
AO—A06’e 811 ARMY ENGINEER WATERWAYS EXPERIMENT STATION VICKSBURG MISS FIG 8/8
STABILITY AND STRESS ANALYSES OF BRANDON ROAD DAM. ILLINOIS WAT——ETCCU )
DEC 18 C E PACE. P L CAMPBELL

UNCLASSIFIED WES—MP—C—7 8—18~ NL

ADA
09481! 

-n L-~~I

_________ •nuu



-. ~~~~~~~~~-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _

~I~~
IJ 

MIS~&LLAt4~OUS PAPER C.73.18

STABILITY AND STRESS ANALYSES OF
BRANDON ROAD DAM, ILLINOIS WATERWAY

I’,,

Ciii E. Pie., Roy L Compb.H

Concmt. L.borWcoiy
U. S. Army Engrne.r Watmways Exp.nm nt Sbtion

P.O. Box 631, Vtck.burg, M~u~ 39180

I D.cualsr I~~8

C-,

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.

. .
. C

~
:‘• 

~~~~~~ 
—
~ 

JI~~ FEB I$ ]s19
!~ ~~~T QtIRL!?Y PR ACT! C*B~~~OOVT F i1*4tST!~~ TO ~DC ~C~ TAI!1~D A

*~ 
.• ~2t71I1ICA~ T ~~~~~ 03 F~~~~ W~1~ I DO 10?

79 O~ O~~~~~~ , i



_ _ _  - - - .  -

- - ‘&~~d,
• f r i

r~

II
Dutroy this rsport wh.n no Iong.r nud.d Do not rotum

It to ho oiigiutor.

i~

~~~~A :

• ~- ~~~~~

I’

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _____ _________ ____________________________



p -- . - -~ t

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
I

1. REPORT NUMBER 2. GOVT ACCESSION NO 3. RECIPI EN l” S CATALOG NUMB ER

Miscellaneous Paper C—78—18 ‘

4. TITLE ( i d  SubSiSt.) 5. TYPE OP REPORT & PERIOD COVERED

..~~TABI LITY AND STRES S MIALYSES OF ~ RAN DON RO~~~j J ~ ~ /~~
nal rel~~t I

ThAM , I L L I N O I S  jATERWAI’. 
~~

. — ~~. ~~ u~~~ING ~~~~~ d~JI..JIT NUMBER

7. AtS1HOB(.) S. CO$TRACT OR ORANT NUMBER(.)

Iô Carl E./Pace l
Roy L./ Ca1nPbell

t 
___________________________

S. PERFO~~~ING OaGANIZAT IOSS NAME AND ADDRESS 10. PROGRA M ELEMCNT. PROJECT , TASK

U. L .  Army tn~ ineer Waterways Experiment Station
Concret~ l aboratory
P._0._ Box_63],_Vieksburg ,_Mississippi 39lS~~ _________________________

II. CONTROLLING OPPIC E NAME AND ADDRESS ~fl—1-iL1 U -
U. ~~~. Army Engineer District , Chicago (_// Dec - lTt 8 / °
21—) South Dear1-~orn Street UU •un ,r r .~.t~~~~~
Chicago , I l l i n o i s  6O6o2~ 193

14. MONItORING AG ENCy NAME I ADO t_ S.... f.. Oil.. IS. SECURITY CLASS (of (Sit. r.p.rf)

~~~~~ Unclass i f ied
IS.. OECLAS$IFICATION /OOW NGRAD INO

SCHEDULE

II. ~~STNISUTION STATEMENT (.1 SM. R.p.rt~

Approved f o r  publi c release; d i s t r i b u t i o n  unlimited .

17. DISTRIBUTION STATEMENT (.5 Si. ab.Sr.c ( wSst.d Si, Stock 20. ii dSIf.rwA fro., R.p orf)

IS. SUPPLEMENTARY NOT ES

SB. KEY BORDI (C~.,(hiv. , ‘ vou. .Id. It n.c..a~~
y aid Sd.n tIty by block n.aib.,)

Base pressure Prestressing
Brandon Road ham Stability
Dam stability Stress analysis
Finite element method

SP(L.J~~~’flS*C1• (~~~ i~~ a ~~~~~ -- 0~ _.P --.-—. ~~~ by b1 O k  o i b V )

An lnv i~;t igation was conducted to analy7.e the tainter-gate, sluice—gate,
Ire—chu .e, ~tnd head—gate monoliths of Brandon Road Dam to determine if  they
rnc~~ present-day stability requirements. in general , the stability analyses
for these ronoliths were performed for the following case loadings : (a) normal‘ ) to r~r1on , (b I normal operation plus ice , (cI normal operation plus earthquake ,
R~ - I ( i i )  fl oot condi t  ion .

in the analyses of the tainter—gate, sluice—gate , and —4-~entinuRd)

DO ~~~~~~ W3 EDSTION OP ? MOV SIISOSSOLETL Unclassified
SECURITY C%.MI,PICAT?OS OP ThIS PASt (IRIs,, 5.5. &,t..s~

c~~ iO~) 
_ _ _ _ _ _ _ _ _

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ---- -~~.——--- . -



—~—.~~~~~~~ ----.~~~~~~~~~~~~~~~~ ..—-- - 

I 
~~

Unclassified
SECURITY CLAUIPICATION OP THIS PAOE(I~ai D~~. ~~~~~~~

20. ABSTRACT ‘Continued).

.ice—chut e monoliths, the total, monolith for each was analyzed and determined to
be adequate in stability. However, due to overstress between the main body and
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inadequate for resistance against sliding. To correct these deficiencies , pre-
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showed no overstress in either the foundation or the grout anchor due to~the
prestressing.

The sluice—gate, ice—chute, and head—gate monoliths are not overstreksed
after prestressing.
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PREFACE

A stability analysis of Brand.on Road Dam was performed for the

U. S. Army Engineer District, Chicago, by the Concrete Laboratory (CL)

of the U. S. Army Engineer Waterways Experiment Station (WEB).

The work was monitored by Messrs. Ignas Juzenas and George Sanborn

of the Chicago District. Their interest arid help was greatly

appreciated .

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

J. M. Scanlon, R. L. Stove, and J. E. McDonald, CL. The structural

analysis was performed by Dr. C. E. Pace, Messrs. R. L. Campbell and

E. F. O’Neil, and SP5 John Z. Oak. The material properties were ob—

tam ed by Mr. Stove and the Soils and Pavements Laboratory, WES. This

report was prepared by Dr. Pace and Mr. Campbell .

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

test program and the presentation and publication of this report was

COL J. L. Cannon, 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:

Multiply By To Obtain

inches 25.140000 millimetres

feet 0.30148 metres

pounds (mass) 0.145359214 kilograms

pounds (force) 14.14148222 newtons
pounds (mass) per i6.oi8146 kilograms per cubic metre
cubic foot

pounds (force) per 68914.757 pascals
square inch

tons (force) per 95.76052 kilopascals
squnre foot
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STABILITY AND STRESS ANALYSES OF BRANDON ROAD DAN
ILLINOIS WATERWAY

PART I : INTRODUCTION

Background —

1. The results of previous studies of Brandon Road Darn have been

published, and the overall view and sections of the darn are presented in
References 1—3 and the material properties of the concrete , foundation
rock , and silt are given in Reference 14.

2. Even though such struct~.res have been in service for a long

time , it is important that they be examined in view of present—day

criteria to assure continued structural adequacy. If the structural

design or the state of deterioration causes the structure to fail to
satisfy current criteria, thereby producing unsafe or doubtful condi—
tions of safety, the structure must be modified to conform to good

engineering standards .

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

dam is the stabiUty of the various monoliths when subjected to possible

loading conditions . The stability study reported herein involved

analyzing selected monoliths to determine if they had adequate resis-~
tance against overturning, sliding, and base pressures. Only one mono—

lit~ of each configuration was analyzed; the conclusions based on these
analyses are adequate for an evaluation of all monoliths .

14. The adequacy of the structure to resist overturning can be
judged by the location of the resultant of applied loads with respect

to the base of the section where sta1~ility is being cojisidered (within

the darn, at the base—foundation interface or at a plane or combination
of planes below the base). In general, the gravity sections where

stability against overturning is being considered are required to have

the resultant of applied loads fall within the kern of the base of the

section being analyzed. For operating conditions with earthquake, the

_ _ _ _  

-________ 

_ _ _  
_ _ _

— - ~~~~~ 
- — 

~~~~~~ 
.—-- —-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~ 

______________ - - -



resultant only has to fall within the base , but the allowable foundation
stresses should. not be exceeded.

5. The percent effective base (percent of the base which is in
ccm~pression) is a good way to present where the resultant falls in a
rectangular base section. It is a good guide for representing overturn-
ing resistance for any shape base. An example for a rectangular base
is shown below:

Percent Effective Base Resultant Location Within Base
100 Within middle 1/3 or in kern area

75 At i/ 14 point s of base
50 At 1/6 points of base

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

trial failure plane or combination of planes and calculating the resis-
tance along this path. The resistance may be composed of several types .
The sliding resistance due to friction and cohesion on the surface
between the monolith and its foundation is calculated by the shear-
friction formula given in ETh 1ll0—2—l8b .~ These formulas are inade-

quate 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 shear—
ing occurs.

7. In general , a shear—friction safety factor of 14 is required
for all conditions of loading where earthquake is not considered and is

2—2/3 for loading conditions considering earthquake. In discussions
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 1.5
corresponding to the shear
strength at interface between
concrete and rock ( lower bound
parameter), reliable strut
resistance , no key resist ance ,
and no cohesion.

(Continued )

6
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I
Minimum Value for £

— 
Condition Safety Factor

‘b. Condition a plus earthquake. 1.15

c. Use angle of internal friction 14
a~~ociated with the shear re—
si.stance at clay—filled part—
j ugs which are considered con—
servatively to be the least
probable parameter close to
t~b~- concrete foundation inter-
face , plus key resistance ,
plus cohesion , and plus
reliable strut resistance.

I. Condition c plus earthquake 2—2/3

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

be c~ r..~ioered as limiting conditions only if the criteria using safety

f~c~ ors of 14 and 2 -2/3 are exceeded .

8. The base pressures are the sum of the contact and uplift
pressures on the concrete—foundation interface.

9. A three—dimensional stress analysis must be performed to

determine if there is any overstress in the concrete monolith or founda-

tion due to correcting overturning deficiency by prestressing the mono-

lith to the foundation.

Objective

10. The objective of this study was to analyze the monolith of

the Je~ to see if bhey meet present—day stability requirements. If

present—day cr i ter ia  were not met , corrective measures were to be
recommended.

7
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PART II: STABILITY ANALYSIS

Tainter—Gate Monolith

11. The typical geometry of the tainter—gate monolith at Brandon
Road Dam is shown in Appendix A , Figure Al. The piers are inset into

the tainter—gate monoliths to el 526.69* with side keys projecting into
the overflow sections.

12. A stability analysis for a typical tainter—gate monolith was

performed for the following case loadings .

a. Normal operation.
b. Normal operation plus ice.

c. Flood condition.

d. Normal operation plus earthquake.

13. Surcharge water (flood pool upstream and normal pool down-
stream) was found to be less critical than flood condition as discussed

later. The material properties used in this analysis were determined

from laboratory tests of core samples.4 The pressure on the darn mono-

liths caused by the silt was determined by using the method developed
by Mononbe and Okabe as described by Seed and Whitman.6 The water pres-

sure used to assure adequate desi gn against earthquake was obtained as

described in Engineer Manual 1110—2—2200 (Westergaard Theory). 7

114. The main concerns were adequacy against overturning , sliding,

and base pressures at any elevation in the monolith or at the monolith—

foundat ion interface.

15. The first concern for this monolith was the stability of the

piers which were constructed and keyed into the overflow section of the

darn monolith. The stability analysis of the piers (key resistance

neglected) showed that they were stable under normal operating condi-
tions but were unstable for normal operating plus ice loading. The
analysis of pier stability for normal operation was to show the results

* Elevations cited herein are in feet referenced to mean sea level (ft
msl). A table of factors for converting Ti. 3. customary units of
measurement to metric (SI) units is presented on page 3.

8 
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uunder the most frequent loading and for normal operation plus ice to £

determine the stability of the pier for the most critical load case.

16. The piers could be prestressed into the main body of the
tainter—gate monolith or into the foundation. The most logical and

structurally sound prestressing would be symmetrically across the mono—
11th joint. Many uncertainties would be presented if the piers were
symmetrically prestressed across the construction joints which would in

effect tie the total darn together .

17. The stability analysis for the pier did not consider any key
resistance; it may be that the stress in the keys is low and they can be
depended upon to be effective in resisting overturning for the normal

-
‘ operation plus ice loading. A simple but indicative stress analysis as

presented in Appendix A (beginning with Figure A2) determined shear

stress in the keys under applicable loadings . The resultant force was

transferred to the centroid of the key areas. The stress due to force

and unbalance moment transfer was found not to be excessive in relation

to the allowable 1.1
C

18. Since the ice condition at Brandon Road Darn has never been a
• problem and the keys are not stressed excessively in shear, the stabil—

it~ r of the piers is considered adequate. If river conditions begin to

change in the future and allow more ice to form, the problem will be

restudied at that time.

19. The case loadings for the tainter—gate monoliths were first

considered with the stilling basin slab, overflow section, and piers
acting ~s a unit. The much thinner, nonreinforced stilling basin slab

was then checked to see if it was overstressed.

20. The presentation herein of the results of the stability

analysis for the tainter—gate monoliths is as follows :

a. Summary of stability analysis (Tables 1—3).

I. General presentation of prestressing (Figure 1).
c. Plan view locating prestressing (Figur e 6 ) .

d. Base plate design (Figure 6 ) .

e. Detail stability computations (Figures A2—A9 ) .
(i)  Pier stability (Figur e A2 ) .

9
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(2)  Stability, total monolith (Figures A3— A 5) .
(3) Stability, overstressed apron eliminated £

( Figures A6—A 9) .

21. The stability of the tainter—gate monolith during normal

operation showing that the apron is overstressed is presented in Fig-

ure A3. Since there are 21 tainter—gate monoliths and a considerable
amount of prestressing is needed to assure their stability, the compu-

tation for all load cases is presented for both the total monolith and
for the monolith with the overstressed apron eliminated.

22. The problem with the total monolith i~ not instability but
is the high tensile stress in the apron. Since Corps of Engineers ’
requirements do not allow any tensile stress in the apron it is neces-
sary to c~ nsider the apron as cracked and ineffective. The calculation
for the ~ tbility of the tainter—gate mci~olith considering the over—

n
~

r
~

ssed apron eliminated is presented. in Figures A6—A9.
23. The critical section for stability of the tainter—gate mono—

)~~cb (monol ith’ s overs tressed apron eliminated ) is at the base founda—
ti r. interface. A plot of overturning moment versus tailvater elevation
:h~w~ t i tat  the overturning moment under surcharge water pressure is less
cr i t ica l  than the overturning momeht for flood condition. The overturn—

~~~ moment ~ at a maximum at a tailwater elevation of about 506 for the
total monr l i th  and at about el 510 for the portion of the monolith ex-
cluding the overstressed apron.

2 14. It is apparent that the base pressures, especially when the
prestress forces are added , are below maximum allowable; therefore,
they are not critical . The factor of safety against sliding is above

the minimum criterion if the downstream end of the apron is in bearing

contact with the rock. The main contributor to developing adequate

sliding resistance is obtained from the rock at the downstream end of

the apron. This makes it very important to assure the adequacy of strut

resistance downstream of the apron. If key resistance, cohesion, and

strut action are not considered, the factor of safety against sliding is
less than one, even after prestressing the monoliths to the foundation.

It is not advisable to place a high degree of dependence on an

10
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unreinforced. concrete element which is susceptible to cracking due to

stress concentrations, as is the key, or on cohesion which can relax
under sustained loading; therefore, the strut action at the toe of the
apron is essential.

25. The apron is highly overstressed in tension and when the

overstressed apron is eliminated and overturning computations are made,
it is found that the normal operation plus ice condition governs the
needed prestress and a prestress force of 1567 kips is required per

tainter-gate monolith. Full uplift was applied to the portions of the

base not in compression. With the uplift force adjusted, the per-

centage of base in compression ranged from 0 to 27.52 percent. Although

the base becomes 100 percent effective after prestressing, the uplift

condition is not changed. The reason for this is that, after part of

the monolith base has not been in compression, silt or other sediment

could get under the monolith and continue to allow free access of water

to that part of the base.
26. The tainter—gate monolith should be anchored to the foundation

using prestressing cables grouted into the foundation . Portland—cement
base grout is recommended for anchorages. The holes must be clean. The

flow and pressure of water into the boreholes should be below allowable
limits or the holes should be sealed. It is recommended that the cable

~rithin the concrete monolith be bonded ( after prestressing has been com-
pleted) to prevent corrosion. The details are presented in Figure 1.

27. The maximum prestress load required is 1567 kips/tainter—gat e
monoli th.  The prestress cables are of the sort made by VSL Corporation ,

Los Gatos , California. Using a 16—strand cable (VSL catalog No. ~ s—i6 )
with a maximum working load of 396.5 kips , four holes are required per
nionojith.

28. The layout of the prestress holes in relation to the tainter—

:ate geometry is presented in Figure 6.
29. A three—dimensional stress analysis was performed to assure

that the prestressing does not overstress the concrete of the founda—
• t ion . A 20—ft embedment length was used in the three—dimensional stress

axrtlysis even though a 25—ft length was recommended in the field (see

11
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Part III). To assure that the depth of prestress embedment (25 ft) is

adequate , a conventional analysis was performed. It is recommended that
a grout giving a 3—day compressive strength of 5000 psi be used.* A

conservative bond strength for design purposes is 5 percent of the com-
pressive strength (or a maximum of 200 psi, Reference 8) which estab-
lishes the anchorage length as approximately

(396,500 Ib) —

( 200 psi ) (8—in . circumference) (12 in./ f t ) — 20.7 ft

The 20—ft anchorage is probably adequate but a 25-ft length should be
used to be conservative. The tendons can be tensioned after 3 days .
The space around the tendons inside the concrete monolith should be
filled with grout to prevent corrosion. This should be done only after
there is a negligible loss of prestressing with time. The prestressing

base plate design and its dimensions are given in Figure 6.

I
Sluice—Gate Monolith

30. The geometry of the sluice—gat e monolith is shown in Fig-

ure P.10. The entire structure contains six bays that are identical to
the one shown. Since the gate bays are similar, a three—dimensional
stability analysis was conducted on one bay.

31. The monolith was analyzed for overturning, sliding, and base

pressures for four cases of loading. They were:

a. Normal operation.
b. Normal operation plus ice.
c. Flood condition.

d.. Normal operation plus earthquake.

32. Before the analysis was undertaken, a stress analysis of the

cross section of the monolith at the junction of the monolith and the

downstream sill was performed, similar to that for the tainter—gate

* Such grout a are available as a prepacked mixture from a large number
of companies or can be batched from readily available material.

— 
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monolith. It was found that the concre te at this section was heavily
overatressed in tension; therefore, no analysis was conducted on the - £

sluice gate with the toe section intact .
33. The anal yses of the four load cases with the overstressed

tow eliminated are shown in Figures All—A13. The presentation of the

results of the stability analyses for the sluice—gate monolith is as

follows:
a. Summary of stability analysis (Tables 14 and 5).
b. General presentation of prestressing (Figure 2 ) .
c Plan view locating prestressing (Figure 7).

d. Base plate des ign (Figure 7 ) .
e. Detail stability computations (Figures A1l—Al3).

314. Again , as in the analysis of the tainter—gate monolith, the

percentage of the base in compression is less than 100 , which requires

that full uplift be applied to the portion of the base that is not in

compression and the calculations adjusted to reflect such uplift. With

the uplift force adjusted, the percentages of base in compression ranged

from 0 to 15.56 percent. These percentages resulted in calculated base

pressures as high as infinity.

35. All the case loadings require prestressing to bring the base

back into full compression. The largest prestress force to bring the

resultant to the third point of the base was 286 kips per 13—ft bay for

the normal operation plus ice condition. Before the prestress force,

the bay had infinite base pressures and with prestress the maximum base

pressure will be approximately 3 kips/ft

36. The factors of safety against sliding are above the minimum

required for stability if the resistance of the foundation downstream of

the monolith is included in the calcu].ations. If the key resistance,

cohesion, and the strut action are neglected, the sliding safety factors

are reduced to values much lower than 1.

37. Soundings show that much of the downstream part of the

sluice—gate monolith (especially at sluice gates 4 arid 6) has been

eroded. This is a very critical situation and repair of the eroded

areas should be accomplished as soon as possible. The following

j  
_ _ _ _ _ _ _ _ _  
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analysis assumes that this remedial work is going to be completed as

soon as possible.
38. A maximum prestress force of 286 kips is required per sluice—

gate monolith for the normal operation plus ice condition. The pre-

stress cables are assumed to be similar to catalog No. ER5—6 of the VSL
Corporation , Los Gatos, California, using such six—strand cable with a
max imum working load of 148.7 kips; two holes are required per monolith.

39. The layout of the prestresa holes in relation to the sluice—

gate geometry is presented in Figure 7. The prestress force is such
that each bay can be prestressed by two six—strand tendons , one on each
side of the gate slot.

Ice—Chute Monolith

140. The geometry of the ice—chute monolith is shown in Figure P.14.

This monolith has the same cross section along its entire length, there-
fore it was analyzed as a two—dimensional plane structure.

41. The monolith was analyzed for stability of overturning, slid-

ing, and base pressure for four load cases . The load cases analyzed are:

a. Normal operations.

b. Normal operations plus ice condition (gate in raised
position ) .

c. Normal operation plus ice condition (gate in lowered
position).

d. Flood condition .

The analysis of these four load cases is shown in Figures A15—A21. It

is seen that the base is full compression (100 percent) and the base

pressures are well within the allowable maximum of 200 kips/ft
2 when

the total monolith is analyzed for stability.

42. This total monolith, like the typical tainter—gate monolith,

was stable. It was, however, overatressed in tension at the minimum
cross section between the spillway and the apron downstream. This is

shown by the analysis given in Figure P.15, sheets 14 and 5. It was then

necessary to reanalyze the monolith with the overstressed section

14
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assumed to be cracked and ineffective.
43. The four load cases applied to the uncracked monolith were

applied to the monolith with the overstressed toe eliminated. Normal

operation plus earthquake forces were added to the load cases for this
situation. The two conditions of normal operation plus ice (with gate
raised and also with gate lowered) were necessary because the position
of the gate during ice conditions changes the summation of forces on the
monolith.

1414. The presentation herein of the results of the stability

analysis for the ice—chute monolith is as follows:

a. Summary of stability analysis (Tables 6—8).

b. General presentation of prestressing (Figure 3).

c. Plan view locating prestressing (Figure 8).

d. Base plate design (Figure 8).
e. Detailed stability computations (Figures Al5—A2l).

14~. The calculations showed that the flood condition was the most
critical loading case.

146. With full uplift applied to the portion of the base which is

not in compression the percentages of base in compression ranged from

17.21 to 143.77 percent. The results of the analysis can be seen in

Tables 6—8.

147. Since the flood condition is critical with respect to over-

turning, it will require the greatest prestress force to bring the

resultant vertical force back into the middle third of the base. The

calculated force necessary to prestress the ice—chute monolith is

22.32 kips/ft
2 or 670 kips for the entire monolith. This force will

put the entire base of the monolith with the overstressed toe eliminated

in compression and produce a maximum base pressure of 6.67 kips/ft
2 at

the location of the crack.
• 48. The factor of safety against sliding is greater than the

minimum required, provided resistance from the foundation material down—

stream of the monolith is included. If this resistance is neglected,

then even with the prestress force applied the factor of safety is less

than approximately 2.5. If strut resistance, cohesion, and key

15 
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resistance are neglected , the safety factor is less than 1. This means
that strut resistance downstream of the monolith is necessary.

149. The same comments that applied to the tainter—gate monolith 
£

regarding prestressing cables , grouting types, and corrosion protection
apply here. Using a 7—strand cable (VSL catalog No. ER5—9) with a maxi-
mum working load of 173.5 klps , four holes are required per monolith.

Head-Gate Monolith -

50. The head—gate structure consists of’ eight similar 141—ft mono-

liths with two bays per monolith. A three—dimensional analysis was per-

formed for one 141—ft monolith. Each of these monoliths is symmetrical

about its centerline. The head-gate monolith’s geometry is shown in

Figure P.22 with the cross—sectional geometry of one bay shown .

51. The load cases analyzed for this monolith were:

a. Normal operation .
b. Extreme maintenance with both bays d.ewatered. -

c. Normal operation plus ice.

d. Flood condition.

e. Normal operation plus earthquake.

1’. Induced surcharge.

52. The indnced surcharge condition was with a headwater eleva—

tion of 541.0 (flood level) and a tailwater elevation of 503.6 (normal—

operation level). The extreme maintenance with both bays dewatered was
included because of recommendations made in Appendix E of Reference 2

to dewater both bays of a gate when under a maintenance situation such

that high transverse stresses would not be applied to the intermediate

pier of the monolith.

53. The stability analysis of these six loading cases is shown

in Figures A23—A28 . The percentages of base in compression from over-

turning calculations ranged from 148 .12 percent for the normal opera-
tion case to 0.0 percent for both the normal operation plus ice case

and the extreme maintenance case.

54. In the sliding analysis the strut resistance was set equal to
zero based on results of soundings made at the toe area of the head—gate

I-
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structure by the Chicago District (Re ference 14). Without any reliable

strut resistance the factor of safety against sliding for all cases

failed to meet allowables as defined in paragraph 7.

55. The base pressures at the toe of the monolith also exceed the

allowable (200 ksf) for all cases.

56. The monolith must be prestressed in order to bring the resul-

tant of the vertical forces back to the middle third of’ the monolith and
to meet sliding criteria. The extreme maintenance case controlled the

magnitude of’ the prestress for meeting sliding criteria. The required

prestress for this case is 3538 kips per monolith or 221 kips per hole
per monolith. The norma). operation plus ice case controlled the loca-

tion of prestressing for meeting overturning criteria. A plan view

locating prestressing is shown in Figure 9.
57. It was decided to prestress through the floor of the two bays

in the monolith rather than through the piers to avoid prestressing

through the slender pier sections and to avoid the heavy reinforcing
contained in these piers. The vertical holes were located inside the

-~pstrean face of the monolith behind the needle beams to provide greater
overtur r~~ng resistance. The downstream holes are to be drilled at an
angle of 140 deg from the vertical to provide greater sliding resistance.
The prestressing was designed to resist sliding with a factor of safety

14 and also to have the total base in compression for all load cases

except for the normal operation plus earthquake case. A general layout

of the preatressing is shown in Figure 14.
58. In the stability analysis of the monolith after prestress,

the monolith meet s all stability criteria for overturning, sliding, and
base pressures. A summary of the stability analysis is presented in
Tables 9 and 10.

59. The prestress details ~.re the same as previously described .

A 9-strand cable (VS L catalog No. 1’R5-9) with a maximum working load of

2~3 kips with 16 holes per monolith is required. The base plate design
for the prestressing is given in Figure 9. If a safety factor somewhat

less than 14 is allowed or if strut resistance is established downstream

of the headgate monoliths the prestressing can be reduced.

17
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PART III : STRESS ANALYSIS

Finite—Element Analysis Program

Introd.uct ion
60. A finite—element analysis program called “SAP V” was used to

compute the stresses in the structure and. foundation. This program was

designed and programmed to be an effective and efficient computer pro-
gram for analyzing very large complex 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.

61. 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 “MTOTl” in a routine labeled SAP V of the program.
Input

62. 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, e) coordinates. The boundary conditions are
defined by three translations and three rotations .

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

a material type . Other element input s include material properties such
as Young’s modulus of elasticity, weight density, coefficient of thermal.

expansion, cross—sectional area, Poisson’s ratio, shear area, strain

area, and shear modulus.

64. Und.eformed or deformed. finite—element grids can he 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.

65. 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.

18 
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Output
66. The solution output includes displacements and rotations for —. 

-

unrestrained node and normal and shearing stresses at selected points

for each element. The output units are the same as the input units.

Results of Finite—Element Stress Analysis

67. In the three—dimensional finite—element analysis of the
tainter—gate monolith and foundation, prestressing was applied for each
of the following load cases.

a. Normal operation .
b. Normal operation plus ice.
c. Flood condition.

The finite—element grid for this analysis is presented in Appendix B ,
Figures B1—Bll .

68. The three—dimensional stress results show tensile stresses

in the spillway crest and heel areas of the monolith. Although such

stresses are not allowed in most areas where these occur, they do not

exceed 0.0lf~ and therefore are considered small and acceptable . The
shear stress n these areas was found to be less than 1.1,/F and,

therefore, acceptable. These stresses are included in the principal

stress tables for areas A and C, TL~ les Bl—Bl5. Element locations for

these areas are present ed in Figures B6—Bll.

69. The three—dimensional results of the prestressing in the

foundation show no overstress and xre included in the principal stress

tables for area B, Tables Bl—Bl5. In the axisyinmetric analysis of the

foundation under prestress loading only (Figure B12) the stresses

decrease rapidly with depth. In this two—dimensional analysis the
stress is approximately 14.0 psi In tension at a depth of 10 ft below the

monolith key and 2.3 psi in tension at a depth of 20 ft. Both analyses

indicate that a 25—ft foundation depth is adequate for the applied pre-

stressing.

70. The other monoUths (sluice gate, ice chute, and headgate)

require equal or less prestress force per location than that applied to

19
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the tainter—gate monoliths; therefore, with 
prestressing as proposed, no -~

overstress will be created in the monolith or 
foundation.
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Figure 1. General 1a~rout of prestressing for tainter—gate
monolith
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APPENDIX A: STABILITY OF TAINTER GATE , SLUICE—GATE ,
ICE-CHUTE, AND HEAD-GATE MONOLITHS
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TABLE Bi
PRINCIPAL STRESSES - SAP 5 3D STRESS ANALYSIS

SECTION AA - NORMAL OPERATION
TAINTER —GATE MONOLITH

BRANDON ROAD L&D
CHICAGO DISTRICT

AREA A

Element
No. o1(psi) c2 (psi) a3(psi) y (psl)

1 —11.63 3.00 —2 .09 7.31
6 —10.84 7.71 —1.14 9.28

11 0.03 9.62  1.98 4.80
16 —8 84 6.50 —3.50 7.67
21 — 1 4 . 6 7  1.28 —3.18 7.98
26 — 6 . 2 2  2 . 94  —0.01 4.58
31 1.40 14.38 4.82 6.49
36 1.61 10.03 3.92 4.21
41 —2.39 4.39 1.09 3.39
46 3.78 25 16 8.06 10.69
51 2 1 3  13.80 3.33 5.84
56 —0.4 4 5.79 0 8 1  3.12

AREA B

356 0.99 39.54 6 .72  19.28
361 2.37 38.66 5.91 18.15O 366 2 .28  41.50 6.14 19.61
371 1.39 41.28 6.62 19.95
376 4.30 40.60 7 .68 18.15
381 5.48 45.71 8 .70 20.12
386 5 .74 43.37 7.98 18.82
391 5.50 43.46 7.86 18.98
396 5.78 43 .97  8.19 19.10
401 6.54 44 .61 8.81 19.04
431 6.03 47 34 7 .27  20 66
436 6. 18 47.39 7.28 20.61
441 6.00 47 .97  7.39 20 .99

AREA c

2 36 —23. 15 29 .82 5.16 26 .49
241 —8.91  36.78 9.24 22.85
246 —10.35 34.20 7 .23  22.28
251 —1.32 34.25 8.43 17.79
281 — 17 75 20 68 4.19 19.22
286 —8 70 35.15 8.81 21.93
291 —10.18 9.57 —2 . 55  9.88
296 — 7 . 1 4  27 .56  5.18 17.35

A
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TABLE 82
PRINCIPAL STRESSES — SAP 5 3D STRESS ANALYSIS A

SECTION AA - NORMAL OPERATION WITH ICE
TAINTE~,- GATE MONOLITH

BRANDON ROAD L&D
CHICAGO DISTRICT

AREA A

Element (psi) 02 (psi) 03 (psi) Ymax (PSi)

1 —39.60 27 .87 —0 .33 33.74
6 — 32.80 23.42 —3.83 28.11

11 —32 .66 24.78 —0 02 28.72
16 —32 .35 23.41 —4.36 27.88
21 —30.41 26.82 —1 4.30 28 .62
26 —21.44  20.30 —2 .79 20.87
31 —15.56 22 .44 7.09 19 00
36 —1L 58 24.21 4.35 17.90
41 —12 47 20.90 0.92 16.69
46 —9 39 24 .77  5 0 4  17.08
51 —1.37 24.08 4 .22  12.73
56 4.71 24.91 1.84 10.10

AREA B

356 —0 .25  37.89 6.21 19.07
361 2.05 35.54 5 3 3  16.75
366 2.34 37.90 5.53 17.78
371 1.58 38.24 6.13 18.33
376 4.22 38.91 7.38 17.35
381 4.84 43.91 8.27 19 54
386 5.63 40.99 7.55 17.68
391 5.65 40.95 7 4 4  17.65
396 5.92 41.75 7.83 17 92
401 6.59 43 33 8.60 18 37
431 6.10 45.29 6.99 19.60
436 6 .37 45.38 7.02 19.51
441 6.20 46.18 7A 7 19.99

AREA C

236 —34.67 22.31 L06 28 49
241 —13.30 31.59 7.2: -  22.45
246 —12.82 30.32 5.93 21.57
251 —2 .34 32 .43 7~~ 3 17.39
281 —22.70  11.14 0.65 16.92
286 — 11.50 28.14 6.68 19.82
291 —11.89 5.18 —4.91
296 —8.06 22.18 3.85 15.12
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TABLE 83
PRINCIPAL STRESSES — SAP 5 3D STRESS ANALYSIS

SECTION AA — FLOOD CONDITION
TAINTER—GAT E MONOLITH A

BRANDON ROAD L&D
CHICAGO DISTRICT

$ AREA A

Element o (psi) 02 
(psi) 03 

(psi) y (pel-

1 —11.40 3.69 —1.73 7.55
6 —10.77 7.70 —0.73 9.24

11 0.60 9.80 2.35 4.60
16 —L90 7.33 —3.18 8.12
21 —14.24 1.30 —2.48 7.77
26 —6.10 3.27 0.13 4.69
31 1.79 14.50 5.36 6.36
36 1.70 10.35 4.59 4.33
41 —2.26 4.80 1.28 3.53
46 4.38 24.72 8.07 10.17
51 2.40 14.50 3.84 6.05
56 - —0.24 6.68 0.91 3.46

AREA B

356 0.29 39.37 6.56 19.54
361 2.19 37.67 5.70 17.74
366 2.30 40.37 5.94 19.04
371 1.45 40.42 6.47 19.49
376 4.45 40.33 7.66 17.94
381 5.20 45.47 8.61 20.14
386 5.75 42.79 7.88 18.52
391 5.65 42.80 7 .77  18.58
396 5.98 43.45 8.13 18.74
401 6.79 44.54 8.84 18.88
431 6.15 46.92 7.23 20.39
436 6.39 46.98 7.25 20.30
441 6.23 47.68 7.38 20.73

AREA C

236 —29.76 26.85 2.98 28.31
241 —11.75 35.39 8.27 23.57
246 —12.21 33.32 6.60 22.77
251 —1 .84 34.17 8.29 18.01
281 —20.99 16.10 2.26 18.55
286 —10.63 32.32 7.70 21.48
291 —11.31 7.26 —3.78 9.29

296 —7.87 25.14 4.45 16.51
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TABLE 34
PRINCIPAL STRESSES — SAP 5 3D STRESS ANALYSIS

SECTION BB - NORMAL OPERATION
TAINTER—GATE MONOLITH

BRANDON ROAD L&D
CHICAGO DISTRICT

AREA A

Element 
0
1 
(psi) 02 (psi) 03 (psi) (psi)

2 —4.61 23.89 11.04 14.25
7 —38.48 19.22 6.65 28 85
12 —6.87 22.08 3.95 14.48
17 —3.56 104.79 7.85 54.18
22 —6.81 107.76 23.43 57.29
27 — 1.56 17.51 7.99 9.54
32 —4.77 43.98 0.20 24.38
37 —4.1 3 44.47 2 .77 24.30
42 —1.80 7.11 —0.39 4.46
47 1.73 40.50 4.28 19.39

• 52 —0 .38 21.93 2 .27  11.16
57 0.14 6.25 0.39 3.06

AREA B

357 —0.59 38.45 7.23 19.52
362 2.33 32.99 7 35 15.33
367 3.34 33.33 7.21 15.00
372 0.66 37.31 7.41 18.33
377 3.78 39.93 8.07 18.08
382 5.13 44.73 9.15 19.80
387 5.98 41.63 8.79 17.83
392 6.10 41.52 8.79 17.71
397 5.99 42.10 8. 88 18.06
402 6.25 43.81 9.14 18.78
432 6.14 46.46 7.62 20.16
437 6.29 46.48 7.63 20.10
442 6.14 47.14 7.72 20.50

AREA C

237 —20.18 37.89 1.90 29.04
242 —7.48 42.24 6.98 24.86
247 —6.92 36.19 6.63 21.56
252 —0.22 34.33 8.01 17.28
282 —27.48 43.01 —4.08 35.25
287 —4.07 48.91 7.36 26.49
292 8.95 129.27 12.00 60.16
297 —5.57 34.12 2.04 19.85
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TABLE 85
PRINCIPAL STRESSES — SAP 5 3D STRESS ANALYSIS

SECTION BB — NORMAL OPERATION WITH ICE
TAINTU-GATE MONOLITH

BRANDON ROAD L&D
CHICAGO DISTRICT

AREA A

Element
No. a

~ 
(psi) 02 (psi) 0

3 
(psi) y (psi)

2 —0 .78 28.50 5.05 14.64
7 —38 .39 21.81 11.95 30.10

12 — 22.6 4 28.33 4.49 25.49
17 —0 .12 105.91 5.04 53. 02
22 —10.89 107.40 38.90 59.15
27 —3.74 22.34 12.36 13.04
32 —12 .42 45.6 1 — 0.42 29.02
37 —10.63 47.34 12.56 28.99
42 —3.35 16.29 —1.56 9.82
47 —7 .81 38.99 3.79 23.40
52 —3.72  26 .86 6.48 15.29
57 —1.73 17.30 —0.31 9 -52

AREA B
357 —1.95 36.92 6.72 19.44
362 1.60 30.23 6.83 14.32
367 3.38 29 .82 6.54 13.22
372 0.76 34.37 6.93 16.81
377 3.66 38.29 7 .76 17.32
382 4.46 42.98 8.71 19.26
387 5.85 39.27 8.35 16.71
392 6.25 39.02 8.37 16.39
397 6.12 39.90 8.52 16.89
402 6.27 42.56 8.93 18.15
432 6.21 44.42 7.34 19.11
437 6.48 44.49 7.37 19.01
442 6.34 45 .35 7.50 19.51

AREA C
237 —30.22 29 .10 —2.20 29 .66
242 —11.28 36.57 4.95 23.93
247 — 9 .3 3 32.35 5.26 20.84
252 —1.27 32.57 7.40 16.92
282 —31.96 33.21 — 7 . 7 2  32.59
287 —6.75 42.06 5.01 24.41
292 7.32 123.74 10.72 58.21
297 —7.18 29 .71 0.46 18.45

86
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TABLE B6
PRINCIPAL STRESSES — SAP 5 3D STRESS ANALYSIS

SECTION BB — FLOOD CONDITION
TAINT ER—GATE MONOLITH

BRANDON ROAD L&D
CHICAGO DISTRICT

AREA A

Element
No. o

~ (psi) 02 (psi) 03 (psi)

2 —3.86 24.21 11.45 14.04
7 —38 .46 19.61 6.84 29.04

12 —6.66 22.36 4.84 14.51
17 —2.6 9 104.83 8.16 53.76
22 —6.74  108.31 24.01 57.53
27 —1.54 17.81 8.24 9.68
32 —4.15 43.97 0.68 24.01
37 —4.03 45.03 3.30 24.53
42 —1.83 7.79 0.27 4.81
47 2.13 40.08 4.78 18.98
52 —0.14 22.71 2 .73  11.43
57 0.14 7.25 0.57 3.56

AREA B
357 —1.36 38.34 7.07 19.85
362 1.96 32.17 7.18 15.11
367 3.40 32.21 6.97 14.41
372 0.71 36.46 7.27 17.88
377 3.92 39.67 8.06 17.88
382 4.83 44.52 9.05 19.85
387 5.98 41.05 8.69 17.54
392 6.25 40 .87 8.70 17.31
397 6.19 41.58 8.82 17.70
402 6.48 43.75 9.18 18.64
432 6.27 46 .04 7.58 19.89
437 6.50 46.08 7.60 19.79
442 6.37 46 .85 7 .72  20 .24

AREA C
237 —26.08 34.18 —0.26 30.13
242 —9.94  40.47 6.02 25.21
247 —8.68 35.21 5.98 21.95
252 —0.73 34.25 7.87 17 .49
282 —30 .49 38.27 —6.09 34.38
287 —5.71 45.85 6.19 25.78
292 7.83 126.51 11.20 59.34
297 —6.40 31.94 1.17 19.17
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TABLE B7
PRINCIPAL STRESSES — SAP 5 3D STRESS ANALYSIS

SECTION CC - NORMAL OPERATION
TAINT ER-GATE MONOLITH
BRANDON ROAD L&D
CHICAGO DISTRICT

AREA A

Element
No. a

~ 
(psi) 02 (psi) 03 (psi)

3 — 6.62 19.81 12.56 13.22
8 —34.60 22.23 3.75 28.42

13 —0.70  20.28 3.94 10.49
18 —4.47 92.02 10.91 48.25
23 —9.54 101.70 17.06 55.62
28 —0 .76 20 .59 5.78 10.68
33 —3.45 42.34 6.13 22.90
38 +0.56 47.42 8.24 23.43
43 —1.24 9.37 2.03 5.31
48 2.49 43.87 7.87 20 .69
53 —0.26 25 . 26 5.24 12.76
58 0.05 7.66 1.89 3.81

AREA B

358 —0.73  37.82 7.04 19.28
363 2.51 31.38 6.58 14.44
368 3.48 31.50 6.61 14.01
373 0.87 36.13 7.20 17.63
378 3.68 39 .39 8.07 17.86
383 5.01 44 .10 9.22  19 .55
388 6.12 40 .30 8.91 17.09
393 6.29 39.96 8.91 16.84
398 6.07 40.95 8.95 17.44
403 6.18 43.28 9.23 18.55
433 6.25 45.68 7.87 19.72
438 6.44 45.65 7.90 19.61
443 6.24 46.37 7.95 20.07

AREA C

238 —19.06 39.66 3.13 29.36
243 —6.04 43.92 7.54 24.98
248 —5.88 37.05 6.50 21.47
253 0.39 34.61 7.77 17.11
283 —25.31 42.54 1.44 33.93
288 —4.16 49.27 9.78 26.72
293 —0.42 109.32 4.88 54.87
298 —6.19 34.09 3.93 20 .14
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TABLE 88
PRINCIPAL STRESSES — SAP 5 3D STRESS ANALYSIS

SECTION CC — NORMAL OPERATION WITH ICE
TAINT ER-GATE MONOLITH
BRANDON ROAD L&D
CHICAGO DISTRICT

ABEA A

Element o
~ 

(psi) 02 (psi) 03 (psi) y (psi)

3 —9.0 1 18.10 14.62 13.56
8 — 33.93 27.25 0.55 30.59

13 — 4 . 0 5  15.75 3 .95  9 . 9 0
18 —6.71  90.88 13.96 48.80
23 —6.97 108.92 13.70 57.95
28 —0.07 26.66 4.19 13.37
33 —2.99 39.28 2.83 21.14
38 —0.68 52.97 9.75 26.83
43 —1.95 16.71 1.73 9.33
48 1.66 40 .00 2 .98 19.17
53 —1.36 29.94 8.18 15.65
58 —0 .32  15.86 2 .37 B.0 9

AREA B

358 —2.13 36.36 6.51 19.25
363 1.82 28.67 5.99 13.43
368 3.55 27.97 5.96 12.21

• 373 0 .97 33.22 6.69 16.13
378 3.53 37 . 79 7 .75  17.13
383 4 .32 42.38 8.78 19.03
388 5.98 37.97 8.46 16.00
393 6.44 37.47 8.48 15.52
398 6 .20 38.76 8.58 16.28
403 6.20 42.05 9.01 17.93
433 6.31 43.64 7.58 18.67
438 6.62 43.66 7.63 18.52
443 6.44 44 .60 7 .72  19 .08

AREA C

238 —28.61 30.81 —1.14 29.71
243 —9 .69 38.30 5.38 24.00
248 —8.28 33.30 5.07 20.79
253 — 0 . 6 7  32 .90  7 .13  16 . 79

283 —29 .72 32.91 2.29 31.32
288 —6.86 42.55 7.41 24 .71
293 —3.23 104.30 4.28 53.77

298 —7.67 29.76 2.14 18.7~
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TABLE B9
PRINCIPAL STRESSES — SAP 5 3D STRESS ANALYSIS

SECTION CC - FLOOD CONDITION
TAINTER-GATE MONOLITH

BRANDON ROAD L&D
CHICAGO DISTRICT

AREA A

Element
No. 0~ (ps~) °2 (psi) 0

3 (psi) Y~~~(psi)

3 —5.99 20.13 13.00 13.06
8 —34.58 22.58 3.93 28.58

13 —0.32  20.51 4.71 10.42
18 — 3 . 7 5  92.10 11.34 47.93
23 —9.46  102.23 17.65 55.85
28 —0.73  20.90 6.04 10.82

- ; 33 —2.57  42.31 6.40 22.44
38 0.91 48.01 8.48 23.55
43 —1.21 9.98 2. 15 5.60
48 3.35 43.37 7.95 20.01
53 0.16 26.07 5.51 12.96
58 0.01 8.64 2.04 4.32

AREA B

358 — 1 . 5 2  3 7 . 7 4  6 . 8 8  19 .63
363 2.15 30 .58  6 .3 8  14 .22
368 3.54 30.36 6.40 13.41
373 0. 93 35.27 7 .Ob 17.17
378 3.82 39.14 8.05 17.66
383 4.69 43.90 9.13 19.61
388 6.11 39.74 8.81 L6 82
393 6.44 39.30 8.81 16.43
398 6 .27  40.43 8.89 17.08
403 6.41 43.23 9.26 18.41
4~ 3 6.37 45.26 7.82 19 .45
438 6.65 45 25 7.87 19.30
443 6.47 46.09 7.95 19.81

AREA C

238 —24.75 35.80 0.93 30.28
243 —8.4 1 42.07 6.57 25.24
248 — 7 . 6 2  36.04 5.87 21.83
253 —0.12 34.52 7.63 17.32
283 —28.30 37.72 0.51 33.01
288 —5.81 46.17 8.65 25.99
293 —1.92 106.70 4.32 54.31
298 —7.00 31.87 3.06 19.44
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TABLE 810
PRINCIPAL STRESSES - SAP 5 3D STRESS ANALYSIS —

SECTION DD - NORMAL OPERATION
TAINT ER-GATE MONOLITH

BRANDON ROAD L&D
CHICAGO DISTRI CT

AREA A

Element
No. o

~ 
(psi) 02 (psi) 03 (psi)

4 —6.07 19.64 10.10 12.86
9 —36 .26 19.85 5.84 28.06

14 —1.64 20.94 3.85 11.29
19 —3.60 94.75 9.31 49.18
24 —10.6 3 101.84 20.65 56.24
29 —0.83 18.38 7.53 9.61
34 —3.67 43.53 6.72 23.60
39 —0.52 45 .38 9.97 22.95

• 44 —1. 16 8.01 3.28 4.59
49 2.47 45.60 8.71 21.57
54 0.05 25.61 6.64 12.78
59 0 .2 7 7 .67  2.51 3 .70

AREA B

359 —0.79 37.71 6.95 19.25
364 2.58 31.47 6.42 14.45
369 3.56 31.66 6.39 14.05
374 0.83 36.07 6.98 17.62
379 3.63 39.24 8.00 17.81
384 4.98 43.84 9.16 19.43
389 6.14 39.93 8.71 16.90
394 6.33 39.58 8.69 16.63
399 6.10 40.62 8.83 17.26
404 6.15 43.05 9.20 18.45
434 6.30 45.26 7.89 19.48
439 6.50 45.21 7.92 19.36
444 6.29 45.97 7.97 19.84

AREA C

239 —19 .05 39.90 3.99 24.48
244 —6.11 44.21 8.10 25.16
249 —5.84 37.34 6.74 21.59
254 0.49 34.79 7.74 17.15
284 —26.13 42.06 1.10 34.10
289 —4.20 49.23 9.84 26.72
294 0.47 115.58 5.93 57.56
299 —6.18 34.05 3.42 20.12
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TABLE Bli
PRINCIPAL STRESSES — SAP 5 3D STRESS ANALYSIS

SECTION DD - NORMAL OPERATION WITH ICE
TAIWIEa—CATE MONOLITH

BRANDO N ROAD
(~HICAGO DISTRICT

AREA A

Element
No. ~~ 

(psi) o2 (psi) 03 (psI) -y (psi)

4 —6 .31 19.95 7.18 13.13
9 —36 .14 19 .19 8.58 27.67

14 — 8.44  20.99 3.49 14.72
19 —2. 40 94 .92  6.74 48.66
24 —1 0.56 101.72 25.01 56.14
29 —0.18 18.27 1L52 9.23
34 — 4 . 7 5  43.31 2.25 24.03
39 —1.31 46.39 14.67 23.85
44 —1.24 11.33 5.88 6.29
49 1.17 43.57 3.81 21.20
54 0.13 28 14 10.34 14.01
59 0.27 13.02 4.72 6.38

AREA B

359 —2.19 36.26 6.41 19.23
364 1.89 28.78 5.83 13.45
369 3.60 28.16 5.75 12.28
37 4 0.92 33.19 6.46 16.14
379 3.4-8 37.66 7.68 17.09
384 4.29 42.14 8.71 18.93
389 6.00 37.62 8.25 15.81
394 6.48 37.11 8.26 15.32
399 6.23 38.45 8.44 16.11
404 6.16 4 1.84 8.98 17.84
434 6.37 43.24 7.59 18.44
439 6.69 43.23 7.65 18.27
444 6.49 44.21 7 .74  18.86

AREA C

239 —28.42 31.15 —0.33 29.79
244 —9.71 38.69 5.86 24.20
249 —8.21 33.68 5.24 20.95
254 —0.58 33.11 7.08 16.85
284 —30.49 32.43 —2 .53 31.46
289 —6.88 42.56 7.49 24.72
294 —2.15 110.43 5.29 56.29
299 —7.67 29.68 1.71 18.68
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TABLE 812

PRINCIPAL STRESSES - SAP 5 3D STRESS ANALYSIS
SECTION DD — FLOOD CONDITION

TAINTER- GATE MONOLITH
BRAN DON ROAD L&D
CHICAGO DISTRICT

AREA A
Element
No. a

~ 
(psi) 0

2 (psi) 0
3 (psi)

4 —5 .44 19.94 10.55 12.69
9 —36.24 20.20 6.03 28.22

14 —1. 34 21.19 4.67 11.27
19 — 2.82 94.82 9.68 48.82
24 —10 .56 102.33 21.28 56.45
29 — 0.80 18.66 7.82 9.73
34 —2. 80 43.51 6.99 23.16
39 —0.21 45.95 10 .30 23.08
44 —1.17 8.66 3.40 4.92
49 3.32 45.12 8.80 20.90
54 0.48 26.39 6.93 12.96
59 0.29 8.62 2 .72  4.17

AREA B

359 —1.5 9 37.63 6.79 19.61
364 2.22 30.67 6.23 14.23
369 3.61 30 .52 6.18 13.46
374 0.89 35.22 6.83 17.17
379 3.77 38.99 7.98 17.61
384 4.66 43.65 9.06 19.50
389 6.13 39.37 8.61 16.62
394 6.48 38.93 8.60 16.23
399 6.30 40 .10 8.77 16.90
404 6.38 43.01 9 .24  18.32
434 6.43 44.84 7.84 19.21
439 6.71 44.81 7.89 19.05
444 6.53 45.69 7.97 19.58

AREA C

239 —24.73  36.02 1.79 30.38
244 —8.48 42.35 7.13 25.42
249 —7. 57  36.33 6.11 21.95
254 —0. 03 34.70 7.60 17.37
284 —29.12 37.25 —0 .86 33.19
289 —5.85 46.14 8.71 26.00
294 —1.01 112.95 5.35 56.98
299 —6.99 31.84 2.56 1~i.42
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TABLE B13
PRINCIPAL STRESSES — SAP 5 3D STRESS ANALYSIS

SECTION EE — NORMAL OPERATION
TAINTEI-GATE MONOLITH
BRANDON ROAD L&D
CHICAGO DISTRICT

AREA A

________ ~l 
(psi.) 

~2 
(psi) (1

3 
(psi) ym~~

(p8i)

5 —6.57 19.23 10.65 12.90
10 —36.03 20.58 4.79 28.31
15 —1.13 20.31 3.82 10.72
20 —4.48 94.20 10.02 49.34
25 —10.56 102.45 19.04 56.51
30 —0.68 19.23 6.57 9.96
35 —3.60 43.19 7.03 23.40
40 —0.14 45.98 9.70 23 .06
45 —1.21 8.25 3.22 4.73
50 2.47 45.61 9.41 21.57
55 —0.06 25.67 7.12 12.87
60 0.21 7.43 2.91 3.61

AREA B

360 —0.78 37.64 6.91 19.21
365 2.59 31.32 6.36 14.37
370 3.58 31.50 6.33 13.96
375 0.86 36.01 6.92 17.58
380 3.63 39.21 7.95 17.79
385 4.98 43.76 9.12 19.39
390 6.16 39.85 8.66 16.85
395 6.36 39.49 8.64 16.57
400 6.12 40.52 8.76 17.20
405 6.15 42.98 9.17 18.42
435 6.32 45.12 7.86 19.40
440 6.53 45.07 7.89 19.27
445 6.31 45.83 7.95 19.76

AREA C

240 —19.05 40.05 4.05 29.55
245 —6.09 44 .35 8.13 25.22
250 —5.80 37.46 6.74 21.63
255 0.52 34.88 7.69 17.18
285 —26.02 42.31 1.37 34.17
290 —4.21 49.43 9.89 26.82
295 —0.10 114.57 5.64 57.34
300 —6.25 34.12 3.49 20.19
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TABLE B14
PRINCIPAL STRESSES — SAP 5 3D STRESS ANALYSIS

SECTION EE - NORMAL OPERATION WITH ICE
TArNT ER—GAT E MONOLITH

BRANDON ROAD L&D
CHICAGO DISTRICT

AREA A
Element

No. 01 (psi) 02 (psi) 03 (psi) ymex (psi)

5 —8.08 18.73 9.56 13.41
10 —35.62 21.84 4.86 28.73
15 —5.73 18.29 3.53 12.01
20 —5.06 93.71 9.71 49 .39
25 —9.24  104.51 19 .42 56.88
30 0.72 21.17 7.41 10.23
35 —3.9 1 41.94 3.00 22.93
40 —0. 11 47.87 12.28 23.99
45 —1.28 10.78 6.37 6.03
50 2.46 43.27 3.98 20.41
55 0.21 27.86 10.76 13.83
60 0.23 10.71 6.80 5.24

AREA B
360 —2.18 36.20 6.37 19.19
365 1.90 28.65 5.76 13.38
370 3.63 28.02 5.67 12.20
375 0.95 33.15 6.39 16.10
380 3.47 37.64 7.63 17.09
385 4.28 42.06 8.67 18.89
390 6.02 37.54 8.20 15.76
395 6.51 37.03 8.20 15.26
400 6.24 38.36 8.38 16.06
405 6.16 41.77 8.94 17.81
435 6.39 43 .10 7.56 18.36
440 6.71 43.09 7.61 18.19
445 6.51 44.07 7.71 18.78

AREA C

240 —28.33 31.42 —0 .34 29.88
245 —9.67 38.93 5.82 24.30
250 —8.16 33.86 5.19 21.01
255 —0.55 33.22 7.01 16.89
285 —30.36 32 .86 —2.37 31.61
290 —6.88 42.87 7.45 24.88
295 —2.85 109.55 5.01 56.20
300 —7.73  29.85 1.68 18.79
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TABLE 815
PRINCIPAL STRESSES — SAP 5 3D STRESS ANALYSIS

SECTION R E — FLOOD CONDITION
TAIN~IER-GATE MONOLITH
BRANDON ROAD L&D
CHICAGO DISTRICT

AREA A

Element
No. 01 (psi) 

~2 (psi) (13 (psi) y (psi)

5 —5.95 19.53 11.12 12.74
10 —36.01 20.93 4.98 28.47
15 —0.81 20.55 4.63 10.68
20 — 3 . 7 3  94.26 10.41 49 .00
25 —10.49 102.95 19.65 56.72
30 —0.65 19.51 6.86 10.08
35 —2.71  43.16 7.28 22.94
40 —0 .20 46.55 9.99 23.38
45 —1.21 8.86 3.36 5.04
50 3.33 45.12 9.48 20.90
55 0.39 26 .44 7.41 13.03
60 0.24 8.40 3.10 4.08

AREA B
360 —1.58 37.57 6.75 19.58
365 2 .23 30.52 6.17 14.15
370 3.64 30 .35 6.12 13.36
375 0.91 35 .15 6.77 17.12
380 3.76 38.96 7.93 17.60
385 4.66 43.57 9.03 19.46
390 6.16 39.28 8.55 16.56
395 6.51 38 84 8.54 16.17
400 6.32 40.01 8.70 16.85
405 6.38 42.93 9.20 18.28
435 6.45 44.70 7.82 19.13
440 6.74 44.66 7.86 18.96
445 6.54 45.55 7.94 19.51

AREA C

240 —24 .73  36.15 1.85 30 .44
245 —8.46 42~ 49 7.16 25.48
250 —7.54 36 .45 6.10 22.00
255 0.00 34 .79 7.55 17.40
285 —29 .01 37.49 —0 .59 33.25
290 —5.86 46.33 8.76 26.10
295 —1.58 111.94 5.06 56.71
300 —7.06 31.91 2.63 19.49
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Figure B2. End view , finite—element grid , tainter—gate
monolith
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Figure B5. Slice B , finite—element grid , tainter—gate
monolith
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Figure B6. Upstream to downstream view ,
fini te—element  grid , tainter—gate monolith
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Figure 810. Spiliway Section DD, finite—element grid, tainter—gate
monolith
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Figure B12. Finite—element grid, axisymetric analysis, tainter—gate
foundation
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