,·aole Actual Allowable Actual Allo;,·ablc Actual 

L-55 Normal Operation Kr = o.s 3.25 -2.25 4 2.05 20 co 

Normal Operation Neglecting Impact 3.25 -3.39 4 1.89 20 co 

Normal Operation K = 0.8 3.25 -7.61 4 1. 30 20 co 

Normal Operation Neglecting Impact 3.25 -8.76 4 1. 24 20 co 

Normal Operation KA = 0.33 3.25 0.78 4 3.04 20 37.26 
°' Normal Operation Neglecting Impact 3.25 -0.37 4 2.70 20 co 

-...J Flood Condition Kr 0.5 2.17 -2.09 4 2.62 20 co 

Flood Condition Kr o.s 2.17 -7.29 4 1.63 20 co 

Flood Condition KA 0.33 2.17 0.83 4 3.96 20 26.10 

L-55 Normal Operation 2.75 -4.13 4 1.16 20 co 

Normal Operation Neglecting Impact 2.75 -1. 76 4 1.50 20 co 

Maintenance Condition 1.83 -6.93 2-2/3 0.95 20 co 

N-2 Normal Operation 6.67 10.12 4 64.13 20 . 3.13 
Normal Operation Neglecting Impact 6.67 10.51 4 192.40 20 3.48 
:Maintenance Condition 5.00 6.93 2-2/3 2.17 20 6.70 
Naintenance Condition Neglecting Impact 5.00 7.28 2-2/3 2.30 20 6.34 

N-6 Normal Operation 6.67 6.94 4 13.90 20 5.39 
:Maintenance Condition 5.00 13.95 2-2/3 7.81 20 6.86 

H-15 Normal Operation 6.67 14.42 4 2.25 20 7.58 
Normal Operation Negl~cting Impact 6.67 14.79 4 2.13 20 7.94 
~1aintcnancc Condition 5.00 7.62 2-2/3 2.17 20 6.05 
... (Continued) 
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TABLE 6.1 (Continued) 

Distance From 
River Toe of ?v~on

olith to Where 
Resultant Inter
sects Nonolith 

Base, ft 
i·1i ni Ln~~1::i 

Sliding Safety 
Factor ---

• 

Foundation 
Pressure. k/sf 

.Monolith Cases Considered Allowable Actual Allm·J2ble Actual Allo~·;2ble Ac tunl 

H-20 Normal Operation 
Flood Condition 
Haintenance Condition 

H-25 

R-2 

Normal Operation 
Normal Operation Neglecting Impact 
Maintenance Condition 
:Maintenance Condition Neglecting Impact 

Normal Operation Section AA 
Normal Operation Neglecting Impact 
Normal Operation Section BB 
Normal Operatio,n Neglecting Impact 
Normal Operation Section CC 
Normal Operation Neglecting Impact 
Flood Condition Section AA 
Flood Condition Section BB 
Flood Condition Section cc 

R-12* Normal Operation 
Normal Operation Neglecting Impact 
Maintenance Condition 

5.33 5.29 
4.00 8.13 
4.00 9.15 

6.00 6.95 
6.00 6.59 
4.50 10.07 
4.50 9.74 

3.33 3.80 
3.33 4.89 
3.33 2.69 
3.33 4. 77 
4.83 4. 77 
4.83 7.05 
2.50 5.00 
2.50 5.00 
3.62 7.36 

6.67 9.50 
6.67 9.83 
5.00 15.14 

4 5.1 20 5.65 
4 (X) 20 2.42 

2-2/3 6.56 20 4.94 

4· 9.03 20 5.10 
4 8.30 20 5.46 

2-2/3 9.00 20 3.48 
2-2/3 9.83 20 4.24 

4 2.94 20 24.18 
4 27.40 20 14.99 
4 3.74 20 939.93 
4 34.93 20 170.01 
4 6.11 20 23.68 
4 57.00 20 . 17.63 

' 4 20 8.62 
4 (X) 20 61.13 
4 (X) 20 13.86 

4 33.18 20 4. 27 
4 99.55 20 3.90 

2-2/3 0.70 20 12.22 

* Borehole H-1 shows coal at the monolith base. Sliding factors of safety were calculated using lower 
bound values of ¢ = 15° and C = oo . 

(Continued) 
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~-~onolith 

R-15 

R-21 
. 
'° 

R-23 

Cases Considered 

Normal Operation 
Normal Operation Neglecting Impact 
Maintenance Condition 

Normal Operation 
Normal Operation Neglecting Impact 
Haintenance Condition 

Normal Operation 
Normal Operation Neglecting Impact 
Haintenance Condition 

""· 

TABLE 6.1 (Continued 

Distance From 
River '!'oe of Hon-
olith to \·:here 

Resultc.nt Inter-
sects :-ronolith 

Base, ft 
t-iini~urn 

Allm,'o.ble Actual 

6.00 14.79 
6.00 15.55 
4.50 17 .06 

6.00 6.69 
6.00 7.62 
4.50 14.10 

6.67 4.63 
6 J:i7 5.17 
5.00 12.46 

• 

Sliding Safety 
Factor Foundation 

l~iinirr:u:n Pressure! k/sf 
Allo,,.,..able Actual Allm,«<;.ble Actual 

4 2.46 20 11.61 
4 2.24 20 15.21 

2-2/3 1. 25 20 47.52 

4' 2.19 20 5.17 
4 2.39 20 4.27 

2-2/3 2.23 20 11.68 

4 2.39 20 7.99 
4 2.53 20 7.16 

2-2/3 1.96 20 5.08 
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Figure 6.5. Top views of land and lower guide wall showing monolith numbering and stationing, 
Locks and Dam 3, Monongahela River 
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SECTION 7: STRESS ANALYSIS 

Introduction and Problem Statement 

In the structural evaluation of L/D 3, a two-<limentional plane 

strain finite element analysis as well as conventional design was used to 

determine stresses within selected structural monoliths. 

It is becoming increasingly important to understand the phenome

non of stress flow in structures and not depend entirely on average stress 

approximations as has been done in conventional design. Knowledge of the 

total stress field is important in order that stress concentrations and 

decisions for concrete reinforcement can be handled wisely and economically. 

This is especially important when considering that our raw materials are 

being depleted and should be used wisely and not at a rate in excess of 

that which is absolutely necessary. Conventional analysis usually leuds 

to a safe, but overly conservative design because the whole stress field 

is not known and observations of stress concentrations cannot be delineated, 

studied, and adequately reinforcad. The finite element analysis adds a 

new 'dimension or advantage in this respect. Finite element calculations 

do not make conventional design obsulc;te-; i-u- fa-er, they- are- a- supp-iement-, 

making a combination which is much better than either separately. It is 

important to consider stress distributions in areas of stress concentra

tion when evaluating old structures which have cracked and are deteriorating. 

Critical Stress Areas 

The stress analysis will be of maximum benefit in considering 

critical concentrations in areas which may, under deteriorated conditions, 

begin affecting the overall operation of the lock. Some areas of concern 

are: 

a. Gouges in the upper guide wall due to tow alignment (Figure 6.1). 

b. Stress concentrations within.the structural slab over the 
filling and emptying flume of the land wall monoliths 
(Figure 7.1). 
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c. Stresses at the outer ends of the bottom slab of the filling 
and emptying flume of the land wall monoliths. 

d. Gate anchor locations where cracking and deterioration will 
accelerate unless rehabilitation is undertaken (Figure 7.2). 

While it is true that the locks have functioned for more than 

70 years, it is not so much the previous condition of the lock that is of 

concern, but it is what may logically be expected in the future, con

sidering the cracking and deterioration ·of concrete, especially in 

critically stressed regions where accelerated deterioration is inevitable 

if no corrective action is taken. 

The gouges in the upper guide wall are as much as 3 ft deep 

and under certain loading conditions can cause overstressing in tension 

and possibly failure. If the consideration of stress in the upper guide 

wall is made by formulating and solving the depth of slit or gouge required 

to produce excessive tensile stress in good quality concrete, some idea of 

gouge effect can be determined. The gouges are considered at elevations 

of either the first three steps at the back and from the top of the guide 

wall. The calculations are given for maximum gouge depth at the first 

step and results from similar calculations tabulated for the next two 

lower steps. 

The free body diagram and calculations at the first step are 

as follows: 

~735.2 

.-J_/_z.,o<..::<..:.!t,t,~£. --
lnv:Jl!icl or H.awser £1 7.'3 83 , ./. 

6o~e __s~==:::.::r~-d-.-;~-£i-(~-e-c.f.-;y._,'e! C.,ncrefe Sec hon 
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Table 7.1 

Force and Moment Calculations for Stress Ana]l'._?is 

F Fil Item Calculation v y -----·-·----·- ----

Soil 67.5 i-3·;n 2 
+455 0.45(3.67) (12) 

Impact -4000 (0.67) (12) 

Hawser +800 (0.67) (12) 

Concrete 4(3.67) (150) -2202 24 d 
2 

P Mc P c 
a = A± 1 = A± 1 (L.M) 

P + d/2(L.M) 

d(l2) - 12d3 

12 

= L + O.S(_H1) 
12d d2 

0 ultimate 36Li0 x 10% 364 psi 

2 364 d 
-2202d d 
~1-2~ + 0.5 (9017 - 32,160 + (2202(24 - 2)) 

364 d2 -734d + 14,853 

d
2 + 2.02 d - 40.8 = 0 

d = -2.02 + ~ (2.02)
2 

+ (4) (L,0.8) :::: 
2 

Gouge can be 42.5 11 

~.Jith Hawser Pull 

5 • 5 II 

364 a2 = -734 d + 0.5 9017 + 6432 + 2202(24 - %) 
d2 + 2.02 d - 93.8 = 0 

d :: 9 II 

Gouge can be 39 11 Governs 

7.3 

M 

in-.1b -----
+9 ,OJ7 

-32,160 

+6,432 



Table 7, 2 

Gouge Depths for Overstrcssing in Tension 

Gouge Elevation Minimum Gouge Depth for 360 psi 
Position ft Tensile Stress in Concrete, in. 

Step 1 7 31. 83 39 

Step 2 728.16 44 

Step 3 7 21+. 5 49 

The above calculations considered the hawser pull and impact 

loads equally distributed along a 30-ft monolith. Since these loads are 

concentrated over a very small section, the guide wall could sustain 

damage because of gouges. This is especially true if transverse cracks 

cause short sections of the guide wall to be effective in resisting the 

applied loads. In fact, after this analysis and conclusions had been 

made, it was learned from cownunications with Pittsburgh District personnel 

that a failure of this type had occurred by tow impact at the end of the 

lower guide wall. 

The slabs over the filling and emptying flume of the land wall 

monoliths are badly cracked and deteriorated (Figure 6.2) and probably 

cannot be feasibly rehabilitated making it safe for normal operation of 

men and equipment. 

The location of miter gate anchors is cracked, and accelerated 

deterioration is taking place through leaching and freezing-and-thawing 

action. Due to the actions of cracking, weathering, leaching, and freezing 

and thawing, the concrete is of questionable quality in the initial 2 to 

6 ft beneath the exposed surface, but much of the critical stress areas 

are in this 2- to 6-ft region. The stress problems and hence effects on 

normal operation are going to be in regions as have been discussed: gouged 

sections, structural slab over filling and emptying flume, gate anchors, 

etc. This report considers only the stability and stress analysis of the 

concrete monoliths and does not consider deterioration of machinery or 

any other operational components of the locks or dam. 
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The finite element analysis will be generally conducted .:JS 

described below: 

a. By using an cxan~lc problem: 

(1) Exc.iminc the concept of uplift at the base of the monoliths. 

(2) Make some checks of :.igreenwnt between stresses from con
ventional calculations with those obtained from finite 
element calculations. 

b. Study areas of tensile stress under possible loading 
conditions. 

c. Use monolith M-6 to study the extent of foundation needed to 
produce negligible effect on the stresses and displacements 
within the structure. 

d. Using monoliths L-23 and L-32 study streE~s concentrations in 
in the slabs over and under the filling and emptying flume 
of the land \vall monoliths. 

e. Study the effect of concentrated gate loads using 146. 

f. Analyze stress in a river wall monolith. 

_g_. The condition of the upper guard wall will be assessed from 
the stabilit)C analysis mid- good enginec~ring judgment._ 

Average elevations of soil behind the monoliths were considered 

as was done in the stability analysis. In making stress and displacement 

calculations, the backfill was not used as part o[ the grided medium. 

There were two reasons for this: 

a. Many elaborate tests of bc.ickfill material would be required 
to define properties precisely and the fill is random 
making it impractical to carry the material definition to the 
actual situation. The vertical and horizontal loads which 
are obtained by using unit weights and coefficient of 
at-rest-earth pressure are within the accuracy of the study. 

b. The finite element grid would become very large. 

The density of the backfill material was used to get vertical loads and 

the coefficient of at-rest-earth pressure and the density of the backfill 

material were used to obtain the horizontal loads. The water pressure 

from saturation level was taken into account. The loads are then applied 

at node points of the finite element grid. 
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The submerged weight of the backfill material was calculated 

from y = 5/8 y which is a valid assum11tion for calculations when 
sub dry 

the specific gravity is 2.7 as It is in this case (Reference 5). The drained 

weight of the backfill was about 135 lb/cu ft, and using the above calcu

lations assuming ydry = yd . d' the saturated weight will be 148 lb/cu ft. raine 
One consideration which must be made in the stress analysis is 

the effect of uplift on the base of the monolitl1. In certain cases, the 

effect will be negligible, but in others, it could be substantial; there

fore, the effect must be included. The important concept concerning uplift 

is that it is a support condition, and its effect (small or large) is de

pendent on its distribution. Specific loadings on a structure cause a 

specific distribution of pressure under the monolith base. The uplift will 

change this distribution, thereby affecting the support condition of the 

monolith. It can be seen that the pressure distribution under the mono

lith affects the stress in the structur~ only by deformations resulting 

from the support condition. By looking at free body force diagrams from 

top to bottom of monolith, in fact, a section an infinitesimal distance 

above the base (in rigid body analysis) can be taken and the upper part 

of the monolith considered as a free body. The analysis will then not even 

see the pressure distribution at the base; therefore, the distribution affects 

the stress analysis through deformations which are taken into account in 

the Tinite element stuoy. -upTift could have significant effect where there 

are large culverts close to the base of the monolith and the distribution 

is such as to load the slab to increase stresses. 

An example problem of a general monolith shape was analyzed with 

and without uplift forces. A reasonable way to handle the uplift is to put 

a slit of foundation material below the structure of thickness such that the 

deflection of the monolith at the base is less than the slit thickness in 

order that problems in code solutions such as negative element areas will 

not be encountered. The finite element grid stress and displacement plots 

for the example problem considering no uplift is given in Appendix VII by 

Figures VII.l, 2, and 3, respectively. The grid stress and displacement 

plots from calculations considering uplift are given in Appendix VII by 

Figures VII.4, 5, and 6, respectively. The uplift made little difference 

in this particular structural configuration and loading (Table 7.3, pa~e 7.8) 
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Conventional c>tress calculation~; v.1erc made and compand to the 

finite element results. The calculations were mnde for elemL:nls 57 and 

60 v.1hich are clo::;e to the b;_isc of the structure and for elements 33 and 

36 nt a higher elevation. The conventional calcuLatiorrn were obtained 

by using the standard formula: 

P Mc 
f=p:±.1-

1be structure was loaded as illustrated below: 

4-' ' r---, 
p 

The dis tancc from the top of the s truc..ture to elements 5 7 and 60 is lLr. 5 ft. 

The conventional calculations are computed as follows: 

H 
(14.5)

2 (62.4) (1) 
::: 

2 -6560 lb. = 

M - (6560) _(1Lt_:;5l (12) ·- -380 ,L180 in.-lb 
3 

p (L1) (1!4.5) (1) (150) - 2 
A = - -(4)-(T2T(Tf0~2)-- - -1s .1 lb/in. 

r = _ R. + ?.!.~ = _15 . 1 + S-3§_0, 11SQ_U~·5) ~12) c12) 
A - I - (12) (48) 3 

"'-15.1 + 61.9 

f -1<;,l - .:11 c __ l -T/J' ''Si 
':JI 

£
60 

-15.1 + 61.9 = 46.8 psi 

..., ..., 



The calculated values from the finite clement stress analysif> 

which give the total stress and displacement fields are available. The 

results of the finite element analysis compare well with the above con1pu

tations. The calculations for vertical stresses in elements 33 and 36 

were computed in a manner similar to that above and the results and com

parisons are given in Table 7.3. 

Table 7. 3 

Comparison of Conventionnl and Finite Element Computations 

Conventional 
Element Calculation 

57 -77 .o 
60 46.8 

33 -21.3 

36 3.6 

Stress, psi 
Finite Element 
Calculations 

Uplift No Unlift _.. __ 
-84.69 

46.73 

-21. 69 

3.99 

-8/f. 4 7 

46.66 

-21. 69 

3.99 

The stresses given i.n the finite element computations follow 

the nomenclature given in Figure 7.3 below. 

szz 

SlZ ,,._ 
~ 

S11 

' 

j 
y 

Figure 7.3. Stress Nomenclature 
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The strcs~} component which compares with the convc11U.on;1l ca.lculationc> :is 

S22. The finite element: calculations arc almost self-c';q>lanatory lwc1 1 1sc 

it gives t:lie input data .J.o:: well <is Lhe total strcc;s c.nd displacement: on 

all elements. In other worJs, much more si:r2ss inform;it:ion is ,;iven than 

that of the stress component S22. 

The stress flow plots show the major and minor principal stres~;es 

in their respective directions at the centroid of the element. The arrows 

denote tension if directed toward the centroid and compression if dir~cted 

away from it. The values printed on the stress plot are the eler,1ent number, 

mini1r.um principal stress, and maximum principal stress. A positive sign 

indicates tension and a negative indicates compression. The displacement 

plot shows the vertical &nd horizontal displacement components at the 

original node posiLion. 

The two-din.ensional stn:ss analysis of sections which cross the 

filling and emptying flume on landside must take into account the variation 

in slab section pa.rallel to the lock along the top of the flume. This i~: 

done by using the flexural capacity of the slab extending lwlf-way bet:wc'en 

beams either side of the beam at which the specific section is being con

sidered. This section is used to obtain the depth of a 1-ft rectangular 

section with equivalent per foot flexural capacity of the original slab 

section. This is done for monolith L-23 and monolith L-32. The calcula

tions for monolith L-23 arc given below and monolith L-32 is proportioned 

in the same manner. 

~~ 
75 %

11 

27K_~ ±_8_. + ~I 
~i 

----
" ~N µ 'l-
~ r,gClo 

·~" 
~~ 

J:J" I 8.-.rs 

J 
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Determine kd -
(75.75)kcl ;d - (8) (6) 27 - kd 0 

37.875 k<l 2 

kd 2 

kd 

+ 48 kd - 1296 = 0 

+ 1.2673 kd ·- 34. 2178 0 

-1.2673 + (1.2673) 2 + (4) (34.2178) 
2 

= 5.25" 

Determine moment of inertia of total section 

Then 

or 

I 
actual 

3 
IA= 75. 7\ (5.25) + 48(27 - 5.25)2 

26,361 in. 4 

Let moment of inertia o:E the model be represented by 

,~ 
I' 

'"I 
sf 

I -1 N. A. 

I 
12 (2Cm) 

3 
3 = 

m 
12 == 8 c 

m 

(I ) per foot (IA) per foot 
m 

(C ) per foot (C ) per foot 
m A 

BC 2 
= ---

26,361 
m (5.25) (6.3125) 

= 26,361 
(22.7 5) c 6 -. 3-=1-2-s-:c-) 

Cm 9.97" or 4.79" depending on which CA is used. 

I 
m 

Use the depth of slab over the filling or emptying flume as that calculated 

with CA to the outer concrete fiber. The slab depth over the filling 

and emptying flume should then be: 

7.10 

d 2C = 9.58" . 
m 



Another consideraticn in a finitt~ cdcment analysis is grid size 

for modeling the act.u.JL structure. Based on experie1ice, a gr-id o;i;;:e w:ts 

selected which was certain to give good results. In actual"it:y, the clement 

size could probably have been larger and still obtain adequate results. 

If t.bne had permitted, results from various grid sjzcs could 11ave been 

compared for selected monoliths to defjne optimum grid size. 

Diagr<Jms presenting the monolith lo<Jdings as used in the stress 

analysis are presented in Figures 7.4 through 7.9. For convenience in 

reading the report, 8- by 10-1/2-in. grid size plots are shown in this 

article giving areas of stress concentrations. These stress concentra

tion plots are then presented in separate figures. Larger size grids 

are given in Appendix VII in case reference to actual node and element 

numbers is desired. 

The grid depicting the areas of maximum stress for monolith 

L-18 is presented in Figure 7.10. These areas of stress concentration 

are then shown in Figures 7.11 and 7.12. Several important concepts 

become clear when the stresses in L-18 were studied. One concept is tl1at 

the normal conventional design does not give maximum stress values. The 

S22 component is usually obtained, and it is generally not maximum or 

minimum principal stress. For example, when considering tensile stress 

in elements 64, 71, 78, 85, 92, 93, and 101, the maximum stresses are 

from 7 to 86 percent more than the S22 value. This shows that conven

tional computations can be misleading when obtaining stresses for design. 

This could cnuGe the gouge depths necessary for failure in this upper 

guide wall (Table 7.1) to be reduced. 

Another important concept is that the finite element stresses 

which are given in this report are for the centroid of the elements. The 

normal stresses at otl1er points in the element, for example at its sides, 

may be much larger than those at the centroid. In other words, the 

center of elements are selected points in the monolith and other points 

may have larger stresses. For example, the maximum tensile stress at 

the side of element 453 is approximately 23 percent larger than the maxi

mum tensile stress at its centroid. 
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The location of the compressive stress concentrations are indicated in 

Figure 7.10 and is given in Figure 7.12. The maximum compressive stresses 

in L-18 are low (:::sso psi) when considering good quality concrete but 

the 111aximum tensile stresses are higher than the allownble even for good 

concrete. The allowable tensile stress for 4000-psi concrete is about 

102 psi where L-18 has tensile values over 300 psi. 

It is important to keep in mind that the conventional calcula

tions, because of calculating a different component of the stress tensor, 

can vary significantly from the maximum finite element computation. Also, 

in areas of stress concentrations (for example, at the steps in the backs 

of the monolith) the values from the finite element analysis differ 

significantly (15 percent or more) from conventional calculations. This 

is true because conventional design doas not give the total stress dis

tribution; therefore, the finite element analysis is a definite advantage 

in these calculations. The above discussion considers good.quality con

crete; although compressive and t•:=!nsile stresses will become much more 

significant if the concrete is deteriorated as it is in most of Locks 

and Dam 3. 

There are shear stresses of approximately 100 psi in and at the 

extremes of the monolith base which in deteriorated sections could become 

important as a failure mode. The amount of foundation used under 

L-18 is adequate because the stresses at the lower boundary are decreased 

significantly from those at the base of the structure. 

plot for L-18 is given in Figure VII.8 of Appendix VII. 

The displacement 

The benefits 

obtained from the displacement plots are that the total fields of x and 

y node point translations are presented. The relative displacement is 

significant to stress and not the total displacement; therefore, the 

displacement plots have values only as stated above. 

The grid for L-23 (Figure 7.13) shows the region of critical 

stress in the structural slab over the filling and emptying flume. This 

stress presentation is given in Figure 7.14. The large grid for L-23 

is given in App~ndix VII by Figure VII.9. The displacement plot is given 

in Figure VII.10 of Appendix VII. The stress plot for only the case of 

normal operation is given. The reason for this is that the stresses for 

the dewatered or maintenance condition are about the same as those for 

normal operation. 
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Tensile stresses of over 500 psi are produced in the upper 

part and at the ends of the structural slab. There is no reinforcing 

in this area; therefore, the tensile stresses are way above the allowable. 

The high tensile stresses of over 600 psi in the lower part of the 

structural slab can be carried by the steel unless this steel rusts and 

becomes ineffective. Areas of steel are now exposed and rusting. The 

tensile stresses on the riverside of the structural slab will only exist 

if the slab is compressed tight enough against the monolith to cause the 

construction joint to be ineffective and allow ·shear forces to carry 

moment and, therefore, tensile stresses into the slab. In fact, the slab 

is compressed against the wall causing spalling; therefore, the above 

possibility is realistic. 

As deterioration continues one can expect this slab to become 

hazardous for even light loading. 

Monolith L-32 is very similar to L-23 and the maximum stresses 

in the structural slab are approximately half those in L-23. For this 

reason stresses and displacement are not presented for L-32. The grid 

which was used in the analysis of L-32 is given in Figure VII.11 of 

Appendix VII. 

The grid of L-46 de~icting_ the critical stress areas is shown 

in Figure 7.15. These depicted areas "E" and "F" are presented in 

Figures 7.16 and 7.17, respectively. The grid and displacement vector 

plots are given in Appendix VII by Figures VII.12 and VII.13. 

The land wall lower gate bay monolith, L-46, has tensile stresses 

as high as 430 psi at the beginning of the hanging wall on the river face. 

In the hanging wall on the river face toward the base of the monolith, 

tensile stresses 11re as high as 520 psi. The lnnd wall gate londs push the 

monolith and produce tension by beam action in the river face of the 

monolith, These tensile stresses are above the ~llowable and can cause 

structural problems especially ns the concrete deteriorates. It is good 

to keep in mind that in some cases the maximun tensile stresses are not 

reflected in the stress vector plots unless it occurs at the centroid 

of the element. Compressive stresses are as high as "'1200 psi at the 

back and base of the monolith. 
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The stresses as distributed in three dimensions will relieve these high 

values to some degree but this relief can only be determined by a three

dimensional finite element stress analysis. Shear stresses in portions 

of the hanging wall are as high as 190 psi which could cause structural 

problems in this old structure. 

The middle wall has a pronounced degree of concrete deteriora

tion; therefore, monolith M-6 was selected for stress concentration studies. 

Also, varying amounts of foundation was used with M-6 in the finite element 

analysis to examine the influence of foundation extent on structural 

stresses. The analysis of M-6 was made with no foundation, structure plus 

some foundation (first addition) and structure plus even more foundation 

(first addition plus second addition). Stresses are presented for the 

analysis of structure and largest foundation addition. The grid showing 

the area of greatest stress concentration is presented in Figure 7.18 and 

the stress vector plot for this area is given in Figure 7.19. The grids 

for structure, structure plus first addition, and structure plus first 

addition plus second addition are given in Figures VII.14 through Vll.16. 

The highest tensile stresses are approximately 80 psi and com

pressive stresses are in the range of 100 psi. Tensile stresses of this 

magnitude can cause cracking in deteriorated concrete. The highest ten

sile stresses will be larger than 80 psi in isolated regions because only 

a per foot impact load is applied and in actuality it is concentrated over 

a small area of the monolith. 

A comparison or stresses from the three analyses wit11 varying 

amounts of foundation is given in Table 7.4. If no foundation is used 

the structure stresses can be affected considerably. The stresses for 

the two varying amounts of foundation do not vary considerably and they 

give a concept of the amount of foundation needed for a reasonable finite 

element analysis. No attempt will be made to specifically define the 

foundation needed because this will vary with structural geometry and 

loading. 

Stresses in the bottom sl~b of the fillinB and emptying flume 

of the land w~ll monoliths nnd ~t gate nnchor1ges were not criticnl. 
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No displacement plots for M-6 are shown because enough of these 

have been given to give the general concept of displacement of the lock 

monoliths. 

The grid of R-15 depicting the critical stress area is shown 

in Figure 7.20. The stress plot for this area is presented in Figure 7.21. 

The larger grid is given in Figure VII.17. The largest tensile stresses 

of approximately 120 psi occur at the top and to the sides of the lower 

culvert. It is common that locks have cracks in these upper corners. 

In general, there are tensile stresses in critical regions of 

various monoliths which are excessive for even good quality concrete. The 

compressive stresses indicate magnitudes that would not be considered 

excessive for sound, uncracked concrete; however, for badly deteriorated 

concrete, they are excessive. 
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Table 7. 4 

Comparison of Tensile and Compressive Stresses of Selected Elements 
in Monolith M-6 With Varying Amounts of Foundation in the Analysis 

Structure + 
Structure + First Foundation + 

Structure Onll First Addition Second Foundation 
Element Maximum Minimum Maximum Minimum Maximum Minimum 

No. psi psi psi psi psi psi 

426 -16.9 -81.0 . -19.1 -89.7 -19.7 -91.2 

429 69~1 -42.0 76.6 -46.8 76.6 -49.9 

463 0.2 -44.4 o.o -37.4 7.8 -38.8 

511 -1. 7 -77.1 -17.8 -104.4 -20. 2 -112.2 

546 -8.5 -46.3 -18.0 -92.9 -16.4 -90.0 
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Figure 7.15. Grid - Land Wall, Lower Gate Monolith, L-46, 
Depicting Stress Concentration Areas for Presentation 
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Figure 7.16. Stress vector plot of area "D" as depicted in Figure 7.14 
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Figure 7.19. Grid-middle wall monolith, M-6, depicting stress concentration 
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area for presentation 
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Figure '7 .18. Stress Vector Plot of Area "F" as Depicted in Figure 7.19 
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SECTION 8: CON CL US IONS AND RECOMMENDATlONS 

External cracking of the concrete in the lock walls is extensive~ 

It is concluded that the many !1orizontal and vertical cracks, while isolated 

and do not fit into a total failure picture, can result in localized 

failures, especially in critically stressed regions. The outer 2 to 6 ft 

of concrete as described in the core logs and the photo logs are highly 

deteriorated. The same condition probably exists in the outer surface of 

the walls to lower pool. 

The internal concrete is generally of adequate strength for 

present day design criteria. One exception is a small zone in the down

stream gate monolith of the middle wall; a compressive strength of 1150 psi 

was obtained on the concrete from this zone. The concrete is in a critically 

stressed area and immediate remed:Lal action is recommended. Pressure 

grouting as an interim measure is suggested. There is one possible con

tinuous crack in a gate monolith, R-23; it runs for a depth of 35 ft and 

possibly extends for two-thirds of the monolith to the riverside. 

The borehole Jata indicate a consistent pattern of fractured 

concrete especially in the lower portions of the monoliths. This can be 

a significant factor tending to produce problems even at moderately high 

stresses. 

The. foundation appears to be in good condition over the greater 

majority of the lock site. Several local zones of highly fractured rock 

and one zone where a monolith bears on coal, R-12, are the only zones 

considered as possible weak rock. During dewatering of the locks, these 

local foundation conditions could contribute to serious failures of lock 

wall sections. Such failures could occur due to inadequate sliding 

resistance of some foundation materials at or near the concrete-foundation 

contact. There are no detectable continuous discontinuities, zones of 

fracture, or seams of weak material; bedding planes are the only detect

able continuous features over the lock site. 

The stability analysis reflects deficiencies in many areas. 
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a. In general the monoliths in the land wall do not comply 
with present day criteria for overturning, sliding or 
allowable base pressures. 

b. Some middle wall monoliths do not have adequate resistance 
to sliding. 

c. Some monoliths in the river wall do not have adequate 
resistance against sliding and where coal seams underlie 
monoliths critical situations can exist if the river lock 
is ever dewatered. Bearing pressures are excessive in the 
upper guard wall causing it to tilt riverward. 

d. The abutment has excessive compressive, tensile, and 
horizontal loads on its pile foundation and this has 
resulted in it tilting riverward. 

The stability analysis for the land wall monoliths shows severe 

inadequacies and as with the guard wall and the abutment, it is probable 

that stability problems will develop. These problems can cause consider

able delays to navigation through these locks. 

The upper guard wall has excessive bearing pressures between 

the upper and lower timber cribbing sections and has tilted riverward. 

There are probably some rocks between the c~ibbing members which result 

in more bearing area and, therefore, reduces the calculated stresses 

considerably. However, the tilting of the guard wall shows that the 

bearing pressures are still excessive. Tow impact can cause this guard 

wall to fail. 

Cracking and deterioration of the exposed concrete are severe 

problems and are significant at stress concentrations. The stress analysis 

shows that gouges and concrete deterioration can become problems in the 

upper guide wall. There are excessive stress concentrations in the 

structural slab over the filling and emptying flume. The stress analysis 

· indicates magnitudes of tensile stress that are excessive for even good 

quality concrete. The compressive stresses indicate magnitudes that 

would not be considered excessive for sound, uncracked concrete; however, 

for badly deteriorated concrete, they are excessive. Stress concentrations 

also exist at gate anchorages. As the concrete at Locks and Dam 3 continues 

to deteriorate, the stress magnitudes under existing loading conditions, 

as has been observed, will become a problem. 
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The locks have apparently functioned well for over 70 years, 

but this cannot be expected to continue indefinitely due to the accelera

ting deterioration due to concrete cracking, leaching, and exposure to a 

freezing-and-thawing environment. It is evident from this evaluation 

that these locks and dam will either have to be replaced or completely 

rehabilitated. 

It is reconnnended that a study be initiated innnediately to 

evaluate rehabilitation or replacement of Locks and Dam 3 on the 

• Monongahela River, 
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APPENDIX I 

BACKGROUND 

1. During recent years, much emphasis has been placed on structural 

safety of Corps of Engineers structures, i.e., dams and locks, and programs 

have been established by the Office, Chief of Engineers and appropriate 

regulations disseminated to the various Corps of fices implementing the 

program. These regulations include ER 1110-2-99, "Inspection and Evalua

tion of Corps of Engineers Bridges," and ER 1110-2-100, "Periodic Inspec

tion and Continuing Evaluation of Completed Civil Works Structures." In 

complying with these regulations, the various District offices have been 

required to reanalyze and reevaluate various structures within their 

jurisdiction. 

2. The Pittsburgh District office initiated the investigation of 

Locks and Dam 3 by their Periodic Inspection Report. 6 This report reviews 

the general condition of Locks and Dam 3 with attention to specific problem . 
areas. The results of the periodic report warranted a further detailed 

study. An additional study, a condition survey, 1 was conducted for the 

Pittsburgh District, ORP, by the Waterways Experiment Station, WES, in 1973. 

The purpose of the condition survey was to determine the quality of the 

concrete and locate cracks that could affect the stability of the locks. 

The major work units of the condition survey were: 

Crack Survey 
Borehole Photography 
Soniscope Survey 

The crack survey located and identified surface cracks. The results of 

the borehole camera investigation, the field soniscope study, and the 

core logs supplied information about the existence and location of interior 

cracks. The laboratory testing supplied information about the physical 

properties of the intact concrete cores. The results of the condition 

survey are briefly summarized in the following paragraphs. 

a. Crack Survey. The crack surveys of the two locks were con
ducted by the ORP in the spring of 1973 and by WES representa
tives in early fall 1973. The significance of the cracks 
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cannot be interpreted with respect to the distance that they 
penetrate, because most of the visible concrete surfaces were 
surfaces of repairs. The operational history of Lock No. 3 
Monongahela River prepared by the ORP in 1971 includes 11 
items that are clearly identified as repairs to faces or tops 
of the river wall, middle wall, land wall, lower guide wall, 
upper guard wall, and upper and lower guide walls, and other 
items that may have been included in other repairs to the 
walls. As a consequence the value of the crack survey is 
greatly reduced because th~re is no way to know with regard 
to most of the cracks whether a visible crack is restricted 
to the repair or is an extension of a crack that is present 
in the underlying concrete. For ·the reasons described above 
little use could be made of these data in the analysis of the 
extent of surface and interior cracking. 

b. Borehole Photography. The interpretations of the borehole 
film records clearly show that the top portion, surface to 
about 2 ft, of concrete is in excellent condition and represents 
replaced concrete, not original concrete. The portion from 
about 2 ft to about 6 ft is highly weathered and fractured. 
Although specific areas were photographed, it is reasonable 
to believe that the top portions just under the replacement 
concrete of the river, mid, and land walls are in the same 
deteriorated condition. An exceptionally high number of 
honeycombed areas were detected on the film as well as•open 
fractures. Most of the fractures were coated with various 
colored stains. The stained fractures indicate percolating 
water action. The concrete core logs indicate similar 
staining on many broken surfaces in the concrete. Of the 
seven drilled holes that were photographed, four showed poor 
to no contact between the concrete and rock. In hole MA-10 
the rock just below the concrete-rock contact is highly 
fractured with numerous voids for a 6-ft depth. The core 
logs show that this interval was represented by gravel and 
by core loss. 

c. Soniscope Survey. The interpretation of the soniscope results 
was hampered by the presence of interfaces behind all vertical 
surfaces. These interfaces resulted from the presence of 
sometimes unknown numbers of layers of patching and shotcreting. 
If a reading was obtained it was considered a valid repre
sentation of concrete in the path traversed by the compres
sional wave. When no reading was obtained it could be 
interpreted to mean: 

(1) An open crack or the presence of a void. 

(2) Lack of bond between repair and underlying concrete. 

(3) Concrete of such poor quality that the signal is entirely 
attenuated. 
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Although probably causes (1) and (2) are variations on one 
theme, and are believed to be more significant than (3), 
no pne of the explanations can be assigned to any specific 
instance where no reading was obtained. 

3. In general the compressional wave velocities computed for the 

middle wall represented velocities through concrete that is generally 

considered sound concrete. However, of 110 locations, 15 resulted in 

no readings, 1 velocity is considered as representing concrete of questionable 

quality, and 2 locations gave velocities considered to represent concrete 

of very poor quality. 

4. The velocities computed for the river wall were, in general, 

slightly lower than those obtained from the middle wall. Of 46 locations, 

6 resulted in no reading and 11 locations (24 percent) represented what 

is considered as generally poor concrete. Velocity measurements through 

the river wall near drilled holes MA-4 and MA-7, stations 4+25B to 4+40B, 

were very low. Three of thirteen velocities were considered as. representing 

good concrete. The area just described is within the riverside gate 

monolith. The core lo_gs of these two holes show broken core and co~e 

loss within the depth interval through which the velocity readings were 

made. 
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APPENDIX II 

SURFACE CONDITION OF CONCRETE 

Surf ace Cracks 

A field crack survey was conducted by ORP in the spring of 1973 6 

as part of its periodic inspection and continuing evaluation of Lock and 

Dam 3. The WES conducted a crack survey as part of its investigation in 
I 1 

the summer of 1973. The WES crack survey was mainly concerned with 

ascertaining if structural cracks existed in the lock walls. A structural 

crack is defined in Reference 1 as a crack that separates or tends to 

separate what was originally one concrete element into two or more. The 

crack survey provided information about the location of the existing sur

face cracks but did not provide any direct information about depths to 

which the surface cracks extended into the concrete. The reason for not 

determining depth of surface cracks was mainly due to the extensive amount 

of overlay of gunite and concrete on the lock walls. 
' 

The extent of cracking found during the ORP and the WES field 

crack surveys is presented in Figures II.l through,4; the figures are 

reproduced from Reference 1.. The results show that most of the cracks in 

-the -tops -of the cham~er _pnr_tinn _of -the -1and _and llrllidle walls are about 

1/2 in. wide while those in the corresponding portion of the river wall 

are about 1/8 in. wide. Cracks in the tops of the guide walls are generally 

1/32 to 5/64 in. wide. Most of the vertical cracks in the lock walls were 

observed with binoculars and telescopes and were not measured. 

In the upper and lower land guide walls the majority of surface 

cracks appear to be located in areas where heavy boat damage is reported. 

Embedded pieces of wood in the lower guide wall from about station 8+60B 

to about 12+70B are shown in Figure II.2. These areas are not hazardous 

at the present time; however, when the wood rots and falls out concrete 

can more easily be removed by tow or boat impact. 

As· seen in Figure II.3 the middle walls contain a goodly number 

of cracks on both the top and sides of the lock walls. The riverside wall 
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contains three open lift joints; however, the lateral extent that these 

joints remain open is not known. Two open lift joints are between station 

o+95B and 1+45B; the third is between station 1+78B and 2+10B. Other 

horizontal cracks are depicted on the river and landside of the middle 

wall with the longest one from station 3+46.5B to 4+09.2B. A number of 

cavities are shown which are assumed to be due to deteriorating gunite 

and/or concrete. 

A 6-in.-wide crack at station 4+44.6B in the gate monolith M-16 

· begins at the monolith joint and extends downward at an angle of about 

45 degrees. The extent of the crack is not known; however, the extent of 

this crack should be determined for the following reasons: 

a. The crack is in a gate monolith. 

b. Monolith M-16 is the monolith from which the low-strength 
concrete cores were obtained; compressive strengths of 
1150, 1450, and 2100 psi were obtained as reported in 
Reference 1 • If the crack goes into the monolith, it may 
be contributing to the low strength concrete by allowing 
water to leach or deteriorate the interior concrete. 

c. Possible evidence of the crack is described in the cor~ 
log of hole M-3, which is presented in Reference 1. At a 
depth of 10 to 16 ft, the authors estimate that the crack 
begins 10 ft from the top of the wall. Features like 
weathered breaks, honeycombing, and mud on a weathered break 
are described. These features are strong evidence that the · 
cra{:k extends- at- least- one--third- the- way- through- monolith-
M-16. 

The number of surf ace cracks described in the upper guide and 

river wall appears to be less than the number of surface cracks described 

elsewhere in the lock walls. A greater number of horizontal cracks are 

present near the waterline than report to be present in the middle wall. 

At about station 3+00B a horizontal crack at about the elevation where a 

lift joint should be located, leaching and leakage are described. This 

is the first time that leakage was described in Reference 1 • At about 

station 4+68B (see Figure II.·4) leaching and leaking are described for a 

near vertical crack that begins at the junction of a horizontal crack 

located several feet below the top of the river wall. The nearly vertical 

crack is located downstream of the downstream gate. If water leaks from 

II-3 



this crack at a point above the waterline, then it can be assumed that 

the leakage is due to water from high pool in the lock chamber. 

Rebound Hanuner Results 

Rebound hammer tests were conducted as described in Appendix B 

of Reference 1 • The tests were made to evaluate the bond of the gunite 

to the concrete. Seven test sites were on gunite cover and five test 

sites were located near areas where the gunite cover was missing, or 

were located near cracks in the gunite, or both. There was no significant 

difference between the test results obtained on the two different gunite 

surfaces. These results indicate that the repair contact for the areas 

tested are fairly tight. 

Deteriorated Zones 

Considering the length of time that the lock walls have been 

exposed to as severe a climate as exists in the Pittsburgh area, the' 

amount of damage due to freezing and thawing of the nonair-entrained 

concrete is not surprising. The top 2 to 6 ft of all of the 6-in.-diameter 

cores, except the core from hole M-4, from concrete placed in 1923-1924 

contained fairly closely spaced parallel fractures and did not provide 

lengths great enough for laboratory velocity or normal compressive strength 

tests. Subparallel fractures parallel to a free surface are a form of 

failure characteristic of damage by freezing and thawing to nonair

entrained concrete. A goodly amount of surface deterioration is present 

at Lock and Dam 3. Concrete in the gate monolithsis continuing to 

deteriorate and could cause localized failures which would impair normal 

traffic flow for an unspecified length of time. 
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APPENDIX III: FOUNDATION CONDITION 

Geology 

Locks and Dam 3 is located on the Monongahela River just upstream 

from Elizabeth, Pennsylvania. The river flows in a series of meanders 

through the Kanawha section of the Appalachian Plateaus province within 

a valley cut in the Conemough and Monongahela formations of the 

Pennsylvanian System. Regional relief is variable between el 705 in 

the bed of the Monongahela River to el 1356 in the uplands. The 

valley at its widest point is about 2600 ft with the river comprising 

1050 ft. The flat-lying rocks in the region consist chiefly of cyclic 

sediments composed of indurated clay, shale, limestone, and siltstone; 

minor amounts of coal are present. All of these rocks are members of the 

Middle Conemaugh formation. The Murrysville Anticline is the only 

major geologic structure in the vicinity of Lock and Dam 3. It parallels 

the river and lies just westward of the dam abutment. The overburden at 

the Lock and Dam is composed chiefly of alluvial soils in the river bottom, 

with colluvial deposits on the lock side and alluvial deposits in the 

flood plain on the abutment side. The colluvial deposits are composed of 

sandy, gravelly clay and sandy clay. The alluvial deposits are composed 

of silty, sandy gravel. 

Core Drilling 

Eighteen vertical cores were removed from Locks and Dam 3 and 

logged in the field in the latter part of 1973~ These cores, along with 

others, were moved to the ORDL and stored. In late 1974, an examination 

of the 6-in.-diameter rock core recovered from Locks and Dam 3 in 1973 

revealed that a majority of the weaker cores were not suitable for testing 

due to deterioration and drying. It is most important to ascertain the 

physical properties of the weaker foundation rock for the stability analysis; 
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therefore, it was suggested that two additional holes be drilled at 

Locks and Dam 3. It was anticipated that adequate samples of the weaker 

rock could be recovered with this drilling effort. 

Two more vertical cores were drilled during the fall of 1974. 

The relative location is presented in Figure 3.1, Section III, and desig

nated as M-7 and M-8. During the drilling operation, the cores were 

logged and steps taken to preserve the cores for testing purposes. The 

cores were immediately sealed in wax after removal from the core barrel. 

' The core was exposed to the out-of-doors environment less than four minutes. 

About 15 ft of core per hole were returned to the WES and stored in the 

moist curing room while opened for inspection and during test sample 

selection. 

Typical photographs of the backfill material and rock core 

recovered from M-8 and M-7 are presented in Figures III.l and III.2 and 

Figures I!I.3 and III.4, respectively. 

The backfill contains both large and small pieces of shaly rock 

and alluvial soll taken from the excavation of the foundation. The 

finer portion tends to be somewhat clayey. Two grab samples of the back

fill from depths of 3 and 7 ft in hole M-7 were sealed in plastic bags and 

returned to WES. Since it was not practical to take large representative 

samples, the rock larger than a couple of inches was not included in the 

grab samples; therefore, the backfill samples are not totally representa

tive of the inplace material. 

Core Logs and Geologic Cross Section 

The core logs were examined and geologic cross section drawn up 

to aid in selecting representative samples for testing. A total of 20 

core logs and 7 bore~ole photo logs were reviewed. Copies of the original 

core logs and photo logs are given in Reference 1 • The 20 core logs are 

identified in Table III.l. Since the rock cores were logged by several 

people, there were some differences in terminology. 
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The logs were redrawn to a more convenient scale and arranged 

in seven groups by elevation and by location in the structure. The 

groupings are described in the following tabulation by sections. 

Identifi
cation of 
Section 

A 

B 

c 

D 

E 

F 

G 

General 
Location 

of Section 

Approx 
Section 
Length, 

ft 

No. 
of 

Core 
Logs 

Up- and Downstream 

Along Land Wall 

Along Middle 
Wall 

Along River Wall 

1600 13 

750 4 

400 3 

Across Stream Flow 

Normal to River 
at Upper Gates 

Normal to River 
Near the Dam 

Normal to River 
at Lower Gate of 
Small Lock 

Normal to River 
at Lower Gate of 
Large Lock 

150 

150 

150 

75 

3 

3 

3 

2 

List of Core Logs 

MA-10, MP-1, M-8, M-5, 
MR-1, MA-11, M-7, MR-2 
MA-8, MR-3, M-6, MA-9, 
and MP-3 

M-2, MA-12, M-3, and 
M-4 

M-1, MA-13, and MA-7 

M-5, M-2, and M-1 

MA-11, MA-12, and MA-13 

MA-8, M-3, and MA-7 

M-6 and M-4 

Preexisting breaks, fracture zones and compositional features 

of the foundation material are shown on the logs in Sections A through G, 

Figures III.5 through III.11. Figure 3.1, Section III, indicates the 

orientation of Sections A through G. These features were placed on the 

logs after study of the original logs and the borehole photo logs for the 

seven holes where borehole photographs were made (MA-7 through MA-13). 
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Discussion of Core Logs 

The fo"undation rocks recovered by drilling are essentially 

flat-lying, cyclic sediments consisting mainly of indurated clay, shale, 

siltstone, and limestone; minor amounts of coal are present in the 

foundation. 

The normal sequence of rocks encountered going down a typical 

hole appears to be as follows: 

a. Several feet of a medium-gray (NS),
3 

hard shale or siltstone 
rock that does not fragment on drying. When this rock comes 
from the hole with its natural moisture content it is 
bluish-green in color, but as indicated above, it is grayish 
when dry. This is the rock that made up about 95 percent 
of that available for testing in cores M-7 and M-8. A 
number of the logs indicate fragmented rock at and for 
about 9 ft below the contact of concrete and rock. The 
fragmented zone appears not to be continuous over the lock 
site and could be localized zones caused by excavation 
techniques such as blasting. Three hand samples of this 
type of rock from holes M-7 and M-8 were selected for a 
petrographic examination. They represented a vertical 
interval of 11 ft and a horizontal interval of 250 ft. 
They were all similar in appearance and in composition. 
The composition of the three samples will be discussed in 
Section- V-.-

b. A few feet of black carbonaceous fissile shale which does 
fragment on drying were found at greater depths. There was 
about 1.7 ft of this material in short pieces in the bottom 
of core M-7. None of it was present in H-8. There is no 
additional fragmentation once dried fragments are rewetted. 
This rock differs in composition from the grayish shale by 
containing organic material, more siderite, a small amount 
of a mixed-layer clay (probably montmorillonite and clay
mica), and smaller amounts of the other minerals. 

c. Six to twelve inches of coal occurs at about el 690. None 
of this was available for testing. 

d. Another few feet of the black carbonaceous shale were next 
in depth. 

e. Several feet of limestone were found below the coal. 
Apparently this material can be or appear to be a limy 
shale or clay. None of this was available for testing. 

f. The cycle then starts over with the hard medium-gray shale. 
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Discussion of Geologic Cross Sections 

Sections A through G (Figures III.5 through III,11) provide 

graphic representation of the cores. The cores are properly aligned by 

elevation and by position in the structure. In trying to study geologic 

data such as those provided by the logs in these sections, a marker bed 

is used for correlation. The coal bed is the most distinctive material 

encountered and therefore used as the marker bed. Unfortunately, the 

• coal did not show up in any of the borehole camera results for seven 

holes (MA-7 through MA-13). 

The brittle nature of the coal could have caused it to shatter 

during drilling and fall from the walls of the core holes, thus leaving 

a void which should appear as a void in the photo logs. There are several 

void areas described in the borehole photo logs at approximate elevations 

where coal occurs in the core logs. Therefore, the contact between con

crete and rock was taken as the distinctive feature for the borehole data. 

Comparison of the location of this contact in the core logs and the bore

hole camera logs indicated reasonably good agreement for all of the MA 

holes except MA-10; there was a 10-ft discrepancy for that hole. Since 

some loss of core usually occurred, the contact between rock and concrete 

was located according to the camera data when there were discrepancies; 

both locations of these contacts are shown on the geologic cross sections 

(Sections A through G). The effect of correcting the concrete-rock con

tact for core MA-10 was to produce a much better alignment of the coal bed 

with its counterpart in the other holes. This appears reasonable when 

consideration is given to the fact that no major faulting has thus far 

been described in the available literature. Comments about each of the 

seven sections follow. 

a. Section A. This section along the land wall includes 13 
holes over a span of about 1600 ft. The correlation by 
lithology is considered satisfactory. While there are 
old breaks and/or fracture zones in most of the cores, 
they do not seem to be continuous. The borehole photo 
logs tend to substantiate this belief. The coal, which 
is probably one of the weakest materials in the rock 
sequence, is always at least 15 ft below the contact 
between concrete and rock. 
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b. Sectfon B. This section along the middle wall includes 
four cores over a span of about 750 ft. The lithologic 
correlation is better than in Section A; there are no 
continuo 11s breaks or fracture zones. The weak coal bed 
is at least 11 ft below the concrete-rock contact in 
three of the holes (M-2, MA-12, and M-4); it is within 
3 ft of this contact in hole M-3 which is at Station 
4+48B in monolith 16. 

c. Section C. This section along the river wall includes 
three cores over a span of about 400 ft. The lithologic 
correlation is not good. A couple of inches of coal are 
present in hole M-1 between 688 and 689 ft as the contact 
with the overlying concrete. The coal is missing or was 
missed in the middle core log (MA-13) and was probably 
removed by excavation during construction from the area 
penetrated by hole MA-7. No continuous cracks are 
indicated. 

d. Sections D, E, F, and G. These represent 11 of the same 
20 cores. They have been arranged in groups of two to 
three cores along lines normal to the direction of the 
river; the length of the sections ranges from about 75 to 
150 ft. Study of these sections did not yield additional 
information pertinent to an evaluation of the foundation 
condition. The sections are presented to complete the 
record and for poesible future use. 

The hard gray shale was selected for physical property testing 

because it represented about 95 percent of the rock that was adequately 

preserved. In our opinion, it does not represent the weakest rock type 

described in the previous logs. The indurated clay, coal, and possibly 

other shales are considered as rocks which should be tested, but because 

they were not preserved and because the more recent drilling did not 

supply these weaker rocks, the hard gray shale was all that was available. 

Generally, the less competent material was deep enough under the locks 

not to exert any detectable influence. However, because weaker rocks 

are known to exist in the foundation, the stability of monolith R-12 was 

checked using assumed values of ¢ = 15° and C = 0 . The ¢ is 

assumed to represent the angle of friction of concrete on coal. The 

results of this particular stability check are presented in Section VI. 
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• 

Borehole Photo Logs 

The borehole photo logs were briefly reexamined for supple

mental information concerning the foundation condition. In particular, 

an examination of the borehole photo logs was made to see if any dis

continuities reflected the Murrysville Anticline. The anticline is 

about parallel to the river and lies slightly landward of the darn abut

ment. This would align the anticline in a N-S direction. 

The majority of discontinuities are striking NE within a range 

of from 10 to 70 degrees and appear to be subdivided into two groups. 

One group is represented by "fractures" bearing from NlOE to N30E and 

have low angle dips of from 15 to 30 degrees E. The other group is 

represented by "fractures" bearing from N55E to N70E and have dips up 

to 40 degrees E and SE. These discontinuities could possibly be associated 

with the NS trending anticline but adequate data are not available to 

make a conclusive statement. Joint sets or any other regular or repetitive 

structural feature in the foundation with the exception of bedding planes 

are not in evidence. 

The general condition of the foundation is considered good. 

The core boring information indicates no detectable continuous discon

tinuities except relatively horizontal bedding planes, zones of fracture, 

or seams of weak material. There are, however, localized zones of 

fractured rock which are considered weak zones. These zones are dis

cussed in Section III • 
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Drill Hole 
No. 

M-1 
M-2 
M-3 
M-4 
M-5 
M-6 

MA-7 
MA-8 
MA-9 
MA-10 
MA-ll 
MA-12 
MA-13 

MP-1 } 
MP-2 

MR-1 
MR-2 
MR-3 

M-7 
M-8 

} 
} 

Table III. I 

Identification of Core Logs 

Nominal 
Core Diameter 

6 in. 

NX (2-1/8 in.) 

NX (2-1/8 in.) } 

NX (2-1/8 in.) } 
NX (2-1/8 in.) 
NX (2-1/8 in.) ) 

6 in. 
6 in. 

f 

Material at 
Top of Hole 

Concrete 

Concrete 

Backfill 

Backfill 
Backfill 
Concrete 

Backfill 
Backfill 
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} 

t 
} 

Material Represented 
in Core Log 

Concrete and Rock 

Concrete and Rock 

Backfill and Rock 

Backfill and Rock 

Concrete Slab, Back
fill, and Rock 

Backfill and Rock 
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LEGEND FOR SECTION A-G 

u Clay 

;(.Xx 
'//A Indurated Clay (In. Clay) and Claystone (Clst) 
·,:/x 

~ Compaction Shale (Cm Sh) 

~ Shale (Sh) 

~ Limy Shale (Limy Sh) 

_I I 
1.:J Limestone (Ls) 

~ Siltstone (Sltst) 

Coal 

~ Backfill (Bf) 

~ Concrete (Cone) 

51 Topsoil 

~ Silt Shale (Slt Sh) 

'/V'Vv'v\ Break 
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APPENDIX IV 

CONCRETE INTEGRITY 

Borehole Photo Logs 

The borehole photo logs were reviewed for supplemental infor

mation concerning the condition of the internal concrete. 

The photo logs are quite useful in assessing the internal con

crete. The lateral extent of any detectable feature such as honeycombing, 

fractures, or leached areas cannot be determined without extensive work. 

A feature in one borehole cannot necessarily be related to a similar 

feature at the same elevation in another monolith. The reason for this 

is that the NX boreholes in which camera data were obtained are widely 

spaced. Four holes were photographed in the landside wall, one in the 

upper and lower guide wall each, and two in the land wall; one hole was 

photographed in the middle wall and two holes were photographed in the 

river wall. Several hundred feet separate most of the holes. If a 

feature does show up that appears to be continuous, it is probably 

coincidental. For example, in holes M-1, M-2, M-4, and M-5 at or very 

near el 712, the concrete is described in the core logs to be badly 

honeycombed, containing voids, slightly weathered, and well weathered. 

Certainly these features could not be related to a specific time in the 

construction of the locks because holes M-1, M-2, and M-5 were drilled 

in concrete cast in 1902-05 while hole M-4 was drilled in concrete cast 

in 1923-24. 

The borehole camera records indicate, in most cases, intact 

concrete in those areas where the core logs indicate loose aggregate 

and high core loss. Recovery of loose aggregate tends to relate to 

honeycombed concrete broken up in drilling. The core log for the vertically 

drilled NX hole, MA-7, shows core losses of from 0 to 100 percent. The 

100-percent core loss occurred in the first 2-1/2 ft of the hole. A 

60-percent core loss occurred at about 18 ft into the concrete. The 

photo logs indicate "good concrete" for both of these areas of high core 

loss. A reasonable explanation for this apparent conflict is as follows. 
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If reasonable care is used in coring concrete in good condition, the 

recovery of NX core and of 6-in.-diameter core is similar. This is not 

true with concrete in poor condition where quality and amount of core 

recovery increases with increasing core diameter. The condition of 

concrete in these locks is poor enough that the recovery of NX core 

was not comparable to the recovery of 6-in.-diameter core at certain 

depth intervals over the lock walls. 

One major vertical crack which extends from a depth of 2.4 

to 37.4 ft was detected by the borehole camera in hole MA-7. Hole MA-7 

is in the downstream river wall gate monolith, R-23. The hole is located 

between station 3+82B and 4+70.5B. The directional information about this 

crack in Reference 1 shows that it strikes NW so, if continuous, it may 

be exposed in the river face of the wall and the end face or possibly the 

land face downstream of the gate recess. Figure II.4 in Appendix II 

shows a near vertical crack between station 3+82B and 4+70.SB on the 

river side of this monolith. This is the same crack described in 

Appendix II as showing signs of leaching and leaking. The evidence is 

very strong that the crack observed in hole MA-7 is continuous to the 

riverside of the monolith. 

The photo logs show three instances of poor contact between 

the concrete and foundation rock. In holes MA-7 and MA-10, the rock 

directly below the concrete is highly fractured. Numerous voids for a 

zone 6 ft in length are described in the photo log of hole MA-10. The 

extent of the fractured material is not known but remedial action should 

be considered to guard against possible failure in these particular zones. 

Some drilling water loss was noted in Reference 1 and probably 

indicates localized rather than general leakage; some or all of the loss 

could be along construction joints. Drill water was not observed to be 

coming out of the walls through such joints. 

Concrete Test Results 

The compressive strength and unit weight test results presented 

in Reference 1 were reviewed. In general, the compressive strength of 
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concrete can be used as an indicator of concrete quality. Nost of the 

strength results of concrete recovered from el 731.8 through 702.2 (see 

Appendix E of Referencel) in holes M-1, M-2, M-3, M-4, M-5, and M-6 

would normally be considered as representing concrete of high quality. 

Of these 34 strength results, only four (about 12 percent) represent 

inplace concrete having a compressive strength less than 2500 psi. A 

2500-psi concrete is considered acceptable for a gravity structure. The 

four samples having strengths below 2500 psi are considered to represent 

a small portion of the concrete in the locks for the elevation interval 

cited above. 

Should one of these low strengths r.eprPsent concr.e.u~ in a 

critically stressed region such as a gate monolith, a local fuilure could 

occur. As mentioned in Section IV, three of these four low strengths 

represent inplace concrete in monolith N-16 which is the downstream gate 

monolith in the middle wall. The three strengths are considered quite 

low and are 1150, 1450, and 2100 psi. Granted, these are compressive 

strengths and a total compressive stress of say 1150 psi may never be 

placed on the eoncre-te- in monolith M-16~- However,- the tensile_ ancL she1lr_ 

components of a 1150-psi concrete could be exceeded in this monolith. 

The tensile and shear strength of normal weight concrete is 

about 0.1 and 0.16 of the compressive strength, respectively; for the 

1150-psi concrete, the tensile and shear strength would be 115 and 184 psi. 

The gate loads for M-16 are the same as for L-46 whose tensile stresses 

were considerably above the allowable; 102 psi for the same location as 

the 1150 psi concrete in M-16. Even though the loading and geometry is 

different for L-46 and M-16, the low strength concrete in M-16 could be 

stressed above its allowable and as deterioration continues structural 

problems can develop. 

The unit weights presented in Appendix E of Reference 1 are 

considered re2.sonable and indicate that the unit welght of the inplace 

concrete is generally consistent. 

The general observations presented in Appendix E of Reference 1 

also address the question of the quality of the internal concrete: 
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"Based on the results of the laboratory logging, the 
petrographic examination, and the unconfined compres
sion tests, the following observations relative to 
the condition of the concrete are noted: 

"l. There is no evidence of any alkali
aggregate reaction in the concrete. 

"2. The large amount of ettringite present 
in the voids suggests a sulfate reaction 
with the concrete; however, only in a few 
small areas does it appear that the 
sulfate attack has actually caused nny 
deterioration of the concrete." 

In general, the quality of the interior concrete is good. However, poor 

quality concrete does exist in a gate monolith in the middle lock wall. 

It is areas of low quality concrete such as present in monolith M-16 

that can cause a structural failure. Deterioration of the concrete is 

continuing in the lock walls, and it is quite possible that within a 

10-year period the poor concrete in monolith M-16 will become worse and 

contribute towards a structural failure. 
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APPENDIX V 

TEST RESULTS AND A.~ALYSIS OF RESULTS 

Backfill Material 

The unit weight values obtained using the two approaches men

tioned in Section V were compared and a drained value of 135 lb/ft3 

was selected for the backfill. The undrained unit weight was slightly 

higher than the drained unit weight, but considered inconclusive and 

therefore not used in the structural analysis. 

Tests of the two backfill samples from hole M-7 gave the 

following results: 

a. Grading: 

Cumulative 
Recalculated 

Percent to Include 10% 
Sieves Retained of Lar~er Rock 

1 in. 27 24 

No. 4 25 23 

No. 10 6 5 

Passing No. 10 42 38 

b. Specific gravity of rock: The value for the combined rock 
larger than No. 10 sieve was 2.53. 

c. Moisture content: This value was 16.2 percent. 

Concrete Test Results 

As mentioned earlier, there were a limited number of cores 

available for testing. One core was tested in unconfined compression, and 

its strength was 3070 psi. This value is well within the range of strength 

values presented in Referencel. The stress-strain relatiors for this speci

men and the triaxial specimens are presented in Figure .V.l. A modulus of 
6 elasticity was computed as an initial tangent value and was 3.33 x 10 psi. 
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The initial modulus was selected because it would more nearly be repre

sentative of the inplace concrete; i.e., concrete under rather low 

stress conditions as normally associated with a gravity structure. A 

Poisson's ratio was calculated and found to be 0.13. 

The unit weights of the three concrete specimens are tabulated 

below. 

Hole No. Elevation, ft Unit Weight, lb/ft3 

M-1 728.2 144.6 

M-2 715.2 141.3 

M-3 702.9 145.7 

The unit weights are reasonable and are well within the range of unit 

weights presented in Reference 1. 

The stress-strain relations for the two specimens tested under 

triaxial conditions are presented in Figure V.l. An E and v were 

calculated for the specimen tested with a confining pressure of 500 psi 
6 and found to be 4.00 x 10 psi and 0.20, respectively. Figure V.2 presents 

the principal stress difference (o1 - o3) versus principal strain 

difference (e - e ) from which an initial tangent shear modulus was 
a d 

computed. The shear modulus is 1.18 x 106 psi and compares reasonably 

with the shear modulus calculated using: 

E 
G = 2 (1 + v) 

The triaxial data were basically used to obtain a shear modulus for the 

concrete as it was required for the structural analysis. The E's 

presented in Reference 1 and the E's determined during this study plus 

Poisson's ratio are tabulated below. 
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Original Concrete 
6 E, 10 psi v 

4.00 0.2* 

4.04 

3.33 0.13 

3.05 

Newer Concrete 
6 

E, 10 psi v 

5.11 0.2* 

Avg 3.6 0.165 5.11 0.2 

* Assumed value. 

The average E and v for the original concrete were used to compute 

a G value using Equation l; comparative results are tabulated below. 

G Calculated From 

Triaxial Data 

Equation 1 

G 

1.18 x 106 psi 

1.55 x 106 psi 

An approximate difference of 25 percent exists, which is considered 

reasonable. 

Rock Test Results 

The results of the unit weight, unconfined compression, tensile, 

and standard triaxial tests are presented in Table V.l. 

The 

dense shale. 

171.2 lb/ft3 • 
3 7.2 lb/ft • 

unit weights are consistent and reasonable for medium-hard 

The lowest unit weight was 164.0 lb/ft3 and the highest was 

The average unit weight was 168.7 lb/ft3 , and the range was 

Three unconfined compression tests were conducted with the stress

strain relation being recorded for two specimens. The cr-e results are pre-

sented in Figure v.3. The average strength is 3960 psi. During testing, 

water was observed coming out of the specimen from bedding planes and small 

vertical cracks at a stress level of about 800 psi. This stress level 

corresponded to the point on the cr-e curve where the curve started to 

become concave downward. Water continued to be extruded from the specimens 
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until a stress level corresponding to the second linear portion of the 

O-E curve. The initial portion of the curve was linear to about 800 psi. 

This is a typical response for rock core representing none or little stress 

relieving upon being removed from its in-situ position. The middle portion 

of the curve reflects increased strain as free water was extruded from the 

core. The final portion of the curve is very nearly the same as the initial 

portion; the slopes are almost identical. The moduli were taken as initial 

tangent values due to the relatively low stress states assumed for the 

foundation; the average E = 0.59 x 106 psi, which appears reasonable for 

this type of shale. Poisson's ratios were calculated for the initial 

portions of the curves; the average v = 0.17 • Presented in Figure V.4 

the o-e relation for the test check specimen; the shale shows hysteresis 

upon unloading. The test check specimen was run to verify the E response 

obtained under triaxial testing. 

The average of two tensile splitting strength tests is 700 psi, 

which is reasonable for the competent medium-gray shale. 

Three- &tandard undrained triaxial tests were conducted on the 

shale from hole M-8 using o 's of 100, 500, and 1000 psi. The o-e 
3 

data for the triaxial tests are presented in Figures V.5-V.7. The 

O-E relationship is the same as that observed for the specimens tested 

in unconfined compression. The initial E and v are similar to the 

E and v as were calculated for the specimens tested in unconfined 

compression. Shear moduli were calculated from principal stress difference 

( o1 - o
3 

) and principal ~train difference ( Ea - Ed ) data. The average 

shear modulus is 0.24 x 10 psi. 

Figure V.8 presents the Mohr's diagram for the results obtained 

from the strength tests. The angle of internal friction ( ¢ ) for the 

initial portion of the failure envelope, defined as being tangent to the 

tensile stress circle and the average circle of three unconfined stress 

circles, is 45 deg. The cohesion ( c ) is 850 psi. At a 

the failure envelope has an angle of 31 deg. The initial 

are reasonable for the competent shale. 
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Six direct shear tests were conducted for peak strengths on 

intact shale recovered from near the contact between the concrete and 

the foundation material in Hole No. M-7. Specimens were selected from 

a depth interval of 9.4 to 10.7 ft below the concrete-rock contact. 

Most of the pieces of core closer to the contact were of an inadequate 

length for testing. Two series of three specimens each were tested 

using normal stresses, 
2 7.20 tons/ft). 

cr , of 33, 66, and 100 psi (2.37, 4.75, and 
n 

The range of cr is well within the range of c 's 
n n 

anticipated at Locks and Dam 3. 

The results of the first and second series of direct shear 

tests arc presented in Figures V.9 and V.10, respectively. The shear stress 

( T )-shear deformation are considered reasonable for the intact competent 

shale. Figure V.11 is a composite plot of the two test series. A least 

squares fit was appiied to the data which yielded a 0 = 68°55' and 

c = 112 psi (8.06 tons/ft 2). 

The results of the multistage test can be used to calculate the 

shearing stress ( T ) across an established surface for various values of 

the normal stress ( cr ). The coefficient of friction ( 0. ) on the 
n J 

surface can then be determined. When the principal stresses are known and 

the T and the cr on a surface at an angle 8 with respect to the 
n 

principal plane are required, the following equations can be used to 

calculate these stresses: 

= crl + 03 + crl - cr 28 cr 3 cos 
' n 2 2 

and 
= crl - cr sin 28 T 3 . 

2 

The values of crn and T and then plotted, and values of ~j 

cohesion ( ~ ) are determined. 

(2) 

(3) 

and 

Results of the multistage test are presented in Figure V.12. 

Figure V.12 shows the stress circles for the seven loading stages used 

during the test. The T and cr n 
were plotted on the stress circles 

and connected to form the stre.ngth envelope for the sawed surface. The 
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least squares method was used to compute the equation of the strength 

envelope as given below. 

T = 0.0 + 0.6322 cr 
n 

The equation yields a coefficient of friction of 32°30' and a cohesion 

of 0.0 psi. It is interesting to note that the coefficient of friction 

calculated from stresses on the sawed surface is nearly equal to the 

coefficient of friction obtained for the intact samples at a normal 
7 

stress level above 1000 psi. Similar results were reported for SSD 

intact rock and room-dry sawed and open natural joints. 

Presented in Figure V.13 are the failure envelopes representing 

the shale tested in triaxial and direct shear and the concrete on rock 

tested using the multistage triaxial test. 

Petrographic Examination Results 

Composition of Three Hand Sample~ 

They were composed of chlorite, clay-mica, and kaolinite as 

the clay minerals and quartz, plagioclase feldspar, and a little siderite 

(iron carbonate) as the nonclay minerals. While this rock is fine-grained, 

it is considerably coarser-grained than the black shale. 

Recommended Values for Structural Analvsis 

The structural analysis should consider rock type and bedrock 

structural features and backfill described herein. 
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Recommended Parameters 

Index Properties 
Drained Unit Weight, lb/ft3 

Wet Unit Weight, lb/ft3 

Moisture Content, pct 

Compressive Strength, psi 

Tensile Strength, psi 

Shear Strength, psi 
Intact 

Concrete on Rock : 

Modulus of -Elasticity -x 106 psi 

Poisson 1 s Ratio 

6 Shear Modulus x 10 psi 

Shale 

168.7 

2.14 

3960 

700 

c = 8.06 tsf 
r/J = 68°9' 

c = o.o 
r/J = 32°30' 

0.58 

0.18 

0.24 

V-8 

Concrete 
Original Newer Backfill 

150.0 

3640 

'l _t;. _,. v 

0.17 

1.55 

150.0 

4300 

5.11 

0.20 

135 
148 



! 

• • 
Table V.1 

Compression Test Results of Foundation Rock 

Wet Min Prin Max Prin Prin Stress Shear 
Unit Stress Stress Difference Modulus of Poisson's Modulus 

Hole Depth, Weight, 03 cr1 cr1 - cr3 Elasticity, Ratio from TX
6
Test Moisture 

No. ft lb/ft3 psi psi psi E, x 106 psi v G, x 10 psi Content 

M-7 30. 3-31. 2 168.4 
31.8-33.0 168.1 
33.0-34.2 170.4 

43.5 164.0 

M-8 34.2-35.1 0 --* 0.57 
35.2-36.3 168.6 
36.3-37.1 -770 0 -770 1. 78 

<: 
37.1-38.0 168.9 1000 6930 5930 0.57 0.26 0.21 

I 38.0-40.5 171.2 100 5750 5650 0.63 0.16 0.25 2.40 
\0 

5160 4660 2.64 40 .5-41.5 169.5 500 0.58 0.1 0.25 
43.2-44.6 168.0 0 4430 4430 
44.8-45.8 -620 0 -620 1.86 
47.8-48.7 170.0 

M-7 36.2-37.2 0 4240 424,0 0 .57 0.2 2.11 
42.5-43.5 0 3220 322,0 0.57 0.2 2.04 --. 

Avg 168.7 3960 0.58 0.18 0.24 2. l.!i 

* Test check specimen not taken to maximum stress. 
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SHEAR STRENGTH PAQAMETERS 
Mcn~i.111...im Qo•:;iduo.l ------- ---

ton r}= ----

• ~ f • 

' . ~ ' 

·-····. 

_, 1 · .. I 
' I ! • 
••I 

40 

Shn.,1· Dt.formo!-ion, 0.001 in. c .. ___ _ ___ tons/5'{, ft 

T~rJ No. 

~
···-=c-2 3 

~~-en_!>_i'.~.--._~_i0_c._u_f_t ____ -+-l -"'-d ~-1<2_3 )3 _I J(,~ ~ 1 ecB)+ -----i-------t------1 

t--W_o_t_cr ___ co_r_it_eri_~ _______ _:.i w _ J,,.7 % 1~7 .o/o l_.l_-~-~--'O-t _____ °A_o-t----
0-Yo-r-- o/o 

strr as, tons/ect H 
,__ 

Norm Cl I er 2.37 l~. 75 7u20 
Mo:i.:imurn tlii'.!ar stre'is, totl'l/~ ft "\~ 8.95 29.27 28.61 f ,____ 

Time to failure 1 rninutd t~ 10 J~5 2'~ 

Ru.idu.,'!.1 th1nr fitl"tn, torti/t~ ft Tr -· 
Jn:l tfol Diameter 1. InchP-s Do 5.8lf 5.E38 5o6G -·-·-- ~--

In it ir1l Heif:'ht, Jnchcs Ho 5.34 3.82 5.10 

Ocucripiion of mo~riol Nl-=J,'u111-tjro t: ho rd .sh:i le 
r I 

Iv'/-'/- I Ar~a 
-------~~----~----~--~-~~-' 

Bc-rinr) No. M- '/ Sample No. 
-ti.~PFtl-·so:-a -:;:;-3-z :1 Ft ~Da.-------
_1;_1 _2&5:_] fo ·11)!; ,-, 11:! 

-----------·---
/Vi- --1-.3 ?Oh. I- '/O,!--, 7 

DlR.ECT SHEAR TEST l<.EPOQ.T (ROCK) 
----~~~~~~~-~~~~~~--~~~~--::.~o~~ 

LJ11:EC:. T .Sf/Ell k'.. TE:5T k.;c0UL,, rs J SfJE.Cl/.-/C/V 5 
V-18 
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SHE./\Q. 5THE.NGTH PAQAMETE.RS 
~-~~i1i11Jr.!! Ro~idual 

tan s}c ----
Shear 0<;.formotion 1 0.001 m. c .. ------ ---- tons/sq_ ft 

Tcr.+ No. 

Wirt den!.'ity, lb/cu ft 111.2 

Watf.r content 

Normal stress 1 fons/11~ ft er., 2. 3'( lj. .' () I • ~~o 

Mai.:imum 1>hcar stress, ton~/r.q, ft ..__ "f 18.13 13. ?1 23.] 2 
Time to failuN, minutes tf 31 8 22 

Rct.id~"l th;zar t.t~n. ~/~ft 't"r --
Jnit:inl Diameter, Jnchen Do 5.92 5.e9 5,()13 

Initial Hefoht, Inches Ho Lf .00 lf. 911 3.9C>· 

Description of mofariol Mc?-di'urn - Z."'0 ~ ... horJ :sho/(! 

Qunar~s ~-,.------~-~ 1--P_ro~j_ec_t __ L_o_c_f_._~_._Lh_· _,.,_._,_.3 ___________ --i 
Sj.,;..:./rr.:.;, l'/o E/~r"a fto•J, fj 

/V/-7-4- 0'/6'.¢ -~"j,q./ Ar~a 

M-7-,!;, (//?.(;; -&:,tj7,3 Borinq No. /V/-'7 Sample No. 

f./i-7~4; 4'17.3 .i,'f7. 0 -5Cr1tii3e -:5-To3'f. r; f:t Da4 ----·--.--,-J.-c.i-·.;·-t
1
·__. 

_17_;,!__~~ fo 611.D .c 19 k1rCil _ 

DlflECT SHEAR. TEST REPOQT (ROCY..) 
, ........... _...... . . -

ltl!Ecr <HMR. TE':T keS'1...11.rs > S//€CtlvJE/\JS 4,,5 .;'1p' .., 
V-19 
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APPENDIX VI 

STABILITY ANALYSIS 

Introduction 

In the stability analysis the monoliths of the Locks and Dam 

were checked for adequacy against overturning, sliding, and excessive 

base pressures. 

In general, the stability study was done in accordance with the 

applicable portions of the following Engineer Manuals and Engineer Tech

nical Letters. 

a. EM 1110-2-2502, Retaining Walls. 

b. EM 1110-2-2602, Planning and Design of Navigation Lock Walls 
and Appurtenances. 

c. EM 1110-2-2607, Navigation Dam Masonry. 

d. ETL 1110-2-22, Design of Navigation Lock Gravity Walls. 

e. ETL 1110-2-184, Gravity Dam Design Stability. 

From a field survey and examination of Locks and Dam 3 and from an exami

nation of construction photographs, there were some apparent problems of 

structural instability. Compu~ations were made to give indications of how 

safe the monoliths are in relation to overturning, sliding, and base 

pressures. The sununary sheet and stability computations are given in 

Table VI·l and Figures VI.l through VI.21, respectively. 

Applied Loads 

The lock and dam monoliths were investigated for three case 

loadings unless it was apparent that certain cases were not critical. 

The three case loadings are: 

a. Normal operating condition: 

{l) Upper guide, land wall, and lower guide wall monoliths: 
The most critical loadings of upper pool, lower pool, 
and saturation level in backfill were taken from avail
able piezometer data. Also, dead load, uplift, tow 
impact, hawser pull, wind, and gate loads were used when 
applicable. Except where specifically indicated, tow 
impact is included in all calculations for normal 
operations. 

{2) Middle and river wall monoliths: Normal lower and 
upper pools, uplift, impact, hawser pull, wind, and 
gate loads as applicable were considered in this case. 

b. Maintenance or dewatered condition: Backfill, gate, dead 
loads, and uplift were considered. The saturation levels 
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in the backfill were taken to be the same as for the normal 
operating condition as described above. Impact, hawser pull, 
and wind loads were applied according to the situation. 

c. Flood condition: Some monoliths were checked for stability 
during maximum flood conditions until it seemed apparent 
that this was not the most critical loading condition. 

The standard procedure was to analyze two-dimensional sections 

of unit depth except for a three-dimensional analysis of monolith L-23. 

All sections were viewed from upstream looking downstream. Forces acting 

toward the right, .downward, and clockwise moments are considered 

positive. In all cases, the lower left-hand corner of the monolith was 

used as the center of moments. 

Approximations were necessary concerning several significant 

factors which affect the stability analysis; these approximations will be 

discussed below. 

The soil behind the land wall monoliths was higher or sloped 

higher than the monolith itself which creates a surcharge loading affecting 

horizontal and in some cases the vertical pressure acting on the monolith. 
I 

Both the vertical and horizontal pressures were calculated using average 

fill height. For sloping backfill, the average height used was that over 

the area for which the vertical pressure was calculated. The horizontal 

soil pressure was obtained using the average of the backfill surface of 

the top of the monolith and the height directly behind the monolith. 

In this case, with gravity walls supported on component rock, 

the "at-rest" pressure coefficient is used as the coefficient of hori

zontal pressure. A lower bound coefficient of at-rest pressure was used. 

At the outset of the investigation, at-rest coefficients between the values 

of 0.5 and 0.8 were considered. Monolith L-55 was chosen to apply a range 

of at-rest coefficients using 0.5 as minimum and 0.8 as a maximum. It was 

found that 0.5 produced a sliding safety factor that was unacceptable and, 

therefore, concluded that a factor of 0.8 would produce a more unacceptable 

value. 
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The random backfill was mainly noncohesive which made obtaining 

an intact sample virtually impossible. Tests on a remolded sample for 
II II . at-rest pressure coefficients would not be reliable. This is partially 

true because of large pieces of rock in the fill, the effect of which 

would be hard to determine in any reasonable size test sample. The only 

way to get experimental values would be to make a number of tests at the 

lock and dam site using the actual backfill material. The scope of this 

work in time and/or funding was not such that .this type of testing was 

possible. On this basis, it was decided to estimate a lower bound value 

as follows. This lower bound was obtained by considering the value for 

sand from dense to loosely compacted as 0.45 to 0.55; for silt, 0.6; and 

for clay, from 0.7 to 1.0. The backfill at Locks and Dam 3 contains a 

substantial amount of clay. It is reasonable, therefore, to use a lower 

bound at-rest earth coefficient of 0.5. 'Also, considering that the back

fill slopes upwards which tends to increase any horizontal pressure co

efficient, it would be unreasonable to use a lower bound value less than 0.5. 

From EM 1110-2-250J, it was concluded that the magnitude of 

horizontal soil force on the landside of the monolith can be computed by 

using a linear distribution of earth pressure. The location of the 

resultant horizontal soil force will not be at the centroid of this linear 

pressure distribution, but will be somewhat higher. The resultant loca

tion used was as suggested in the above Engineer Manual considering walls 

supported on rock foundations: 

a, O, 38H above .the base for horizontal or downward sloping 
backfill. 

b. 0.45H above the base for upward sloping backfill.. 

As stated in the case loadings, the saturation level in the back

fill was used as the most critical from available piezometer data. The 

worst combination from available data (over approximately a year period) 

of pool and saturation levels were taken because it is a fact that the 

monoliths had to resist this particular combination of loads; whereas, 

we do not know what saturation level corresponds to normal upper and 

lower pool elevations. This loading may not be the most critical because 

it was obtained from measurements taken over approximately a year and, 
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during this short span of time, it could not be the worst loading to 

which the monoliths will ever be subjected. In some cases the normal 

design criteria for saturation levels give results which are a lot more 

critical than those given by the piezometer data. There was really no way 

of knowing whether the reality was closer to the available data or to 

normal design criteria; available data were used giving less severe con

ditions in many cases. The saturation levels used are not on the safe 

side because the locks are overtopped which sa~urates the backfill and 

' in many cases the pool levels drop fast leaving high saturation levels in 

the backfill. This results in maximum horizontal thrust toward the river 

even more than the normal design criteria for saturation levels. When 

piezometer readings were not located close to the monolith being considered, 

the saturation level was interpolated between piezometer locations. 

Boat impact loads were applied on the basis of design loads 

used for locks previously constructed with considerations given in 

EM 1110-2-2602. The loads which were used are: 

a. Lock chamber wails: 800 lb/ft but not less than 
40,000 lb per monolith. 

b, Other walls: 2500 lb/ft but not less than 120,000 lb 
per monolith. 

The boat impact was considered as acting 5 ft above the waterline and was 

combined with the most severe normal loading conditions. 

A hawser pull of 24,000 lb was applied 5 ft above pool height 

and was considered distributed over a monolith length of about 30 ft. 

When considering gate load, hawser pull, impact loads, etc., 

which act on a localized area of the monolith, the loads were distributed 

on a per foot basis for the two-dimensional stability but is not as accurate 

when considering stress because of localized stresses which may become 

critical in certain cases. 

Ice loads would make some case loadings more critical. 
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Design Criteria 

The monoliths were checked for overturning by considering where 

the resultant intersected the monolith base. 

Resistance to overturning was considered adequate if the resultant 

fell outside the kern but within the middle half of the base for normal 

operation cases using "at-rest" earth pressure coefficients. The resultant 

for the extreme maintenance and for maximum flood conditions using "at 

rest'' earth pressures was considered adequate if it fell outside the kern 

but within the middle two-thirds of the base. 

The criteria for determining resistance to sliding is given in 

ETL 1110-2-184 and the safety factors are listed in ETL 1110-2-22. 

The unit weight of concrete, drained backfill material, and 

submerged backfill material was used as 150 lb/cu ft, 135 lb/cu ft, and 

148 lb/cu ft, respectively. Actually, the unit weight of the concrete 

is a little lower than 150 lb/ cu ft which makes the stability computations 

not quite as critical as would have been if we had used its actual unit 

weight. 

There is no problem in engineering concepts if the total base 

pressure is compressive because for massive-rigid structures it can be 
P Mc . obtained rather accurately by f = A± J: considering the total 

area of the base. The problem arises when the monolith just rests on a 

foundation and part of the base is in tension, which in reality cannot 

exist. If the total base is used in the analysis when part of the area 

is noneffective (shows tension), the equilibrium equations are not even 

satisfied', The way to determine the base pressures is to consider only 

the effective part of the monolith base--that which is in compression. 

This will be done and the effective area is derived below. 

Consider the resultant force 
I 

of the monolith and solve the equation 

equals zero, 
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"x" distance from the left toe 
P Mc 

f = A - y- when the stress (f) 



-x +-x 

p Mc 
0 _y_- -= 

A I 

p d p d 
(- - x) 2 J.. 2 y 

0 = d d3 
12 

solving d = 3 x valid for b > d > o. 
I 

The above derivation is for a two-dimentional section with a 

unit dep~h of 1 ft. The stress is then: 

(P ) (x) = f ( 3 x) (!) (3 x) 
y 2 3 

2 p 
f = - J_ 

3 x 

If the resultant falls outside the base, the monolith should begin over

turning. By conventional design, the resultant falls outside the base 

for many monoliths at Locks and Dam 3. This is in reality not the case 

because the monoliths are in relatively good alignment except for the 

upper guard wall and the abutment which are not the main considerations 

in point. In more than 70 years, most monoliths have not showed excessive 

settlement or misalignment; therefore, the resultant of all forces acting 

on them must fall within the base. This means that the conventional analysis 

is not considering some factor or factors. These factors are probably 

ones which are not dependable enough at this point of study to be justified 

in good engineering design. For example, such factors could be: 

a. The force required to shear a failure wedge from behind 
the monolith as would have to happen for tilting of the 
monolith to begin. 
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b. The degree of uplift, which we are using in the design, 
may be greater than the actual situation. 

c. A refinement in parameters and calculation methods is 
needed to more accurately obtain a horizontal soil force 
against the monoliths. 

There is no criteria for calculating pressures when the resultant 

falls outside the base; all the pressure would be on the toe of the monolith 

giving large pressures; therefore, a value of 00 is.given for these base 

pressures in Table VI.I. The base pressures which can be calculated by 

normal conventional design, compare relatively well with those calculated 

near the base in the finite element analysis. The above is supplemental 

information for stability considerations and makes no analysis or conclu

sion concerning the monoliths at Locks and Dam 3. The analysis and con

clusions are given in Section VI. 
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TABLE VI.l 

Summary of Stability Analysis Results 

Distance From 
River Toe of Hon-
olith to Where 

Resultant Inter-
sects 'Monolith Sliding Safety 

Base, ft Factor Foundation 
Minimur.1 Minimum Pressure, k/sf 

··---
Monolith Cases Considered Allowable Actual Allowable Actual Allowable f..,: :-ual --------

L-18 Normal Operation 2.50 0.87 4 1.26 20 19.31 
Nor~al Operating Neglecting Impact 2.50 -2.82 4 0.92 20 00 

Flood Condition 1.67 -1.09 4 1.09 20 '" 

L-23 Normal Operation :;;10.00 19.93 4 3.41 20 . 28.00 
Hai.ntenan.c.e. Co.nd.i t ion :::-10 .. 00 18-. 02 2--2/3 2;04 20- 31:00 

<: 
H 
I L-32 Normal Operation 8.25 9.30 4 2.23 20 S.99 '° Normal Operation Neglecting Impact 8.25 9.03 4 2, 13 20 6.17 

Maintenance Condition 5,50 7,55 2-2/3 1. 78 20 7 • 0!1 

L-32 Normal Operation 3.75 0.28 4 - 1.43 20 13!,. 05 
w/c.o':'.- Non~al Operation Neglecting Impact 3.75 0.96 4 1.50 20 39. 10 
st ruction Naintenance 2.50 0.97 2-2/3 1.27 20 49 .. ~s 
joints 

L-37 Nornal Operation 7.50 10.69 4 2. 72 20 4.83 
:Maintenance Condition 5.00 8.82 2-2/3 . 1. 74 20 7.00 

L-42 Normal Operation 0,50 0.11 4 5.74 20 l GI+. 00 
Non01al Operation Neglecting Impact 0.56 5.4L1 4 4.10 20 510,1)() 
Haintenance Condition 0,38 -1. Gl1 2-2/3 1.21 20 cc 

L-46 Nor~al Operation. 1..81 -1. 22 4 2. 71 20 00 

1\ormal Operation Neglecting Impact l. 81 0.11+ 4 3.44 20 1 76 .·OO 
~1aintenance Condition l. 21 -2.19 ·2-2/3 1.20 20 00 

(Continued) 
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TABLE VI.l (Continued) 

·- .. --·-- ·-· ...... 

Distance From 
River Toe of Mon-
olith to Where 
Rec~ltant Inter-
sects Monolith Sliding Safety 

Base, ft Factor Foundation 
Minimum Minimum Pressure 1 k/sf 

~fonolith Cases Considered Allowable Actual Allowable Actual Allowable Actual 

L-55 Nonnal Operation K.,.. = 0.5 3.25 -2.25 4 2.05 20 co 

Norr.:al Operation Negl~cting Impact 3.25 -3.39 4 1. 89 20 co 

Normal Operation K = 0.8 3.25 -7.61 4 1. 30 20 00 

Normal Operation Neglecting Imp.act 3.25 -8.76 4 1.24 20 co 

Normal Operation KA = 0.33 3.25 o. 78 4 3.04 20. 37.26 
Normal Operation Neglecting Impact 3.25 -0.37 4 2.70 20 co 

< Flood Condition Kr-= o.-s ('\ _, ~ -2.09 4 " _,. I'_\ 20 co 
H L.. l. / L.. 0"' 
I Flood Condition Kr = 0.8 2.17 -7.29 ·4 1.63 20 co I-' 

0 Flood Condition KA = 0.33 2.17 0.83 4 3.96 20 26.10 

L-55 Normal Operation o. 50 -5.?.2 4 1. 29 . 20 Ol 

Normal Operation Neglecting Impact 0.50 -0.92 4 1. 97 20 co 

Maintenance Condition 0.33 -8. 78 2-2/3 0.92 20 co 

' 

M-2 Normal Operation 6.67 10.12 4 64.13 20 3 .13 
Normal Operation Neglecting Impact 6.67 10.51 4 192.40 20 3.48 
Maintenance Condition 5.00 6.93 ·2-2/3 2.17 20 6.70 
Maintenance Condition Neglecting Impact 5.00 7.28 2-2/3 2.30 20 6.34 

M-6 Normal Operation 6.67 ~.94 4 13. 90 20 5.39 
Maintenance Condition 5.00 13.95 2-2/3 7.81 20 6.86 

M-15 Normal.Operation 6.67 14.42 4 2.25 20 7.58 
Normal Operation Neglecting Impact 6.67 14.79 4 2.13 20 7.94 
Maintenance Condition 5.00 7.62 2-2/3 2.17 20 6.05 

•· (Continued) 
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\ TABLE VI.l (Continued) 

Monolith 

M-20 

M-25 

Cases Considered 

Normal Operation 
Flood Condition 
Maintenance Condition 

Normal Operation 
Normal Operation Neglecting Impact 
Maintenance Co-r).ditiorr 
Maintena!lce Condition Neglecting Impact 

R-2 Normal Operation Section AA 
i 

Nopnal Operation Neglecting Impact 
Normal Operation Section BB 
Nobnal Operatiop Neglecting Impact 
Normal Qperation Section CC 
Normal Operation Neglecting Impact 
Flood Condition Section AA 
Flood Condition Section BB 
Flood Condition Section CC 

R-12* Normal Operation 
Normal Operation Neglecting Impact 
Maintenance Condition 

Distance From 
River Toe of Hon
oli th to Where 
Res~lt~nt Inter-
sects Honolith 

Base, ft 
Minimum 

Allowable Actual 

5.33 5.29 
4.00 8.13 
4.00 9 .15 

\, 

6.00 6.95 
6.00 6.59 
4. 5-0. 10~07 
4.50 9.74 

3.33 3.80 
3.33 4.89 
3.33 2.69 
3.33 4.77 
4.83 4.77 
4.83 7.05 
2.50 s.oo 
2.50 5.00 
3.62 7.36 

6.67 9.50 
6.67 '9 .83 
5.00 15.14 

. 

Sliding Safety 
Factor 

Minimum 
Allowable Actual 

4 5.1 
4 00 

2-2/3 6.56 

. 4i 9.03 
4 8.30 

2.;..2/3 9~00 
2-2/3 9.83 

4 2.94 
4 27.40 
4 .,.. 3.74 
.4 34.93 
4 6.11 
4 57 .oo 
4 00 

4 00 

4 (X) 

4 33.18 
4 99.55 

2-2/3 0.70 

• 

Foundation 
P:::-essure, k/sf 

Allowable Ac tu:il 

20 
20 
20 

20 
20 
20 
20 

20 
20 
20 
20 
20 
20 
20 
20 
20 

20 
20 
20 

. 

5.65 
2 .1~2 
4.94 

5.10 
5.46 

. 3;48 
4.24 

24.18 
14.99 

939.93 
170.01 

23.68 
17.63 

8.62 
61.13 
13.86 

4.27 
3.90 

12.22 

* Borehole M-1 shows coal at the monolith base. Sliding factors of safety were calculated using lower 
bound values of ~ = 15° and C = QO • 

~· . (Continued) 
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~·fonolith Cases Considered 

R-15 Normal Operation 

R-21 

Normal 6pe-ration Negle-cting Impact 
Maintenance Condition 

Normal Operation 

TABLE 

Normal Operation Neglecting tmpact 
Maintenance Condition 

R-23 Normal O?eration 
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- -- ···-·· ····-

Distance From 
River Toe of Mon-
olith to i\There 

Resultant Inter-
. sects Monolith Sliding Safety 
___y,asc, ft Factor 

l'{inimum }1inimum 
Allowable Actual Allowable Actual 

6.00 14.79 4 2.46 
6.00 -1.5. 55 4 'J 'Jl, 

W • M""T 

4.50 17.06 2-2/3 1. 25 
" 

6.00 6.69 4' 2.19 
6.00 7;.62 4 2.39 
4.50 14.10 2.:.213 2.23 

6.67 4.63 4 2.39 
6.67 5.17 4 2.53 
5.00 12.46 2-2/3 - 1.96 

\ 

• ·' 

Foundation 
Pressure 2 

1< 1~ f ~ .. ' ~ 
Allow.:ible AL'.tual ----

20 11.61 
20 15.21 
20 47.52 

20 5.17 
20 4.27 
20 '11.68 

20 7.99 
20 7.16 
20 5.08 
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Introduction 

Plates which are mentioned (Section VII) but would distract 

from an efficient review of the stress analysis of selected monoliths 

at locks 3 are presented in this Appendix • 
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Figure VII. G. Example problem-displacement vector component plot, 
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Figure VII.8. Displacement component vector plot; upper guide wall, 
monolith 1-18 
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Figure VII.14. Grid-middle wall, lock chamber monolith, M-6 (structure 
only). Basic grid dimensions are l' x l' 
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Figure VII.16. Grid-Eiddle wall, lock char::iber monolith, M-6 (structure 
plus first addition plus second addition). Basic grid divisions are 

l' x l' 

Figure VII.16. 1'}1c;,; Vll.18 




