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PREFACE

The stability analysis of Marseilles Dam was performed in 1979

for the U. S. Army Engineer District, Chicago, by the Structures Labora-

tory (SL) of the U. S. Army Engineer Waterways Experiment Station (WES).

The contract was monitored by Messrs. Ignas Juzenas and

George Sanborn. Their interest and help was greatly appreciated.

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

W. J. Flathau, and J. M. Scanlon, SL. The structural analysis was per-

formed by Dr. C. E. Pace, Messrs. R. L. Campbell and E. F. O'Neil, and

SP5 John Z. Oak. The material properties were obtained by Mr. R. L. Stowe

and WES Soils and Pavements Laboratory. The report was prepared by

Dr. Pace and Mr. Campbell.

The Commanders and Directors of WES during the conduct of this

test program and the preparation and publication of this report were

COL John L. Cannon, CE, and COL Nelson P. Conover, CE. Mr. F. R. Brown

was Technical Director.
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CONVERSION FACTORS, INCH-POUND TO METRIC (SI)
UNITS OF MEASUREMENT

Inch-pound units of measurement used in this report can be converted

to metric (SI) units as follows:

Multiply by To Obtain

feet 0.3048 metres

inches 0.0254 metres

kips (force) per 47.88026 kilopascals

square foot

miles (U. S. statute) 1.6093 kilometres

pounds (force) 4.448222 newtons

pounds (mass) 0.4535924 kilograms

pounds (mass) per 16.01846 kilograms per

cubic foot cubic metre

pounds (force) per 0.006894757 megapascals
square inch

tons (force) per 0.009576052 megapascals
square foot

3
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STABILITY AND STRESS ANALYSES, MARSEILLES DAM,

ILLINOIS WATERWAY

PART I: INTRODUCTION

Background

1. The Marseilles Dam is on the Illinois Waterway near Marseilles,

Ill., which is about 60 miles* southeast of Chicago. Previously

published reports by the U. S. Army Engineer District, Chicago (1973a,

b, and c), present the overall view and sections of the dam. The mate-

rial properties of the concrete and foundation are described by Stowe

(1979).

2. Even though the Marseilles structures have been in service

for a long time, it is important that they be examined to view their

present condition in relation to present-day criteria to assure contin-

ued structural adequacy. If the design of the structure is judged to be V
inadequate or if the deterioration of the structure causes inadequacies,

feasible modifications must be made.

Stability Analysis

3. One of the main considerations for structural adequacy of a

dam is the stability of its various monoliths when subjected to possible

loading conditions. Stability studies involve the analyses of selected

monoliths to determine if they have adequate resistance against overturn-

ing, sliding, and base pressures.

Overturning

4. The adequacy of the structure to resist overturning can be

judged by the location of the resultant with respect to the base of the

A table of factors for converting inch-pound units of measurement to
metric (SI) units is presented on page 3.
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section where stability is being considered within the dam, at the base-

foundation interface, or at a plane or combination of planes below the

base. In general, the gravity sections where stability against -verturn-

ing is being considered are required to have the resultant of applied

loads fall within the kern of the base of the section being analyzed.

However, for operating conditions with earthquake, the resultant may

fall outside of the kern, but within the base, as long as allowable

foundation stresses are not exceeded.

5. The percent effective base (percent of the base which is in

compression) is a good way of representing where the resultant falls in

a rectangular based section. It is a good guide for representing over-

turning resistance for any shape base. An example for a rectangular

base follc-s:

Percent Effective Base Resultant Location Within Base

100 Within middle third or in kern area
75 At a quarter point of base
50 At a sixth point of base

Sliding

6. Sliding resistance of a monolith is calculated by choosing a

trial failure plane or combination of planes and calculating the resis-

tance along that path. The resistance may be composed of several types.

The sliding resistance due to friction and cohesion of the surface be-

tween the monolith and its foundation is calculated by the shear-friction

formula given in ETL 1110-2-184 (Department of the Army, Office, Chief

of Engineers, 1974). However, the formula in this ETL is inadequate for

evaluating structural sliding on inclined planes. The sliding resistance

due to all or any part of the failure plane extending through either the

concrete monolith or the foundation is calculated from the shearing

strength of the material acting over the length in which shearing occurs.

7. In general, a shear-friction safety factor of 4 is required

for all conditions of loading where earthquake is not considered and is

2-2/3 for loading conditions considering earthquake. In discussions

5



with the Office, Chief of Engineers, it was concluded that the following

safety factors for sliding would be adequate.

Minimum Value for
Condition Safety Factor

a. Use angle of internal friction corre- 1.5
sponding to the shear resistance of pre-
cut concrete-on-rock, reliable strut
sistance, no key resistance, and no
cohesion.

b. Condition "a" for earthquake loading. 1.15

c. Use angle of internal friction associ- 4
ated with the shear resistance of con-
crete cast on foundation rock, plus key
resistance, plus cohesion, and plus
reliable strut resistance.

d. Condition "c" for earthquake loading. 2-2/3

From the above, the criteria using safety factors of 1.5 and 1.15 will

be considered only if the criteria using safety factors of 4 and 2-2/3

are exceeded.

Base pressure

8. The water pressure used to assure adequate design against

earthquake was obtained as described in EM 1110-2-2200 (Department of

the Army, Office, Chief of Engineers, 1958) (Westergaard Theory).

9. The base pressures are the sum of the contact and uplift pres-

sures on the concrete-foundation interface.

Stress Analysis

10. The results of a three-dimensional stress analysis are needed

to determine if there is any overstress in the concrete monolith or

foundation due to correcting overturning deficiency by posttensioning

the monolith to the foundation.

6



Objective

11. The objective of this study was to analyze the monoliths of

the Marseilles Dam to see if they meet present-day stability require-

ments. If present-day criteria were not met, corrective measures were

to be recommended.

i7
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PART III: STABII.ITY ANALYSIS

Tainter Gate Monolith

Stress in keys between
pier and spillway

12. The typical geometry of the tainter gate monolith of Marseilles

Dam is shown in Figure Al. The construction of the tainter gate mono-

lith is such that the pier extends down to the foundation and is only

connected to the overflow section by concrete keys.

13. The tainter gate monolith pier and spillway were analyzed for

stability for the following loadings:

a. Normal operation.

b. Normal operation with ice.

c. Normal operation with earthquake.

d. Flood condition.

14. The first consideration concerning the stability of the tainter

gate monolith is whether or not the concrete keys allow a significant

transfer of shears and moments between the pier and overflow section in

order that they can be considered monolithic. If the keys are stressed

above the allowable limits, they will have to be considered ineffective

and the pier and overflow sections analyzed independently for adequacy

in stability. The calculations for approximate shear stress in the keys

are given in Figures A2 and A3.

15. To determine the shear stress in the keys, the following as-

sumptions were made:

a. Keys are not sheared.

b. The pier and spillway act as a unit resulting in no dif-
ferential settlement between them.

C. The strains under the pier and spillway are equal at a
common point.

Using these assumptions, the shear force (AV) and its moment arm about

the center of gravity of the base were determined by setting the base

pressures equal for common points between the pier and spillway. The

shear force (AV) and its associated torque (AM) were transferred to the

8



centroid of the keys, and the average maximum shear stress in the out-

side key was calculated as that produced by direct shear, plus the shear

created by the torsion.

16. The maximum average shear stress on the downstream key was

calculated to be 708 psi for the normal operation and 955 psi for normal

operation with ice.

17. The shear stress produced in the keys is also increased by

the applied horizontal forces. The contribution of the shear stress

due to the horizontal forces is not calculated because that contributed

by the vertical forces is already excessive. An allowable shear stress

of 1.1 Vr' = 1.1 v9998 = 110 psi is used. At this point it is seen
C

that the keys cannot be depended upon to cause the pier and spillway

sections to act monolithic. The stability analysis must then be per-

formed for the pier and spillway as if they act independently.

Stability analysis of pier

18. A summary of the stability analysis results of the pier is

presented in Table Al.

19. The analysis of the rtability of the pier alone is presented

in Figures A4-A7. The adequacy of the stability of the pier alone will

be determined by its sufficiency in resistance to overturning, sliding,

and base pressures.

20. The first trial solution for overturning of the pier was to

determine whether the total base is in compression under the given

operating condition. These calculations are necessary to determine if

some area of the base is not in compression, thereby causing full uplift

to exist under the noncompressive area. The pier is inadequate in its

resistance to overturning. The tainter gate piers have to be postten-

sioned to the foundations to meet present-day criteria against overturn-

ing. The general details of the posttensioning are presented in Figure

A8. The posttensioning force needed is 602 kips per pier and is pro-

posed to be accomplished by six posttensioning holes per pier located

as shown in Figure A8. The design calculations for posttensioning are

given in Figure A9. After the piers are posttensioned to the founda-

tion, they will have adequate resistance against overturning.

9
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21. For anchoring the posttensioning tendons, it is recommended

that a grout having a three-day compressive strength of 5000 psi be used.

To surround the tendons inside the concrete pier, a cement-based grout

should be used to bond the tendon and protect it against corrosion.

This grouting should be done only after there is negligible additional

loss of prestress with time.

22. The resistance to sliding was evaluated in relation to the

criteria presented in paragraph 7. There were several possible failure

planes and conditions considered for adequacy of the structure against

sliding.

23. The shear resistance was calculated for (a) a clayey seam,

(b) an open bedding plane, and (c) precut, concrete-on-rock to determine

which governed for sliding at or just below the concrete foundation inter-

face. For all cases, the precut, concrete-on-rock governed the sliding

resistance of the pier, as presented in Figure A10.

24. The strut resistance against sliding for both the concrete

and the foundation was computed and compared to determine which offered

the least resistance. For all loadings the foundation strut governed

(see Figure All).

25. Two approaches were used to evaluate sliding factors of

safety for the pier. The first (lower bound value) used the sliding

resistance as the precut, concrete-on-rock under the pier and apron plus

the shear resistance of the foundation strut along an open bedding plane.

In this case the shear resistance of the key was neglected. This ap-

proach required a factor of safety of 1.15 for normal operation with

earthquake and 1.5 for the other load cases.

26. The second approach used the sliding resistance as concrete

cast on foundation rock under the pier and apron, plus the shear resis-

tance of the foundation strut along an open bedding plane, plus the shear

resistance of the key. This required a factor of safety of 2-2/3 for

normal operation plus earthquake and 4.0 for the other load cases.

27. The factor of safety against sliding for all loadings was

adequate. There is significant scour at various locations along the

toe of the stilling basin, therefore, maintenance needs to be performed

10



on this scour to eliminate it and assure that it does not continue to

cause problems in the future. Using shear strengths of precut, concrete-

on-rock, and strut action assuming an open bedding plane and no key re-

sistance, the safety factors against sliding are 2.91 for normal opera-

tion, 2.28 for normal operation with earthquake, and 1.35 for normal

operation with ice. The only condition of concern is when the strut

action is ineffective for normal operation with ice, which produces a

safety factor of 0.85. For this and to eliminate future maintenance

problems, it is desirable to perform corrective maintenance to eliminate

the scour at the downstream end of the stilling basin.

28. The bearing pressures were within allowable values

(unconfined compressive strength . 77.8 ksf)

at the structure and foundation interface. There is a weaker stratum

in the foundation at approximately 18 ft below the structure-foundation

interface. The allowable foundation pressure

uc-
ti = 15.48 kst)

is exceeded before the piers are prestressed to the foundation but is

not exceeded for this weaker stratum after posttensioning. The calcula-

tions of foundation stresses at 18 ft below structure are presented in

Figure A12.

Stability analysis ofpil 1lwy

29. A summary of the stability analysis of the spillway is pre-

sented in Table A2. The detailed calculations of this analysis are pre-

sented in Figures A13-A16.

30. The resistance against overturning of the spillway is con-

sidered adequate, as the resul tant for each loading falls within the

kern area of the base resulting in 100 percent of the base being in

compression.

111



31. The sliding resistance along a clayey seam and open bedding

plane of the foundation was computed and compared to the residual-shear

resistance of the concrete on rock. For all loadings the residual re-

sistance governed. This comparison is presented in Figure A17. The

sliding factor of safety was computed for both residual-shear resistance

of concrete on rock and shear resistance of the natural joint between

the concrete and the foundation rock. The resistance for each was com-

pared with the allowables presented in paragraph 7 and thereby deter-

mined to be adequate. The shear resistance of the key and strut was

not needed to determine adequacy against sliding and therefore was ne-

glected in these calculations.

32. The bearing pressures at the spillway and foundation inter-

face were well within the allowable. The allowable bearing pressure at

the interface was determined to be 77.8 ksf using the unconfined com-

pressive strength of 311 ksf from laboratory tests and a safety factor

of 4. It was not necessary to check the bearing pressure at interface

between the two different foundation materials as the bearing of the

pier was reater than that of the spillway and it governed.

Ice Chute Monolith

33. Calculations and a discussion concluding that the ice chute

stability was adequate were published by the Chicago District (1973b).

These conclusions were verified; therefore, the stability of the ice

chute is adequate.

12



PART III: STRESS ANALYSIS

Pier

Stress in pier at*
el 480.33 and 469

34. Conventional stress analysis was used to determine the stresses

in the concrete due to uniaxial and biaxial bending for normal operation

with ice, before and after prestressing. Details of the stress analysis

for sections at el 480.33 and 469 are presented in Figures A18-A21. In

the biaxial analysis, bending is caused by one gate being out of the

water while the other is still loaded.

35. The maximum stress values at these elevations are presented

below. Before posttensioning, the piers are inadequate because of ten-

sile stresses. After posttensioning, the piers do not have any tensile

stress and are therefore adequate.

Post- Maximum Tensile Maximum Compressive

Elevation Bending tension Stress, psi Stress, psi

480.33 Uniaxial Before -11.60 33.82

After None 26.60

480.33 Biaxial Before -16.32 42.71
After None 35.35

469.00 Uniaxial Before -21.32 62.99
After None 55.28

469.00 Biaxial Before -20.56 66.11
After None 53.82

Bearing stresses in pier directly
beneath applied posttensioned force

36. Bearing stresses in the pier directly beneath the applied

posttensioning force were limited to the allowable of 0.375f' through
c

the posttensioned bearing plate design. Therefore, no overstress in

All elevations (el) cited herein are in feet referred to mean sea
level (msl).
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bearing exists in the pier due to the applied posttensioning. For this

location in the pier, the compressive strength of the concrete (fW) is
c

8767 psi with an allowable bearing stress of 3288 psi. This design is

presented in Figure A9. t

Pier Foundation

Finite-element stress program [
37. Introduction. A finite-element structural analysis program

(SAP V) was used to compute the stresses in the foundation due to post-

tensioned loading. This program was designed and programmed to be an

effective and efficient computer program for analyzing very large, com-

plex three-dimensional structural systems with no loss of efficiency in

the solution of small problems. Twelve structural element types were

included to increase the usability and flexibility of the program.

38. The capacity of the program is controlled by an "A" array

containing 10,000 double precision words of storage. The size of this

array can be changed to increase the capacity of the program by increas-

ing the value of "MTOT1" in a routine labeled SAP V of the program.

39. Input. Each node in the system is described by a location

and a set of boundary conditions. The location is input as either

cartesian (x, y, z) or cylindrical (r, z, 0) coordinates. Tho boundary

conditions are defined by three translations and three rotations.

40. Each element in the system is described by a set of nodes

and a material type. Other element input includes material properties

such as Young's modulus of elasticity, weight density, coefficient of

thermal expansion, Poisson's ratio, and shear modulus.

41. Undeformed or deformed finite-element grids can be obtained

directly from SAP V; at present, capabilities do not exist to directly

plot stress by SAP V. If stress plots are desired, a way to plot them

must be devised and the maximum and minimum stresses will have to be

calculated as well as plotted.

14



42. Structural loadings are input as nodal and element loads.

The nodal loads are applied as forces and moments. The element loads

include thermal, gravity, and hydrostatic loadings. r"

43. Output. The solution output includes displacements and rota-

tions for each unrestrained node and normal and shearing stresses at se- V
lected points for each element. The output units are the same as the

input units.

Finite-element grid

44. A two-dimensional axisymmetric finite-element analysis was

used to compute the stresses in the foundation. In this analysis a

25-ft depth of foundation was used with the prestress force being ap-

plied at the key foundation interface. The foundation was subdivided

into two foundation materials and a hole was added for a posttensioned

grouted anchor. The depth of the hole was limited to 20 ft due to the

poor bond strength of the lower foundation material. The finite-element

grid for this analysis is presented in Figure A22.

45. It was later determined that the posttensioning would not be

placed through the key. Therefore, it was assumed that the 6 ft of

foundation between the base of the structure and the bottom of key was

the same as material 1 directly beneath the key. This resulted in the

depth of material 1 being increased from 12 ft to 18 ft. The 18-ft

depth was used in computing the required bond length for anchoring the

structure to the foundation. It was not necessary to perform the finite-

element analysis again as the increase in depth of material 1 would in-

crease the volume and thereby increase the overall strength of the

foundation and reduce stresses.

46. The bond strength for lower foundation material is 31.4 psi

and is approximately one-seventh of that for the top material. As the

maximum capacity of the 20-ft hole in bond is 150 kips, the required

bond strength for the 100.3-kip working force is adequate. The maximum

posttensioned force calculations are presented in Figure A9.

15



I.

Stresses in the grout
surrounding posttensioning cable

47. The posttensioned load for a single location was the only

loading applied to the foundation for the finite-element analysis. The

plotted stress results for an applied working force of 100.3 kips are

presented in Figure A23. These data show the stresses in the grout to

be 56-psi tension at the foundation surface and 23-psi tension at a

depth of 5 ft.

48. After applying the overburden stresses due to bearing pres-

sures and the overlap stresses from adjacent posttensioning, the net

stresses in the grout were 46-psi tension at the foundation surface and

8-psi tension at a depth of 5 ft. At a depth of 10 ft the net stress

in the grout was 4-psi compression. Even with a conservative compres-

sive strength of 5000 psi and the allowable tensile stress of 0.01 f'
c

50 psi, the allowable exceeds the above tensile values for the grout.

Therefore, it can be concluded that no overstress in tension exists in

the grout due to the applied posttensioning.

Stresses in the foundation

49. The stresses in the foundation due to the applied working

force were also presented in Figure A23. For posttensioning loads of

a 100.3-kip working force and a 148.9-kip maximum temporary force, over-

burden and overlap stresses were included in the calculations for the

net stresses at 3.33 in. from the applied loading. This is presented

in Table A3 and Figure A24.

50. The 100.3-kip working force resulted in the only tensile

stress in the foundation. This net tensile stress is only 0.1 psi and

is located at the foundation surface 3.33 in. from the applied load.

As this stress is negligible, no overstress in tension exists in the

foundation due to the applied posttensioning.
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