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Settlement of Soil Foundations Due to Saturation

Tassement des sols de fondation di a leur saturation

by W. G. HoLtz, Chief, Earth Laboratory Branch,
and

J. W. HILF, Supervisor, Soil Problems Unit, Earth Dams Section, Bureau of Reclamation, Denver, Colorado, U.S.A.

Summary

The importance of the problem of settlement of foundations
of dry, low density soils due to saturation by water is evidenced
by a considerable number of failures or near-failures in dams
and canal construction. This problem is characteristic of loessial
soils but is not restricted to this type since any relatively dry soil
with a comparatively high void ratio is susceptible. Several
examples are given.

As a result of several years of study of this phenomenon,
various empirical criteria have been developed to determine
whether a given foundation to be subjected to given loads would
require remedial treatment. These criteria are discussed. A pos-
sible mechanism which explains this phenomenon is described,
using the negative pore water pressure concept. Finally, examples
of current design treatment for embankments on such foundations
are described.

Introduction

An important problem encountered by soils engineers in
some areas of the world involves soils which possess consider-
able in-situ dry strength that is largely lost when the <oils
become wetted. This problem requires particular attention
in the design and construction of hydraulic works where
foundation wetting is to be expected. Even in nonhydraulic
structures, the undesirable wetting of foundations may occur
when water tables rise or when surface runoff is not properly
removed from the structure site. Unfortunately, these occur-
rences are not always anticipated and failures result. Several
examples of foundation settlements are discussed in this
paper. Figure | shows the gradation and plasticity test data
for these foundation soils. They are identified by Letters
“A” to “F” which are referenced in the discussion of the
settlement examples.

Probably the best known examples of structures which
have settled because of foundation wetting are in loessial
soil areas located in the midwestern and in parts of the north-
western United States of America. Natural loess is a loose,
wind-deposited soil covering vast areas of several continents.
It is generally composed of rather uniform silt-sized particles
which are bonded together in an open arrangement by thin
films of clay, giving the typical loess structure. In the mid-
western United States, the clay films covering each silt par-
ticle contain an appreciable amount of the montmorillonite
mineral. Normally, loess has a moderately high dry strength
and will sustain high loadings when the water content is low.
When the soil is wetted, however, this strength is lost and
collapse of the loose natural structure results. For extremely
loose soils collapse may occur under the weight of the soil
above, without superimposed loading.

Numerous earth dams, railroad embankments, detention
dikes, and canal embankments and structures have been

Sommaire

L’importance du probléme du tassement des fondations des
sols secs et de densité peu élevée, provenant de la saturation par
I’eau, est mise en évidence dans le domaine de la construction
des barrages et des canaux par un nombre considérable d’échecs
ou de demi échecs. Ce phénomeéne est caractéristique des loess
mais il n’est pas limité a ce type puisque tout sol relativement sec
a indice de vides élevé peut avoir le méme comportement. Plu-
sieurs exemples sont donnés.

A la suite de plusieurs années d’études, diverses formules
empiriques ont été proposées pour déterminer si une fondation
donnée et soumise a des charges déterminées exigerait un traite-
ment préventif. Ces critéres sont discutés dans ce rapport. Un
mécanisme qui peut expliquer ce phénomeéne est décrit en utili-
sant le concept de la pression interstitielle négative. Finalement,
les exemples de projets courants de traitement des remblais
assis sur de telles fondations sont décrits.

built by the Bureau of Reclamation in loessial areas. During
the investigation prior to construction of Medicine Creek
Dam in Nebraska, it was found that the natural wind-deposited
loessial soils (A soils) on the right abutment had dry unit
weights varying from 77 to 92 pounds per cubic foot to depths
up to 70 feet. Laboratory confined compression tests showed
that settlements of from 4 to 11 per cent could be anticipated
and that about 60 per cent of the settlement could occur after
the soils became wetted from the reservoir. In order to avoid
serious post-construction settlements, this area of the founda-
tion was wetted prior to placing the fill. The water content
was raised from 12 to 28 per cent by the ponding method.
Four base plates were installed to measure the foundation
settlements. The settlements varied from 0-8 to 2-0 feet. A
record of the settlement of one of the plates is shown on
Figure 2.

Low embankments or lightly loaded structures also are
subject to settlement when built on loess of low density and
subsequently wetted. Figure 3 shows the cracking and settle-
ment of a canal embankment 5 feet high which was constructed
on loess (A soils) having densities of 75 to 85 pounds per cubic
foot. The settlement took place shortly after water was
introduced into the canal. Several concrete structures in the
same system were damaged by foundation settlement.

Nonhydraulic structures, constructed on loess that may be
subject to wetting from poor surface runoff control, can also
be damaged. At Levant, Kansas, a grain elevator tilted serious-
ly because of the wetting and collapse of loess under one side
of the structure (A soils). The tilting occuried when surface
runoff ponded on one side of the elevator when the bins on
that side were filled with grain. The natural soil had initial dry
densities averaging 78 pounds per cubic foot and a water
content of about 11 per cent. Under a structure loading of
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Fig. 1

Properties of soils which have settled when wetted.

Propriétés des sols qui tassent quand ils sont humidifiés.

3 tons per square foot, this soil had a volume compressibility
of about 2 per cent at natural moisture and from 12 to 16 per
cent when wetted.

Loose, silty soils other than loess can also be extremely
troublesome. Figure 4 is a photograph showing the failure
of one of several waste-way chute structures founded on a
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silty soil having an average dry density of 83 pounds per cubic
foot (B soils). Figure 5 shows the collapse of subgrade soils
in a small lateral cut-section. Both of these failures of soils
on the Columbia Basin Project, Washington, occurred after
water was introduced into the system which wetted the foun-
dation soil.
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Fig. 2 Foundation settlement, Medicine Creek Dam,
Nebraska.
Tassement de fondation, Barrage de Medicine Creek,
Nebraska.

embankment on

Cracking of canal
Nebraska.

loessial soil,

Fissuration du remblai du canal assis sur le sol loes-
seux, Nebraska.

Prior to building a canal system in the west side of the
San Joaquin Valley of California, the potential subsidence
of loose, silty alluvial soils is being investigated by saturation
ponds. Figure 6 is a photograph showing the subsidence of
one of these test ponds, and Figure 7 shows the subsidence
record. This silty soil (C soil) had dry densities varying
from 70 to 80 pounds per cubic foot from the surface to a
depth of 80 feet. When water was applied the soil structure
collapsed and in 2 years a total subsidence of over 10 feet
has been recorded.

Trouble has been encountered with irrigation pipelines on
projects completed on the east side of this valley. Although
the loadings involved in standpipes are very small and those
involved in the pipelines are less than the initial natural load-

P222-117-37371

Fig. 4 Collapse of Wasteway chute structure foundation
in silty soils, Washington.

Affaissement de la fondation de la structure de Waste-
way. Chute dans les sols silteux, Washington.

Collapse of lateral subgrade in silty soils, Washington.

Aflaissement du terrain de fondation de la berge d'un
canal dans les sols silteux, Washington.

Fig. 6 Subsidence of test plot B, San Joaquin Valley, Cali-
fornia.
Affaissement du terrain d’essai B, San Joaquin Valley,
California.

ing, tilting of some standpipes and cracking of the mortar-
jointed concrete pipelines have occurred in the loose, alluvial
soils. Damage occurred when small amounts of water leaked
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test plot B, San Joaquin

Subsidence data from
Valley, California.
Données sur les affaissements du terrain d’essai B,

San Joaquim Valley, California.

Fig. 7

through pipe joints. Damage was progressive as this minor
wetting produced settlement which cracked the pipe and per-
mitted additional water to escape into the subsoil. In some
instances, the initial irrigation of previously dry farm lands
produced subsidence which damaged the pipe system. These
soils (D soils) are silts, silty clays, and silty sands of alluvial
origin with dry densities varying from 90-5 to 117 pounds
per cubic foot. Figure 8 shows the compression characteristics
of these soils.
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Fig. 8 Consolidation characteristics of pipeline subgrade
soils, San Joaquin Valley, California.
Caractéristiques de consolidation du terrain de fonda-

tion du pipe-line de San Joaquin Valley, California.

An unusual example of foundation subsidence occurred in
connection with the construction of a non-Bureau earth dam
in Nevada. Here, a 38-foot-high embankment was constructed
on a deep deposit of colluvial soil (E soil), composed of
44-per cent gravel, 37-per cent sand, and 19-per cent silt and
clay of low plasticity. The dry density of the total material
was 127 pounds per cubic foot, and the density of the soil
matrix (fraction smaller than gravel sizes) was 107 pounds
per cubic foot. When the reservoir was partially filled, the
embankment settled more than 2 feet and extreme cracking
took place. Laboratorytriaxial shear tests, conducted on 9-inch-
diameter by 23-inch-long specimens of the total material up
to 1-1/2 inches in size, showed a complete loss of cohesive
strength on saturation. Ordinarily, soils having a sand and
gravel content of this amount would not be considered to
settle appreciably under such loadings. However, loss of
strength on wetting was confirmed by laboratory confined
compression tests on the soil matrix placed at natural density
conditions which showed this tendency.
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Development of Empirical Criteria

Laboratory and Field Tests

The phenomenon of settlement on saturation of dry, low-
density soils was investigated by laboratory compression and
shear tets. Figures 9 and 10 are typical confined compression
and triaxial shear test data on loess from the Missouri River
Basin (A soils). Figure 9 contains plots of load-compression
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Fig. 9 Typical consolidation test data for Missouri Basin

loess.

Résultats d’essai de consolidation type du loess du
Bassin du Missouri.

data for dry and for wetted high-density and low-density
soil. From these typical data the low-compression character-
istics and small effect of wetting for high-density loess are
apparent. Conversely, the high compressibility of low-density
loess, when wetted or when subjected to appreciable load, is
also shown. Figure 10 shows how the shear strength varies

Low Notural Moisture
Wigh Density- — -~ LA

STAESS

SHEAR

EFFECTIVE NORNAL STRESS—PS. L
Fig. 10 Typical shear test data for Missouri Basin loess.

Résultats de I'essai de cisaillement type de loess du
Bassin de Missouri.

from a high value for dry, high-density loess to a low value for
wet, low-density loess. Intermediate value are obtained for
intermediate conditions of moisture and density. Of particular
interest is the wetted, low-density loess (bottom shear enve-
lope) which undergoes appreciable volume change under
loading before shear resistance can be mobilized. This is
indicated by the very low and nearly horizontal part of the
envelope at low normal stresses.



The consolidation of low-density loessial soils in-place
has also been determined by large-scale load-bearing tests
of soils in-place in Nebraska and in Colorado. Fig. 11 shows
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Fig. 11 Typical settlement data from field load plate tests
on loessial soils.

Résultats des essais de plaque chargées sur les sols
loesseux.

typical test results. Of particular interest is the extreme loss
of strength and related compression of Nebraska loess tested
by the Bureau with 5-by 5-foot load plates (A soils) (HoLtZz
and Gisgs, 1951). Although the dry loess, at about 10 per
cent water content, supported loadings up to 4 tons per
square foot without serious settlement, the wetted soil failed
under 0-8-ton per square foot loading. A large-scale test
made on a 153 square-foot pad at Pueblo, Colorado (CLE-
VENGER, 1956), showed that the soil could carry loadings
of 1.7 tons per square foot, but failed under this loading
when the water content was increased from 10 per cent
(natural) to 18 per cent (F soils).

Criteria Based on Density and Moisture

Because the Bureau has numerous projects in the Missouri
River Basin where loessial soils are common, extensive
research has been performed to provide a better understan-
ding of this soil formation. For this reason, criteria developed
to estimate the potential settlement on saturation of loess
are more definite than for other low-density soils which
are subject to settlement. Since loessial soils have rather
uniform properties over wide areas, density and moisture
values have provided satisfactory settlement index properties.
These are given in Table 1.

Criteria for Small Dams

In a study to provide design information for foundation
treatment of small earth dams (up to 50 feet high) on deposits
of dry foundations of low density (Design of Small DaMs,
1960), a criterion was developed which takes into account
both the natural water content and the density in-place
of the soil, as compared with standard conditions. A total
of 112 tests made by the Bureau of Reclamation on samples
of undisturbed foundation soils indicated that density, water
content, and applied load influence the susceptibility of a
soil to large settlement on saturation. The following soil
groups of the Unified Soil Classification System were repre-
sented in the tests :

ML 51 per cent,
CL 23 —
ML-CL 13 —
SM 8 —
MH 5 —

Table 1

Settlement criteria for Kansas-Nebraska Loess
Criterium de tassement pour les loess du Nebraska

Dry Density
Pounds
per cubic foor

Condition

< 80 Loess is considered loose and highly suscep-

tible to settlement.

80-90 Loess is medium dense and is moderately
susceptible to settlement, particularly for
critical or heavily-loaded structures.

Loess is quite dense and may be capable of
supporting ordinary structures without
serious settlement.

85 A more general criterion has been used for
earth dams : this density is used as the
division between low and high density
loess or the division where special
foundation treatment is required for
lower densities.

Moisture

o of dry weight Condition

< 10 Loess considered very dry and maximum
dry strength and high resistance to
settlement should be expected.

10-15 Loess still quite dry, giving rather high
strength.

15-20 Loess is approaching moist conditions.

> 20 Loess rather wet to moist, and will generally

permit full consolidation to occur under
load.

Experience has shown that moisture content
of near 25 to 28 per cent can easily be
obtained by surface ponding and about
35 per cent moisture (depending on den-
sity) is required for complete saturation.

For loads within the range applicable for small dams,
an empirical relationship between D, dry density in-place
divided by Proctor maximum dry density, and w,-w, opti-
mum water content minus in-place water content, is given
in Fig. 12. The broken line delimits foundation soils requiring
treatment from those that do not. There were 70 tests in
the former category and 42 in the latter.

Recently, studies have been made to utilize a criterion
for settlement of low density soils which become wetted,
based on the liquid limit value and the in-place dry density
of the soil (Denisov, 1946; GiBBs and HoLLAND, 1960).
If the field density is so low that the water content at saturation
is greater than the liquid limit, near-zero shear strength will
exist upon saturation and the soil structure is subject to
collapse even without appreciable loading. Fig. 13 is a plot
of the liquid limit versus in-place dry density relationships for
the soils which have settled. On this chart, lines are drawn
for conditions at which water content at saturation equals
the liquid limit for specific gravities of 2-60 and 2:70. The
results plotted on this chart indicate susceptibility to collapse
when the points fall above the line, and the farther above
the line the greater is the susceptibility.
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Theoretical mechanism

The laboratory test results on which the foregoing criteria
are based, as well as the occurrences of collapse of actual
foundations by wetting, can be explained by recognizing
that the process of confined compression is accompanied by
shear in the soil mass. At equilibrium under a given load,
with drainage permitted, the effective normal stress at a
point in the soil can be represented by Circle 1 in Fig. 14.
Its safety factor against collapse can be taken as the ratio
of shear resistance to shear stress. Neglecting intermolecular
attraction ; that is, assuming cohesion is zero :
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For unsaturated soils, the pore water pressure, u, has been
shown to be the algebraic sum of pore air pressure, u,, and
the capillary pressure, u,, resulting from the curvature of
the menisci at the air-water interface (HILF, 1956).

Since in the drained test the air in the pores of the unsatu-
rated soil is at atmospheric pressure (v, = 0), the pressure
in the water films of the soil must be negative (v = u,).

Hence, Equation (1) becomes :
b
(+o) .o

Capillary pressure is known to increase to zero as the degree
of saturation is increased to 100 per cent, whether the latter
increase is accomplished by compression at constant water
content or by increase of water content at constant void
ratio.

When the soil in Fig. 14 is saturated under constant load,

(6—u,) tan @’

SF.=——__ sin
1/2 (6;—03)

Fig. 14 Settlement on saturation in the confined compression
test.
Tassement aprés saturation dans I’essai de compression
confiné.

the value u, vanishes, which according to Equation (2),
decreases the safety factor. This is illustrated by Circle 1 being
translated toward the origin by an amount equal to the
value of u, to give Circle 1'. Additional settlement will occur
in this case, since Circle 1’ intersects the Mohr envelope.

Design treatments used

Dams

The required treatment of dry, low-density foundations
will be dictated by the compression characteristics of the
soil. These are best determined by laboratory tests on undis-
turbed samples to determine whether post-construction
settlement on saturation will be significant. For dams up
to 50 feet high, the empirical criteria given previously in
this paper (Fig. 12) can be used in lieu of laboratory tests.

If the foundation is subject to appreciable post-construction
settlement on saturation, treatment is required. If the low-
density soil exists in a top stratum, it may be economical



to excavate the material and replace it with compacted
embankment. If the layer is too thick for economical replac-
ement or if its removal would destroy a natural blanket over
a pervious foundation, measures should be taken to assure
that foundation consolidation will be achieved during cons-
truction. This can be accomplished by prewetting the founda-
tion. Both sprinkling and ponding have been used success-
fully to preirrigate foundations of dry, low-density soils
under dams. The method cannot be used unless drainage is
assured by an underlying pervious layer or unless the deposit
is so thick that vertical drainage will occur during compression
of the upper portion of the deposit.

Canals and Miscellaneous Structures

There are several remedial measures that can be used to
provide safe foundations for concrete structures on loose
soils subject to saturation. Piles or caissons are often used
for larger structures, such as pumping and powerplants,
and bridges. However, it is important that the piles or caissons
be placed at sufficient depth to provide firm bearing on soils
not subject to collapse on saturation. Fig. 15 shows the loss
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Fig. 15 Bearing strength of timber piles in dry and wetted
loess.
Force portante des pieux en bois dans les loess secs et
humides.

of strength upon wetting of a 22-foot timber pile driven into
dry loess of low density.

There is an advantage in using displacement piles, such as
timber piles, and prewetting the foundation area prior to
driving. As the piles are driven, they displace and compact
the loose soil, thus providing a more dense foundation.

When the depth of the loose soils is not great, it is often
economical and practicable to remove them and replace
them with the same soil or other suitable soil which has been
compacted to satisfactory density. This type of foundation
treatment has been used for small pumping plants, bridge
footings, and miscellaneous canal structures, such as over-
chutes, siphons, and checks.

Another method of foundation treatment is to saturate the
soil prior to building the structure, as was discussed under
Dams. When rigid concrete structures are involved, however,
there is danger that the structure loading will induce settlements
which will damage the structure. This danger can be elimi-
nated by constructing a surcharge fill over the area and
removing it prior to building the structure. In some cases,
the wetting operation may cause settlements of very loose
soils due to the weight of the foundation itself and soil-
wetting during operations will not cause further settlement
of a lightly loaded foundation.

Silt injection, or mud jacking, has been used successfully
in canal systems to prevent subsidence of loose loessial
soils in Nebraska (Jounson, 1953) and of loose, silty soils
in California. It has been used both during construction
and during the operation period. For this process, the soils
are first thoroughly wetted to reduce their strength. A silt-
water slurry is then injected into the foundation area under
pressures up to 50 psi. By using fine, sandy silt soils for the
slurry, the water can be forced through the silt, and high
intergranular pressures can be developed which will compact
the loose foundation soils. This method has also been used
where concrete canal linings have subsided. In addition to
consolidating the loose soils, the lining can be lifted back into
its original position by this method. Often, when loose low-
plasticity soils occur on irrigation projects the water table
rises and the soils slump progressively upward. This creates
cavities through which water may pipe from canals; even-
tually large potholes will develop in the canal and bank
subsidence qill occur. The silt injection method has been
used to fill these cavities and prevent damage to the canal.
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