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FOREWORD 

This paper summarizes the foundation performance of three large hydraulic 

structures founded on alluvial deposits in the Lower Mississippi Valley. The 

paper was prepared by Mr. R. I. Kaufman, Chief, Technical Engineering Branch, 

U. s. Army Engineer Division, Lower Mississippi Valley, and Mr. W. C. Sherman, Jr., 

Chief, Soil and Rock Mechanics Branch, U. S. Army Engineer Waterways EXperiment 

Station, for presentation at the ASCE Annual and National Environmental Engineer

ing Meeting in St. ~ouis, Missouri, during 18-22 October 1971. 

Director of the Waterways Experiment Station during the preparation and 

publication of this paper was COL Ernest D. Peixotto, CE. Technical Director 

was Mr. F. R. Brown. 
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SETTLEMENT OF LARGE HYDRAULIC STRUCTURES 

l 2 By R. I. Kaufman, M. ASCE and W. C. Sherman, Jr., M. ASCE 

Introduction 

A number of large hydraulic structures have been constructed as features 

of the project for flood control and improvement of the Lower Mississippi River. 

The structures are founded on alluvial soils ahd subjected to differential heads 

resulting from variations in river stage. Because of the relatively unfavorable 

foundation conditions and seasonal variations in foundation loadings, movements 

of these structures were observed during and after construction to determine 

their performance with respect to design assumptions. This paper presents the 

.results of these observations on three selected structures and conclusions 

regarding their performance. 

Overbank Structure, Old River Control 

Description of Structure 

The\ Old River Control structures are located on the west bank of the 

Mississippi River approximately 35 miles south of Natchez, Mississippi, and 

regulate flow from the Mississippi River to the Atchafalaya River. They were 
. . 

constructed to prevent the capture of the .Mississippi River flow by the Atchafalaya 

River through the COJ:?Ilecting linl\., Old River. The control structures include 

a low-sill structure fdr regulation_ of'_ normaJ..._ flows and an overba...'11",;- structure--

for operation during flood flows. The overbank structure is a reinforced 

concrete,3356-f't-long controlled spillway with hinged timber panels for 

control of flows. It is founded directly, on alluvial soils without the use of 

1 . 
Chief, Technical Engineering Branch, u. s. Army Engineer Division, Lower 
Mississippi VaJ..ley, Vicksburg, Miss. 

2Chief, Soil and Rock Mechanics Bra.'1.ch, u. s. Arrr~ Ene:i.nccr Waterways 
Experiment Station, Vicksburg, Miss. 



piles. 1m aerial view of the overbank structure is shown in fig. l. A typical 

section is shown in fig. 2. Construction of the structure was begun in 1956 

and was completed in April 1959. 

Foundation Conditions 

The foundation soils consist of 22 to 30 feet of fat backswamp clays 

underlain by silts, sandy silts, and silty sands having a combined thickness of 

10 to 30 feet. These deposits in turn a.x;.e underlain by sands extending from 

about elevation 0 to stiff Tertiary clays at about elevation ~100, beneath 

the.northern portion of the structure and at about elevation -200 beneath 

the southern part of the structure. 

The foundation clays have liquid limits ranging between 50 and 100. 

The clays are finely fissured and slickensided and have been overconsolidated 

apparently as the result of alternate wetting and drying in the past. The 

water contents of the clays varied from 30 to 50 percent with an average 

value of 32 percent for most of the samples at the time they were obtained. 

Samples from bo~ings made at different times showed that the natural water 

content bf the clays varied seasonally. A typical boring log is shown in 

fig. 3. The water-plasticity ratio averages about 20 percent. The average 

preconsolidation pressure at any depth is greater than the computed overburden 

pressure by approx:i.ni:a.tely 0.75 tons/sq ft. The overconsolidation is believed 

to be due to desiccation either during or after deposition which permitted 

capillary forces to develop and corrsulida;te the soiTunder pressures considerably 

greater than the weight of the present overburden. In addition to consolidation 

tests, swelling tests were performed which showed that significant volume changes 

would occur when the clay became saturated after the structure load had been 

applied. 

In preliminary design studies, a pile foundation was considered necessary 

to limit differential settl~~ent and to achieve stability of the structure. 
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Subsequent design studies revealed that the clay fo~dation possessed sufficient 

strength and relatively uniform compressibility to permit elimination of piles. 

However, preload fills were constructed at the abutments where the concrete 

structure ties to new earth levees to prevent the levee fill from causing 

excessive settlements which were estimated at 7.5 to 10.6 inches. 

Settlement Analysis 

It was considered. that settlement of the structure would depend largely 

on the position of the water table,which could vary for the construction case 

from immediately beneath the base of the structure at elevation 40 to below 

the bottom of the clay stratum at about elevation 15. Fluctuations in the 

water table would not only influence the effective stresses beneath the structure 

resulting in rebound and recompression of the foundation, but also contribute 
) 

to shrinkage and swelling phenomena. In order to estimate the amount of 

rebound and settlement after construction, analyses were performed for two 

limiting conditions: Case I, water table at elevation 40, and Case II, water 

table at elevation 15. The results of the settlement analyses are shown in fig. 4. 

Settlemeht observations in the preload fills constructed at the abutments 

indicated that observed settlements averaged 35 percent greater than the 

computed settlements (1). Therefore, the theoretically computed settlements for 

the structure were increased by the same proportion. The settlement profiles 

computed assuming a flexible structure were adjusted to take into account the 

fact that the structure was- relatively rigia Csee dashed lines in fig. 4). The 

estimated adjusted settlements of the weir section occurring after construction 

varied from 1.9 to 2.9 in. at the heel and 1.5 to 2.4 in. at the toe as shown 

in fig. 4. The estimated settlements of the stilling basin occurring after 

construction varied from 0.8 to 1.6 in. at the upstream end and 0.5 to 1.2 

in. at the downstream end. On the basis of the above analysis, a differential 

settlement of 0.6 to 0.9 in. was expected at the jollit between the weir and 

stilling basin. 
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The settlement analysis for Case II indicated a differential settlement 

of about 0.2 in. at the joint between the weir and the stilling basin. Swelling 

tests indicated that the foundation soils were susceptible to swelling to a 

depth of 6 to 7 ft below the base of the structure. It was assumed that the 

swelling potential in some samples had been partially realized at the time of 

sampling and testing and that the total swelling potential in percent was 

related to depth as s~own in fig. 5. The maximum swell was estimated at 2.1 in. 

beneath the stilling basin and 0.2 in. beneath the weir section. A difference 

of ;i_.9 in. in movement was expected at the joint between the weir and stilling 

basin as a result of swelling. The joint was designed to withstand such 

movement (fig. 6). 

Observations 

The foundation rebound resulting from 8 ft of required excavation amounted 

to 1.16, 1.43, and 2.57 in. for three heave points installed along the 

length of the structure excavation. These values are in reasonable agreement 

with the predicted values of 0.9 to 1.5 in. at point c, shown in fig. 4 for 

Case I. ' 

The time-settlement observations for a typical monolith are shown in fig. 7. 

The locations of the reference markers are shown in fig. 8. The settlement of 

the permanent reference marks represent settlements from the time the marks 

were installed. The total settlement of the structure, excluding settlement 

resulting from placement_ o:f the base slab-, is equa-l to- the- sum ortlie settlement 

indicated by the temporary reference marks and that indicated by the permanent . 
reference marks. The observations indicate that settlement of the structure 

follows a yearly cycle of upward and downward movements. The cyclic movement 

is closely related to the changes in the stage of the Mis~issippi River. 

Seasonal.changes of the water table in the clay stratum underlying the structure 
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are caused by changes in river stages and are reflec~ed in seasonal swelling 

and shrinking of the soils beneath the structure. Except for the seasonal 

movements, settlement of the structure is essentially comple~e as of 1964. 

The December 1960 settlement profile along the length of the structure is 

shown in fig. 9. The plotted settlements are based on reference marks located 

near the downstream edge of the weir section. It may be noted that settlement 

of the base slab for the north half of the structure was significantly greater 

than that for ~he south half of the structure. The difference is attributed to 

the fact that extensive shrinkage cracking occurred in the exposed foundation 

soils in the north half of the structure prior to placement of the base slab. 

The maximum settlements were not.excessive and, except near the abutments, are 

in fair agreement with values predicted for design in which the water table was 

assumed to be at the base level of the structure (elevation 40) at the start of 

construction. 

Low-Sill Structure, Old River Control 

Descr!Ption of Structure 

The low-sill structure at the Old River project controls normal low water 

flows from the Mississippi River into the Atchafalaya River. The structure is a 

reinforced concrete gated structure with a gross length of 566 ft between faces 

of the abutment training walls. An aerial view of the structure is shown in 

fig. 10. A section through the structure is sliown fo fig. 11. Construction 

was begun in October 1955, and the structure was essentially completed in December 

1958, at which time water was permitted to enter the structure area. 

Foundation Conditions 

The structure is underlain by a deposit of alternate silty sand and 

sandy silt strata having a total thickness of about 60 ft below the base slab or 

110 ft below natural ground surface. Occasional clay strata are contained by these 
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silty soils. A 40- to 60-ft layer of medium sand with gravel exists beneath 

the silty deposits. Tertiary clays, which are very stiff, occur below the 

sand and gravel. As the structural excavation extends well below the water 

table, it was necessary to install and operate dewatering system during construction 

to lower the water table in the silts and the hydrostatic uplift pressure in the 

sand stratum. This system has been described previously (2). It was necessary 

also to install seven permanent relief wells beneath the stilling basin and a 

drainage system beneath the stilling basin and the downstream portion of the 
r 

gat'ed structure to control seepage during operation of the structure, wherein 

a maximum differential head of 37 ft can develop. 

To insure stability with respect to horizontal sliding and prevent detrimental 

settlement, the gated portion of the structure and abutment piers were founded 

on 14BP73 piles extending approximately 32 ft into the sand stratum. Required 

pile lengths were determined from pile loading tests conducted in advance of 

construction as reported previously (3). The stilling basin and upstream and 

downstream training walls are founded directly on the silty souls because analyses 

of be(ring capacity, horizontal sliding, and settlement indicated no requirement 

for piling. 

Settlement of Pile-founded Structure 

In design studies, it was considered that settlement of the structure on 

piles would be relatively small, consisting of elastic compression of the piles 

during consturction and eventual settlement of the pile tips of about 0.02 ~. 

Settlement observations were made of marked metal hubs embedded in the top of 

the base slap and superstructure. Metal hubs installed in the base slab 

immediately a~er concrete placement served as temporary reference marks for 

settlement observations until permanent reference marks were installed on top 

of the structure. The settlement profile along the structure is shown in fig. 12. 
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Temporary reference marks at the gated proportion of the structure in the 

central portion indicated a rebound of as much as 0.05 ft. The rebound presumably 

was due to the rise of the groundwater level caused by closing dovm some elements 

of construction dewatering system. The total settlement of the gated structure 

a~ of 1964, approximately 6 yea.rs after completion of the construction, amounted 

to approximately 0.08 ft. Some seasonal movements occur which probably are 

the result of temperature variations. However, settlement appears to be complete. 

Because eubooils consist of compressible silts and clays,preload. fills 

wer~ used at the. abutments to reduce postconstruction settlements that would 

have otherwise occurred (1). The settlement at the abutments was somewhat 

greater than had been anticipated_. Some minor clay strata exist beneath the 

tips of the piles and abutments which may have caused additional settlement • 

.Although the abutments were preloaded prior to construction, the subsequent 

reduction of hydrostatic pressure in the foundation as a result of dewatering 

plus the weight of the abutment fill induced somewhat greater foundation pressures 

and consequent settlements than those for the preload fill with the water table 

at i ts,.normal level. These settlements probably have caused a downward drag 

on the abutment piles tending to overload. them with resulting downward movement 

of the structure. The greater settlement at the abutments has not caused any 

apparent distress to the structure. 

!raining Walls 

The upstreaJJL training walls- are- at a· uniform- height- o'f- 6T ft- aoove the top 

of the base. The stilling basin walls,which confine the flow of the stilling 

basin a.rea,vary from 45 to 56 f't in height. The stability of the walls was 

checked with respect to horizontal sliding and bearing capacity. The settlement 

analyses indicated that most of the settlements would occur during construction. 

Consequently it was decided to found the walls without the use of piling. The 

wans were constructed with a gap between the s true-Lure on piles as shown in 
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fig. 13. After completion of the .training walls and placement of backfill, 

concrete was placed in the gaps between the walls and the structure on piles. 

By constructing the walls in this manner, the rubber water stops in the toe of 

the wall and in the wall stem were subjected only to relatively small 

differential movement occurring after the recesses were filled with 

concrete. 

A profile along the south training wall is shmm in fig. 14. Settlement 

computations for the south stilling basin wall indicated settlements about 

o.4p ft at the heel of the wall and.0.125 ft at the toe. The corresponding 

computed settlement at the stilling basin face of the wall near settlement plate 

T-27P was 0.30 ft. As shown in ~ig. 14,the observed settlement at this point 

was 0.433 ft. Thus, observed settlements at these walls agreed fairly well 

With predicted values. Time-settlement curves, not shown in this paper, indicate 

that seasonal variations in movements occur, probably from temperature variaticns. 

Examinations of the wall joints in 13 years after construction indicated that 

the walls were in good alignment with no significant displacements at the 

joints.,.. 

MORGANZA CONTROL STRlX!TURE 

QescriEtion of Structure 

The Morganza Control Structure is located adjacent to the Mississippi River 

about 35 miles northwest of Baton- Rouger La. It consists- of a- gat-ed concrete 

Weir approximately 4,ooo ft long for passing excess flood waters from the 

Mississippi River into the Atchafalaya Basin. The gated portion of the structure 

has 125 bays, each having a span of 31 ft 3 in. center-to-center of the piers. The 

structure is divided into monoliths having a length of 62.5 ~; each monolith 

contains. two piers. Each monolith is supported by 54 20-in. concrete piles 

driven to sa.'11.d on a 2-on'"'.l batter. The foundation consists predominantly of 
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highly plastic clays approximately 80 ft thick underlain by a bed of sand 

approximately 50 ft thick. The piles penetrate through the clay and extend 

approximately 3.4 ft into the underlying sand. The control structure is 

connected to adjacent guide levees by levee embankments on each end of the 

structure. These embankments are approximately 30 ft high. An aerial view of 

the structure is shown in fig. 15; a section through the structure is shown 

in fig. 16. 

Consolidation tests on samples of clay beneath the structure showed that 

the· foundation is very compressible. Existing embanlanents · 30 ft high in the 

Vicinity of the structure had settled 2.5 to 5 ft. Preliminary estimates 

of settlement of the structure with friction piles founded in clay indicated 

settlements of 10 in. Thus, it was necessary that the gated portion of the 

structure be founded on piles driven to sand to reduce differential settlements 

to a minimum and to allow proper operation of the gates. Piles beneath the 

abutments, approach piers, and wing walls are of the same type and dimensions 

as those beneath the gated portion of the structure. However, smaller design 

loads 1ffere used on piles beneath the approach piers and in the abutments to 

allow for drag on these piles resulting from settlement of the embankment fill 

adjacent to the abutments. Preload fills were placed at. the abutment areas 

to minimize drag and bending of piles and to avoid possible underseepage problems (1). 

Most of the deep sand stratum beneath the structure contains no compressible 

clay strata; therefore, no significant sett-lement of the piies was expectedo 

However, as some settlement was expected, the design of the structure was 

based on an allowable differential settlement of 1 in. Accordingly, the gates 

of the superstructure were designed to absorb a differential settlement of 1 in. 

between piers in adjoining monoliths. 
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Observations 

In order that settlements could be measured during and after construction, 

metal hubs were embedded in the concrete superstructure, abutments, and 

approach piers as the concrete was placed. Settlement on the· top of the 

structure, abutments, and approach piers from the time they were essentially 

complete (Feb 1954) is shovm by the solid line, fig. 17. Settlement shown at 

the top of the structure does not include settlement during construction. 

Settlements during construction include the elastic deformation of piles caused 

by the dead load of the structure and possibly some vertical movement due to 

bowing in the piles as a result of their batter. The elastic and plastic 

deformation of the piles themselves was estimated at 0.15 to 0.25 in. 

Except at the ends of the structure, the settlement at the base of the 

control structure has been very uniform. Less thM 0.1-in. differential 

movement has occurred between monoliths. The settlement has been approximately 

0.5 in. The settlement at the abutments, though larger than that at the rest 

of the structure, has been relatively small and has not caused any distress in 

the structure. This shows that the preload fills were relatively effective 
/ 

in preconsolidating the foundation in advance of concrete placement. 

In design it was considered likely that roofing would occur beneath the 

structure as load from th~ structure is gradually transferred from the piles 

into the clay topstratum by skin friction. Thus, provisions were made to 

measure the movement of the top of the 12re:gared clay'. foundation with· res1Ject

to the overlying concrete structure so that the size of any void could be 

determined with time. It was considered that ultimately it would be necessary 

to fill the void with grout. Accordingly a grout stop was provided at the 

Upstream edge of the drainage blanket, see fig. 16. Settlement observations 

in fig. ~7 show the presence of voids beneath the base slab. These voids were 

grouted with a thin grout before a ma,jor high water occurred. 
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Conclusions 

Extensive instnunentation and careful observations of these large hydraulic 

structures in alluvial soils indicate that the structures are·functioning as 

designed. Proper design procedures based on current soil mechanics techniques 

can produce acceptable results. Generally, observed settlements were in the 

range of magnitude of those predicted in design. Preload fills were utilized 

and were successful in eliminating a large part of settlement which would 

othenrl.se occur at the structure abutments. With proper design procedures, 

settlements of large structures in alluvial soils can be controlled to reasonable 

values. However, some seasonal movement will occur due to variations in temperature 

and river stages. The structures have performed adequately since construction. 
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Fig. 1. Aerial vie ,1 of structure 
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Fig. 10. Aerial view of low-sill structure 
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Fig. Aerial view of Morganza control structure 
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