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•AMONG engineers and soil scientists, loess soil has long been one of the most inter
esting soil types. Many articles from the soil scientists' and geological viewpoints have 
been written about loess soil and appear in the literature. Probably one of the most 
interesting and authoritative summaries was written by Scheidig (1). A lesser number 
of articles have been written on engineering properties (2, 3, 4, 5) or problems (6, 7, 
8) concerning loess soil. This paper is based on the author's personal experience and 
s tudy of loess from two areas, Mississippi and Nebraska. The general behavior and 
structural makeup of the loess soils of Mississippi and Nebraska are quite similar, ex
cept Mississippi loess is more uniformly clayey and tends to have a greater in situ 
density. A close similarity exists between construction problems encountered with 
loess soil in the two areas. Before discussing construction problems in loess, its phys
ical properties and structural makeup are described briefly, principally with reference 
to the manner in which they contribute to the behavior of loess in various types of con
struction work. 

Tl1e principal background of the author's experience in construction work with loess 
soil was gained on the Central Nebraska Public Power and Irrigation District project 
from 1934 to 1941. Much information was also obtained on the structural makeup of 
the loess soils by personal observation, study, and close contact with the late George 
E. Condra (9) of Nebraska, who had great knowledge of loess soil and its behavior. The 
knowledge ga ined by the author concerning the structural makeup of Mississippi loess 
soil has been through studies at the Geology Branch, Soils Division, U.S. Army Engi
neer Waterways Experiment Station, Vicksburg, Miss., during the last 25 years. In 
addition, considerable knowledge in construction work has been gained by observing the 
behavior of Mississippi loess soil, principally on state highway projects and in building 
construction in Vicksburg, Miss. 

GENERAL 

On the basis of available information, 
loess deposits cover approximately 11 
percent of the land area of the world. 
This figure is about 17 percent for the 
United States. Figure 1 shows the most 
important loess areas of the United States. 
Figure 2 shows the age relationship of the 
soils of the Central Great Plains area and 
the southern region of the United States. 
Some difference of opinion exists between 
geologists of the various regions regarding 
the relationship of specific loess deposits; 
however, this disagreement is not partic
ularly pertinent. Probably one of the most 

Figure l. General loess areas of the United 
States. 
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Figure 2. Age relations in loess soils of the Central Great Plains, Illinois, and Mississippi. 

SILT I CLAY I 
Figure 3. Comparative grain-size 
curves for Mississippi and 
Nebraska loess soi Is. 

important differences in opinion concerning loess soil 
is with respect to its origin in Mississippi. Russell ( 10) 
of Louisiana State University has developed an hypoth
esis that loess soils of Mississippi are the result of 
fluvial deposition and soil-forming processes rather 
than windblown origin. This theory is not concurred 
in by many other Mississippi and Louisiana geologists 
( 11, 12) . Apparently, little disagreement exists con
cerning the origin of the Nebraska loess soils, i.e., 
that they are windblown and their origin was mostly in 
the sandy areas of northwest and north-central 
Nebraska and northeast Colorado, with minor contrib
uting sources in river valley floodplains (13). 

Figure 3 shows typical comparative grain-size 
analyses of the Mississippi and Nebraska loess soils. 



12 

O.B 

LOESS SAMPLE 5 (UNDISTURBED ) 
DEPTH, 12 .0-14.3 FT 

N 0 . 6 l--~~__:::.....:::---f-~(AFTER3DAYS~~~~~-l-~~~~~~+-~~~~~--t 

f-
LL 

I/) 

z e FINAL CONDITION 

~ 803 SATURATION 

.!:O 
I 
f
l'.) 
z 
w 
ll'. 
f
l/) 

ll'. 
<( 
w 
T 
I/) 

0. 4 

u . 2: 

0 
2 4 26 

DRYING) 

!AFTER 2 DAYS 

29 30 

(AFTER 24 HR 
DRYING) 

(AFTER 7 HR 

INI T IAL CONDITION 
95% SATURATION 

32 

M OIS T U RE I N ~ .. OF DR Y WE IGH T 

Figure 4. Change in shear strength with changing moisture content, Mississippi loess. 
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Note that the Mississippi soil tends toward a higher clay content. Figure 4 shows a 
radical change in shear strength with changing moisture content on undisturbed Missis
sippi loess soil . A similar graph on Nebraska loess soil could be even more pronounced 
because many of the Nebraska loess deposits contain more calcium carbonate than the 
Mississippi deposits and thus have a greater, relative, cohesive strength as a result 
of cementation produced by the calcium carbonate. In the Nebraska project mentioned 
earlier, the author had a great amount of experience with Nebraska in situ loess de
posits and their loss of strength when wetted under loading. Many observations were 
made on the consolidation of in situ loess soils when wetted. One of the most signifi
cant experiences of this type was in the filling of a reservoir by storm waters and the 
loss of the water largely as a result of soaking into the undisturbed thick layer of loess 
soil beneath. The reservoir bottom developed many sinkholes, and the overall average 
settlement was estimated to be several feet. Another illustration of consolidation of 
in situ loess soil concerned a local irrigation project on the high terrace of the Platte 
River south of Kearney, Neb. As a result of approximately 15 years of irrigation, the 
overall settlement of the irrigated land ranged between 5 and 7 ft. As would be expected, 
this settlement produced extremely difficult problems for the farmers in attempting to 
maintain main and sublateral ditches for distribution of irrigation water. Other features 
of this project are described later. 

Figure 5 shows the excavation of a mastodon skull in a vertical bank of a Missis
sippi highway cut. Factors such as this are excellent checks on the age of a loess 
deposit. 



Figure 5. Excavation of mastodon skull in 
highway cut, Mississippi. 

INTERNAL STRUCTURE 

Internal structure contributes largely 
to the behavior of in situ loess, i.e. , steep 

Figure 6. Live and unrotted plant roots 15 ft 
below the surface, Mississippi loess. 
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columnar sloughing, low resistance to erosion and piping, and consolidation and loss 
of strength when wetted. The latter phenomenon is quite often referred to as collaps
ible soil. It is generally believed that internal structure of loess soil is developed by 
one or the other or a combination of (a) mechanical cementation due to calcium car
bonate, and (b) formation of more or less vertical tubules in the loess as a result of the 
decay of fibrous plant roots. Quite often these tubules are lined with calcium carbonate 
and are so small that the naked eye is unable to distinguish them. Figure 6 shows live 
and unrotted plant roots some 15 ft below the surface. Figure 7 shows the tubule lining 
of calcium carbonate; the soil has been washed away, and the tubules, as shown, are 
approximately 1/2 mm in diameter. Figure 8 shows a petrographic thin section across 
calcium-carbonate-lined tubules. The total width of the view is approximately 4 mm, 
which means that the longest diameter of the tubules ranges between % and 1 mm. 

Another phenomenon, which in a sense contributes to the internal structure of loess 
soil, is the replacement of larger plant roots with calcium-carbonate concretions. The 
size and shape of these concretions vary considerably. Some may be elongated with a 

Figure 7. Tubule lining of calcium carbonate, 
Mississippi loess. 

Figure 8. Thin, petrographic section across 
ca le ium-carbonate- lined tubules, 
Mississippi loess. 
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Figure 9. Elongated and irregularly shaped 
concretions, Mississippi loess. 

Figure 10. Rounded to subrounded concretions, 
Mississippi loess. 

diameter of% in. and larger; others may be more or less irregular to spherical in 
shape. Figure 9 shows some of the smaller elongateci anci irregularly shaped loess 
concretions in Mississippi loess soil. On occasion, some of the nodules have been 
made up largely of silica . In Nebraska loess, the author has seen in open cuts many 
yucca root bulb replacements , most of which were silica. Some of these replacements 
were in the shape of an elongated turnip with the maximum diameter at the top being 8 
to 10 in. The replaced yucca roots, unless extremely abundant, would have little to do 
with the internal structure of loess; however, relatively high percentages (up to 5 per
cent) of small, elongated particles could have a material effect on the structure ofioess. 
Figure 10 shows rounded to subrounded concretions in Mississippi loess. The scale in 
this figure shows that some concretions are up to 1 in. in diameter, while some elon
gated concretions have the longest dimension up to 2 in. 

STRATIFICATION 

The macro stratification of loess soil is ordinarily quite easy to distinguish. There 
is also a considerable amount of microstratification, which is not so readily detectable. 
In many locations along the Mississippi River, the major stratification of loess is seen 
in the steep vertical cut banks. In all instances of the author's observations, this strat
ification was conformal with the surface of the older sediments beneath. In hilly sec
tions along the Mississippi River, the older formations usually had distinct erosion pat
terns with a rounded hill crest. The loess was deposited in layers and assumed a con
formal layering. Sometimes a specific layer of loess is thickened toward the valleys 
and is thinner over the crest. This, undoubtedly, has been the result of intermediate 
erosion from the hill tops. Instances can be found where the reverse is also true. 

In Nebraska, where the loess regions are generally much more nearly level, the 
loess is conformal to underlying topography and is horizontally stratified. It is not un
usual, particularly in Nebraska loess, to find buried layers of dark-colored top soils. 
Figure 11 shows the conformal stratification of loess on a steep-faced road cut near 
Vieksburg. Figure 12 shows varying thicknesses of leached loess above unleached 
loess surface soil in a highway cut. The leached material contains very little calcium 
carbonate and will not stand on vertical slopes as well as the unleached loess. Leached 
loess is also less resistant to surface erosion and gullying. 

SLOPE FACE PROBLEMS 

For many years, engineers confronted with excavation in loess soils have beenfaced 
with the cut slope problem. The natural tendency is to lay a slope back on at least a 1 
vertical to 1 horizontal ratio and quite often as much as 1 vertical to 3 horizontal. How
ever, a careful study of natural loess banks, regardless of area, quickly demonstrates 
that the natural tendency of caving loess banks is when sloughing to leave a more or 
less vertical face. Consequently, most engineers now tend to cut loess-slopes not flatter 



Figure 11. Conformal stratification of loess in 
highway cut, Mississippi. 
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Figure 12. Varying thicknesses of leached loess 
above unleached loess surface soi I in highway 
cut, Mississippi. 

than 1 vertical to 1/2 horizontal and quite often as steep as 1 vertical to 1/4 horizontal. 
Depending on the depth of the excavation, one or more bench cuts may be made in the 
steep slope. The height of these bench cuts covers a wide range varying from 12 to 30 
ft, depending largely on the organization doing the work. Through deep cuts (14) along 
the power canal of the Central Nebraska Public Power and Irrigation District,the 
author recommended cuts as high as 30 ft with a slope of 1 vertical to % horizontal, up 
to 50 ft in height for a slope of 1 vertical to % horizontal, and for all higher slopes 1 
vertical to % horizontal. 

A study of natural slopes soon demonstrates, in addition to their tendency to stand 
steeply, that the slope is easily rutted and gullied if casual water is allowed to drain 
over the face of the slope. In addition to surface rutting and gullying, piping wells and 
various types of sloughing can develop. 

Figure 13 is a close-up of a piping well that developed on a 1 vertical to 3 horizontal 
slope. The outlet of this well is farther down the slope. Such wells can develop as a 
result of a rodent hole or the enlargement of a crack at depth. Needless to say, these 
wells represent a very harassing maintenance problem. In addition to the piping well, 
the closely spaced surface gullying effects can be noted. This also causes high main
tenance expense on such slopes. Figure 14 shows a piping well on a steep slope that 
was largely exposed by the vertical cut. The entrance of water is back from the top of 
the slope. For this particular case, casual water was not running over the lip of the 
slope and there was no surface gullying. Figure 15 shows a high, steep, benched slope. 
The gullying is a result of casual water flowing from the surface of the berm over the 
face of the slope. A large columnar sloughing from the bottom to the top of the slope 
can also be seen. Judging from the small girl in the picture, the height of the slope to 
the first bench is approximately 20 ft. Figure 16 shows a fairly high, benched, steep 
slope. The face of the slope is badly gullied due to improper berm drainage. Note that 
the erosion has exposed layered stratification, which, without the erosion, was not too 
well defined visually. 

Figure 17 shows a high benched slope with a rather large arched caving failure at 
the base of the slope, which is slightly below the level of the roadway. The author in
vestigated numerous failures of this type, and in all cases attributed them to the fact 
that the drainage ditch was cut immediately at the base of the slope. The normal prac
tice is to cut a gully a few feet outward beyond the base of the slope, leaving, in effect, 
an earth fillet between the drainage ditch and the tangent to the face of the slope. The 
arched failures are seldom noted where the drainage is away from the base of the slope. 
Where drainage is immediately at the base of the slope, even though very little erosion 
results, the saturation extends for a greater distance into the base of the slope; this 
tends to weaken the loess soil with a resultant tendency toward consolidation, thus put
ting the soil above the wet layer in tension and producing the arched caving failure 
surface. 



Figure 13. Piping well and gullying an 1 vertical 
to 3 horizontal in highway back slope, 
Mississippi loess. 

Figure 15. Gullying on steep highway back slope 
due to improper drainage. Note columnar 
sloughing, Mississippi loess . 

Figure 14. Piping well on steep highway slope, 
Mississippi loess. 

Figure 16. Gullying in improperly drained, steep, 
benched highway slope. Note stratification 
made visual by rainwash, Mississippi loess . 

Figure 17. Unders lope arched caving on steep 
highway back slope, Mississippi loess. 
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Figure 18. Layout of Central Nebraska Project. 

Another type of slope failure is where a thin surface layer of the slope sloughs away. 
This surface layer may be from 1 to 6 in. thick, and it may be caused by surface evap
oration and hardening as a result of salt concentration. The sloughing may be due to 
accumulation of moisture behind the relatively dry, hard, surface crust layer. 

CENTRAL NEBRASKA PROJECT 

The Central Nebraska Public Power and Irrigation Project was constructed under 
the auspices of a tri-county authority and was basically a power and irrigation develop
ment. The project consists primarily of the large Kingsley Dam reservoir located 
north of Ogallala on the North Platte River. The North Platte River is used as the de
livery system to a 75-mile-long power canal with an intake located at North Platte. 
Three powerhouses are located on the power canal; and below the power canal, the ir
rigation water is used in an irrigated territory of several hundred thousand acres lo
cated principally in Phelps and Kearney Counties. Most of the writer's experience 
discussed in this paper was obtained from the power canal portion of the project. The 
author was charged with the responsibility of conducting field soils exploration, super-

Figure 19. Johnson No. l powerhouse at upper 
end of deep tailrace cut in loess, Central 
Nebraska Project. 

vising laboratory testing, advising on de
sign, and assisting in field supervision on 
construction as well as the follow-through 
with behavioral observations of completed 
structures, such as excavation slopes, 
earth dams including their foundations, 
and foundations of many hydraulic struc
tures including powerhouses (15, 16). 
Figure 18 shows the general layoutof the 
Central Nebraska Project. 

Figure 19 shows the Johnson No. 1 
powerhouse, which is located in a cut over 
100 ft deep, and the outlet canal below the 
powerhouse. The top of the powerhouse 
is below the surrounding level of the nat
ural ground. The high spoil banks adja
cent to the top of the bank can be noted. 
In the central portion of the picture, on 
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V - bottomed, can be seen. These anomalies were frequently found near the edge of the 
bluff line and particularly on the high terrace immediately adjacent to the bluff line. 

Deep Cut Slope Problems 

The power canal traverses from the river level across and to the upper terrace and 
into the edge of the bluff line by the simple expedient of being at a flatter gradient than 
the natural river valley itself. Some 44 earth dams are located along the power canal 
and one main irrigation canal. These dams block the mouths of canyons between inter
vening ridges and form reservoirs of varying size. Figure 20 is a drawing of a power
house and the intake structure above it. Severe piping developed in the lower reaches 
of the slope under the penstock somewhat above the powerhouse. Failure was averted 
by quick mud-slurry grouting of the foundation under the intake structure. The grout
ing did two things: (a) it consolidated low- density strata of loess that had softened and 
lost strength upon becoming saturated, and (b) it filled actual cavities that developed 
as a result of soil arching over some soft pockets or layers of loess soil which, upon 
saturation, settled and produced a void. The grouting procedure used on this structure 
was the forerunner of a very extensive grouting operation under other structures along 
the power canal and on sections of the canal where high seepage losses occurred. This 
work has been documented by the chief engineer and general manager of the project (17). 

Early in the design of the power canal, the question arose as to the steepness of back 
slopes in the deep excavation cuts. This was important on this project because the dif
ference in cost between relatively flat back slopes and relatively steep back slopes was 
great enough to endanger the economical feasibility of the project. As previously indi
cated, field observations implied that steep slopes should be used. Laboratory studies 
fortunately confirmed the field observations, and estimates of the height of given back 
slopes were made based on laboratory studies; for instance, s lopes about 30 ft high 
could be cut on 1 vertical to 1/4 horizontal, and slopes about 50 ft high could be cut on 1 
vertical to % horizontal, whereas higher slopes would be either bermed or flattened 
to 1 vertical to% horizontal. All sand lenses of any magnitude were bermed. The 
writer was permitted to prove out the slopes that were forecast by a full-scale experi
mental field excavation test (14). In one section in the high plains area where the cut 



Figure 21. Lorge-scale field test of loess for 
slope height at ~horizontal to 1 vertical 
and ~ horizontal to 1 vertical, Central 
Nebraska Project. 
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Figure 22. Deep loess cutsectionof power canal 
showing berming of sand stratum, Central 
Nebraska Project. 

ranged from 50 to 80 ft in depth, various heights of cut slopes were tested. In other 
words, a given slope was carried forward in the gradually deepening excavation such 
that actual sloughing began to take place. In this manner, the limiting heights of slopes 
were finally adjusted and were used successfully in the project with only nominal mainte
nance, as evidenced by 2 5 years of excellent behavior. Figure 21 shows the deep cut 
experimental section. The slope on the right was the experimental side, and the actual 
sloughing produced as a result of the experiments can be seen . Note that the slope on 
the left, which was cut according to preliminary design, shows no sloughing. 

Figure 22 shows the berming of a sand layer through a portion of a deep-cut section. 
Note the height of the man in the left center of the picture for scale. Figure 23 shows 
the deepest cut section on the power canal, which was 135 ft deep, and also shows 
berming of fairly thick sand zones. Oddly enough, the principal maintenance problem 
in this deep cut section was wind erosion of the sand lenses. Initially, the sand mate
rial was mulched with straw and staked with wire netting. Subsequent to this, sand 
fences were installed on the slope normal to the centerline of the canal at fairly close 
intervals across the sand layer. The sand fences can be seen on the right-hand bank in 
the figure. 

Spoil Bank Problems 

Spoil banks were cast usually in one operation from the cut section. Usually, an at
tempt was made to get an intervening berm of 25 to 50 ft. Sometimes this was not pos

sible without some recasting of material. 
The writer was never aware of failure of 

Figure_23. A 135-ft deep loess cut power canal 
with berming of thick sand lense and sand fence 
protection, Centro! Nebraska Project. 

an excavation slope as a result of overload 
at the top of the slope due to the spoil bank. 
However, one problem did exist with spoil 
banks on sidehill cuts. Innumerousplaces, 
a small compact core bank section was 
constructed to form the downhill bank of 
the supply canal. The top of this core 
bank was only a few feet across, and the 
outer slide slope was about 1 on 1. The 
top of the compacted core bank was atleast 
1 ft above the normal water surface in the 
canal. Most of the remainder of the spoil 
was cast as a loose material covering the 
compacted core bank. After the canal was 
in operation for some time, some sections 
of the loose fill became saturated. This 
saturation probably resulted from capillary 
pull over the top of the core bank and from 
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Figure 24. Liquefaction failure of downhill cast 
loess bank on power cane I, Centro I Nebraska 
Project. 

seepage underneath the compacted core 
bank. The level of saturation in most 
instances was plainly visible from the 
downstream side of the loose spoil bank. 
In numerous instances, the saturated 
loose loess material became liquefied due 
to the imposed weight above, and the en
tire loose bank flowed doen the canyon 
wall and flattened out across the canyon 
bottom (see Fig. 24) . In no instance did 
the core bank fail and crevasse the canal. 
This, of course, was excellent proof of 
the stability of loess soil when given a 
certain degree of compaction. Actually, 
the degree of compaction obtained in the 
core bank was about 95 percent of 
standard Proctor density. Measurements 
of the loose spoil densities indicated that 

the loess in the cast banks ranged in weight from 60 to 70 pcf. whereas the compacted 
core bank material weighed about 90 pcf. 

Settlement Problems 

The total and differential settlement problem was of even greater concern in the de
sign of the power canal system than the slope problem. The latter had a great impact 
on the economic feasibility of the system with a less strong technical impact. The 
settlement problem had an extremely important bearing on the technical feasibility of 
the entire project. In actuality, two reports concerning the feasibility of the Central 
Nebraska Project, particularly with reference to the power canal, stated that the proj
ect was not feasible because of the thick loess foundation and the necessity to build em
bankments with loess soil. 

Preliminary studies of loess, particularly in the area involved, indicated that total 
and differential settlement under embankments would be a serious but not necessarily 
an insurmountable problem. A short canal, known locally as the" 17-mile canal," south 
of Kearney, Neb., had been in operation some 15 years. This canal irrigated the high 
terrace on the south side of the Platte River and is discussed later. Many of the dif
ficult settlement problems anticipated on the Central Nebraska Project were demon
strated on this project. 

The studies, investigations, and analyses (5) along the power canal demonstrated 
that the loess foundations for the dams would be from 50 to 200 ft thick and that the 
dams would range up to 100 ft in height. Further, the only soil available for dam con
struction was the loess soil itself. Conventional settlement analyses indicated that 
settlements of 8 to 12 ft might be expected with approximately 50 percent of the settle
ment in the foundations coming in the dry and the remaining 50 percent with the filling 
of the reservoirs. Further, under special conditions and during the reservoir filling, 
differential settlement, both longitudinal and transverse to the dams, could be expected. 
The magnitude of such differential settlement could at best only be estimated but might 
be measured in feet rather than inches in relatively short distances. A review of the 
initially computed settlements showed that for these cases, the then conventional pro
cedures for estimating settlements gave calculated settlements that were greater than 
would take place in the prototype. The only basis for this decision was judgment and 
prototype behavior of smaller structures in the general area. A special laboratory 
test procedure was developed that involved reconsolidating samples under the loads to 
which they were subjected in nature and then subjecting them to an estimated prototype 
loading and wetting cycle before shearing. This procedure resulted in settlements that 
were roughly 50 percent of those initially calculated and were believed to be more real
istic. The design of the structure and the extent of the overbuild of the dams we r e 
made on the latter basis, and the prototype settlement behavior was not too dissimilar 
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Figure 25. Generalized cross section along power canal through edge of loess bluffs of col luvial and 
alluvial terraces, Central Nebraska Project. 

from the final calculation. As a matter of fact, the prototype settlement was slightly 
more severe than that estimated on several of the dams because even with the overbuild 
some structures became slightly swaybacked. 

Figure 25 is a typical geological profile of the general relationship of the tableland, 
the high colluvial terrace, the lower alluvial terrace, the floodplain, and the Platte 
River. It is not intended that this profile, which is based on borings and geological in
terpretation, be considered exact; however, it is thought to closely approximate the 
actual conditions through much of the supply canal area. Figure 26 depicts a sectionof 
the 17-mile canal south of Kearney. The drawing is not to scale. Preliminary studies 
of seepage and settlement records were made on this small canal. The farmers using 
the irrigation water had had an extremely difficult settlement problem because the 
general level of their farmlands after 12 to 15 years of irrigation was from 5 to 7 ft 
lower than at the beginning. Later in the paper an attempt will be made to explain this 
phenomenon. Specifically, Figure 26 demonstrates what is called a "percolation chan
nel" immediately below the canal. The percolation channel is shown with vertical side 
slopes and a slight rise in the water table, which produces a local groundwater mound . 
A piezometer put in slantwise underneath the canal with the tip below its center re
mained dry. In other words, water apparently percolates vertically downward from the 
canal in a state of partial saturation. Percolation in this paper is used as representing 
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Figure 27. Percolation channel vs seepage channel in loess from reservoir bottom to groundwater, 
Centro I l...Jebraska Pro j ecT. 

a different phenomenon from seepage. Where seepage exists, the soil is assumed to 
be field saturated. 

Figure 27 represents hypothetical cases of downward water loss from a reservoir 
to the water-bearing stratum. The upper portion of the figure shows the vertical sided 
percolation channel mentioned in Figure 26. Note that the loess stratum is quite thick. 
The lower portion of the figure shows a seepage channel with a relatively flat phreatic 
surface extending outward from the reservoir. The loess layer is much thinner. The 
phenomenon demonstrated here is that percolation from the reservoir is maintained 
until the groundwater mound builds to such a height that it intersects the bottom of the 
reservoir. From this point on, the so- called seepage phenomenon develops with a flat 
gradient extending outward from the reservoir. If the thickness of the foundation loess 
layer is great enough, seepage conditions may never develop, which was true on some 
of the smaller reservoirs along the power canal after several years of operation. The 
present conditions are not known. Subsequent behavior on the project demonstrated that 
the water losses under conditions of seepage were materially greater than under initial 
conditions of percolation. The author recognizes that the definitions of percolation and 
seepage, as used in this paper, may not be generally accepted terms with the specific 
meanings attached to them. 

The followirig paragraphs describe four figures, from which it is attempted to show 
the overall phenomena that were responsible for the severe settlement on the 17-mile 
canal. Certain features also account for much of the settlement behavior on the supply 
canal and embankments of the Central Nebraska Project. 

Figure 28 depicts a groundwater mound with a crack or a hole leading down to it 
from the ground surface. A void is shown over the groundwater mound; it is caused by 
the settlement of the saturated loess soil within the mound and by arching of the drier, 
undisturbed loess soil above. It was not unusual to find these cavities when drilling, 
and they were easily noted by the drop of the drill stem. A drop of the drill stem from 
3 to 5 in. was readily noticeable, and it was not unusual for the drill stem to drop 10 to 
15 in. Figure 29 shows a series of these groundwater mounds with cracks or openings 
leading from the ground surface down to the top of the mound. In the case of the irri
gated land along the 17-mile canal, it was not unusual for a crack to open overnight 
completely across a field, thus swallowing all the water from irrigation laterals. These 
cracks, on occasion, were wide enough so that farm animals could be lost in them. It 
was even dangerous for a farmer to attempt to irrigate his crops at night. Figure 30 
is a follow-up of Figure 29 and presumes to show the development and the cause of sud
den openings of the cracks . It is believed that the large blocks of soil between cracks 
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Figure 28. Hypothetical generalization of phenomenon showing cavity developed over groundwater 
mound in loess,Central Nebraska Project. 
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Figure 29. A series of underground cavity developments in loess, Central Nebraska Project. 
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Figure 30. Hypothesis of how cracking and cavity development in loess could account for 5 to 7 ft of 
surface settlement of irrigated lands along 17-mi le canal, Centro I Nebraska Project. 
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Figure 31. Sinkhole development due to cavity formation in loess, Central Nebraska Project. 

will operate as a unit and will actually tilt back and forth with the ra1smg of the water 
table and the development of new cavities. In Figure 30, block 1 on the left is shown 
tilted to the right, whereas block 1 on the right is shown tilted to the left. Note that 
the groundwater mounds are higher in the figure on the right than in the figure on the 
left. The writer makes no claim that the hypothetical case just described is really in
dicative of the prototype; nevertheless, it is an effort to account for the rather sudden 
opening and closing of large cracks with the overall net effect of the gradual lowering 
of the ground surface. 

Figure 31 is a drawing of a sinkhole phenomenon that developed in several of the 
reservoir bottoms along the supply canal after they collected a considerable amount of 
rainfall and after the water was absorbed in the foundation. Again, the groundwater 
mounds are shown in Figure 31, but the openings from the surface are a single hole. 
These sinkholes were always circular, which indicated that the soil was being fed into 
the open cavities below through a single hole rather than along a crack. Many of the 
sinkholes remained active even several days after all water had disappeared. Many of 
the sinkholes were up to 30 ft in diameter and 15 ft deep. Prairie dogs were quite 
numerous in the general area, and one hypothesis advanced is that in some of the res
ervoir bottoms where this phenomenon developed there existed prairie dog towns. The 
fact that soil is lost in this phenomenon from the surface to depth is a further irrefut
able indication that actual cavities existed. A prairie dog town existed at the location 
of one of the dams; and even though the location was shifted several times, final loca
tion was still over portions of a prairie dog town. This situation involved comprehen
sive grouting of the foundation and was a unique problem in itself. 

Another cavity formation due to settlement of saturated loess soil under its own 
weight with a bridge of firmer loess soil over the top was a compacted loess dam in the 
general vicinity of the Central Nebraska Project. This dam was built following a speci
fication that required a moisture content dry of optimum and compaction by heavy 
equipment, which resulted in a strong and brittle structure. With the reservoir only 
partially full, rather heavy seepage developed at the downstream toe. Consultants on 
the project determined that an investigation should be made . Test pits and bori ngs 
were put down in the structure, which had a maximum height of about 80 ft . The mass 
of compacted embankment was hard and brittle, and cavities to 6 in. thick were found 
between the base of the embankment and the top of the foundation. These cavities, of 
course, could not be continuous , but they undoubtedly contributed to the excessive 
seepage and could have been a possible source of piping failure. It is the writer's 
opinion that repairs to the structure could have been made by relatively simple grouting 
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Figure 32. Cross section of loess dam compacted dry of optimum showing cavity development due to 
foundation settlement with arching of dam structure, Sutherland Project. 

procedures; instead, it was determined that with the construction of Kingsley Dam the 
need for a storage reservoir was materially lessened. Consequently, this particular 
reservoir has been used primarily as a regulating reservoir for a powerhouse at about 
one-half the original design head. Figure 32 is a drawing of a cross section through 
the dam showing the cavity formation; the drawing is not to scale. 

Figure 33 is a drawing of the most severe differential settlement that took place 
among the 44 earth dams constructed on the Central Nebraska Project. The dam was 
about 70 ft high. During construction, the reservoir was partially filled by runoff from 
a rainstorm; the water soon disappeared in the reservoir bottom. The plan view in 
Figure 33 on the left side shows the crack that developed at the upstream toe of the dam 
and along the reservoir sides, gradually tapering and thinning with distance from the 
dam. This crack was up to 24 in. in width and, as measured, extended to considerable 
depth. The crack was obviously produced by settlement of the reservoir bottom with 
the centroid of settlement toward the center of the reservoir and relatively close to the 
dam toe, thus producing the opening of the crack around the edges. The width of the 
crack was directly proportional to the depth of water in the reservoir; in other words, 

DOWNSTREAM TOE 

CRACK FROM 
12-24 IN WIDE 

PLAN VIEW 

200 • 

SECTION ALONG 1'i, 

SECTION THROUGH SETTLED AREA 

Figure 33. Severe differential settlement of a loess dam, Central Nebraska Project. 
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due to the steep canyon slope, a greater depth of water existed at the dam, resulting in 
the widest crack paralleling the upstream toe of the dam. No attempt was made to 
tightly grout or fili this crack because it was felt the phenomenon was entirely indepen
dent of the foundation beneath the dam; however, more ready access of water to the 
foundation beneath the dam was allowed by the crack. On completion of the dam and 
filling of the reservoir to about a 40-ft depth, cracking, as demonstrated in the plan 
view, appeared above the waterline and extended across the crest of the dam and down 
the downstream slope to a point about level with the water in the reservoir. The pro
file along the centerline of the dam shows the crest settlement. The settlement was a 
maximum of about 5 ft in a distance of about 200 ft and was undoubtedly due to the set
tlement of lightweight alluvial fill in an old deep channel that had not been detected by 
the original investigation . The structure safely survived this settlement under the 40-
ft wate r head. 

Another unusual settlement feature that developed on one of the dams was a settle
ment of approximately 6 in. overnight. This was established by direct leveling surveys 
on monuments on the surface of the dam on two successive days . The surveying proce
dure was not particularly accurate , but it certainly was sufficiently accurate to detect 
the drop of about 6 in. In effect, a section of the dam tilted upstream as a result of the 
saturation of the upstream portion of the foundation and the rather sudden collapsing of 
this material due to the weight of the dam. The differential settlement across the 
transverse section of the dam was not sufficiently severe to produce a visual longitudi
nal surface crack. 

Originally, when total and differential settlement was recognized as being a severe 
engineering problem, it was determined that two methods were available to alleviate 
this problem to a material extent. The first method considered was pre saturation of 
the foundations; the second method "Has to build the embar1kments \Vet of optimum, thus 
maintaining a plastic mass. Certain tests were conducted on the former procedure, 
and it soon developed that, while partially feasible from a technical viewpoint, it was 
not economically feasible. The second procedure was confirmed only by small-scale 
model tests, judgment, and observation. The policy of compacting the soil wet of op
timum was adopted throughout the 44 dams, and it is the author's opinion that this policy 
was the principal difference between success and failure in the use of loess soil in em
bankment construction on loess foundations on this project. During construction the 
loess soil was placed 1 to 3 percentage points wet of optimum. The fact that this was 
accomplished was evidenced by numerous observations as follows: (a) on completing 
compaction with the rollers, the compacted fill , although of adequate density, had con
siderable spring under the rollers; (b) the mass of the dams actually tended to squat 
during construction, as evidenced by the fact that the slopes of the dam always remain 
full with a tendency for the contractor to have to go back and cut the material back to 
grade; (c) piezometers placed in the embankment showed phreatic levels above the sur
face of the embankment; (d) vibrations from a tractor and scraper could be felt several 
hundred feet away; and (e) the tendency of the compacted soil mass of the embankment 
to heal under the high differential strain movements. 

SUMMARY 

Up to the time of the construction of the Central Nebraska Public Power and Irriga
tion District Project, a great deal of trepidation existed among engineers concerning 
the feasibility of loess soil as a construction or foundation material. 

It is believed that the Central Nebraska Project, representing a fairly large-scale 
project, definitely demonstrated that loess soil could safely be used in construction 
work as an embankment material or in situ as a foundation material for earth dam 
structures or hydraulic structures. Problems in connection with the latter were not 
covered to any appreciable extent in this paper. 

The policy of compacting the soil in all dams wet of optimum is believed to be the 
principal reason why all structures safely withstood the rather severe differential set
tlements that occurred. The satisfactory behavior of the steep back slopes used along 
the power canal to date (approximately 30 years) is ample evidence that steep slopes 
should be used in loess soils. 
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