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Settlement of Soil Foundations Due to Saturation

Tassement des sols de fondation du a leur saturation

by W . G . H o l t z , Chief, E a rth  L ab o ra to ry  B ranch, 

and  

J. W . H i l f , Supervisor, Soil P roblem s U n it, E a r th  D am s Section, B ureau  o f  R eclam ation , D enver, C o lo rado , 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 treatm ent for embankments on such foundations 
are described.

Introduction

A n im p o rtan t p roblem  encountered  by  soils engineers in 

som e areas o f the w orld  involves soils w hich possess consider

able in-situ  d ry  streng th  th a t is largely lost w hen the soils 

becom e w etted. T his p rob lem  requires p a rticu la r a tten tion  

in the design and  construction  o f hydrau lic  w orks where 

foundation  w etting is to  be expected. E ven in  nonhydrau lic  

structures, the undesirable  w etting o f foundations m ay  occur 

w hen w ater tables rise o r w hen surface runoff is n o t p roperly  

rem oved from  the structu re  site. U nfo rtunate ly , these occur

rences are  n o t alw ays an tic ipated  and  failures result. Several 

exam ples o f foundation  settlem ents are  discussed in this 

paper. F igure 1 shows the g rada tion  and  plasticity  test da ta  

for these foundation  soils. T hey are  identified by Letters 

“ A  ” to  “ F  ” w hich are referenced in the discussion o f the 

settlem ent exam ples.

P robab ly  the best know n exam ples o f structures which 

have settled because o f foundation  w etting are in loessial 

soil areas located in the m idw estern and in parts  o f the n o rth 

w estern U nited  States o f A m erica. N a tu ra l loess is a  loose, 

w ind-deposited soil covering vast areas o f several continents. 

I t  is generally  com posed o f ra th er un iform  silt-sized particles 

w hich are  bonded together in an open arrangem ent by thin 

films o f clay, giving the typical loess structure. In  the mid- 

w estern U nited  States, the clay films covering each silt p a r

ticle con ta in  an appreciable am ount o f the m on tm orillon ite  

m ineral. N orm ally , loess has a m oderately  high d ry  strength  

and  will sustain  high loadings when the w ater con ten t is low. 

W hen the soil is w etted, how ever, this strength  is lost and  

collapse o f  the loose n a tu ra l s truc tu re  results. F o r extrem ely  

loose soils collapse m ay occur under the w eight o f the soil 

above, w ithout superim posed loading.

N um erous earth  dam s, ra ilroad  em bankm ents, deten tion  

dikes, and  canal em bankm ents and  structures have been

Sommaire

L’importance du problème du tassement des fondations des 
sols secs et de densité peu élevée, provenant de la saturation par 
l’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 phénomène est caractéristique des loess 
mais il n’est pas limité à ce type puisque tout sol relativement sec 
à indice de vides élevé peut avoir le même 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 à des charges déterminées exigerait un traite
ment préventif. Ces critères sont discutés dans ce rapport. Un 
mécanisme qui peut expliquer ce phénomène 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 B ureau o f  R eclam ation  in  loessial areas. D uring  

the investigation  p rio r to  construction  o f M edicine C reek 

D am  in N eb raska , it was found  th a t the na tu ra l w ind-deposited 

loessial soils (A soils) on  the righ t abu tm en t had  d ry  u n it 

weights varying from  77 to  92 pounds per cubic foo t to depths 

up  to  70 feet. L ab o ra to ry  confined com pression tests showed 

th a t settlem ents o f from  4 to  11 per cent could be anticipated  

and  th a t ab o u t 60 per cent o f the settlem ent could occur after 

the soils becam e w etted from  the reservoir. In  o rder to  avoid  

serious post-construction  settlem ents, this area o f the founda

tion  was w etted p rio r to  placing the fill. The w ater con ten t 

was raised from  12 to  28 per cent by the ponding  m ethod. 

F o u r base plates were installed to  m easure the foundation  

settlem ents. T he settlem ents varied  from  0-8 to  2-0 feet. A 

record  o f the settlem ent o f one o f the plates is show n on 

F igure 2.

Low  em bankm ents o r lightly  loaded structures also are 

subject to  settlem ent w hen built on loess o f low density  and 

subsequently  w etted. F igure 3 shows the cracking and settle

m ent o f a canal em bankm ent 5 feet high w hich was constructed  

on loess (A soils) hav ing  densities o f 75 to  85 pounds per cubic 

foot. The settlem ent took  place shortly  after w ater was 

in troduced  in to  the canal. Several concrete structures in the 

sam e system  were dam aged by foundation  settlem ent.

N onhydrau lic  structures, constructed  on loess th a t m ay  be 

subject to  w etting from  poo r surface runoff contro l, can  also 

be dam aged. A t L evant, K ansas, a grain elevator tilted serious

ly because o f the w etting and collapse o f loess under one side 

o f the struc tu re  (A soils). T he tilting  occurred when surface 

runoff ponded  on one side o f the e leva tor when the bins on 

th a t side were filled w ith grain. The n a tu ra l soil had initial d ry  

densities averaging 78 pounds per cubic foot and  a  w ater 

con ten t o f ab o u t 11 per cent. U nder a structure loading of
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H Y D R O M E T E R  A N A L Y S I S S I E V E  A N A L Y S I S

C L A Y  ( P L A S T I C )  T O  S I L T  ( N O N - P L A S T I C )
S A N D _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ G R A V E L _ _ _ _ _ _ _ _ _ _ _ _ _ i r n n n i  p q

1 M E D I U M  I  C O A R S E  F I N E  I  C O A R S E  | C O « B L E 5

G R A D A T I O N  T E S T

(a )

H Y D R O M E T E R  A N A L Y S I S S I E V E  A N A L Y S I S

C L  A Y  ( P L A S T I C )  T O  S I L T  ( N O N - P L A S T I C )

S A N D G R A V E L
C O B B L E S

F I N E ! M E D I U M I  C O A R S E F I N E  I  C O A R S E

G R A D A T I O N  T E S T

( b )

F i g .  1  P r o p e r t i e s  o f  s o i l s  w h i c h  h a v e  s e t t l e d  w h e n  w e t t e d .

P r o p r i é t é s  d e s  s o l s  q u i  t a s s e n t  q u a n d  i l s  s o n t  h u m i d i f i é s .

3 tons per square foot, this soil had a volum e com pressibility  silty  soil hav ing  an  average d ry  density  o f 83 pounds per cubic 

o f abou t 2 per cent a t n a tu ra l m oisture and  from  12 to  16 per foo t (B soils). F igure 5 shows the collapse o f subgrade soils

c e n t when wetted. in a  sm all la teral cut-section. B oth o f these failures o f soils

Loose, silty soils o ther than  loess can also be extrem ely  on the C olum bia B asin P ro ject, W ashington, occurred  after 

troublesom e. F igure 4 is a  pho tog raph  show ing the failure w ater was in troduced  in to  the system  w hich w etted the foun- 

o f  one o f several w aste-w ay chute  structures founded on a da tion  soil.
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Fig. 2 Foundation settlement, Medicine Creek Dam, 
Nebraska.

Tassement de fondation, Barrage de Medicine Creek, 
Nebraska.

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.

Fig. 3 Cracking of canal embankment on loessial soil, 
Nebraska.

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

P rio r to  building a canal system  in the west side o f the 

San Joaqu in  Valley o f C alifornia, the po ten tia l subsidence 

o f  loose, silty alluvial soils is being investigated by sa tu ra tion  

ponds. F igure 6 is a  pho tog raph  show ing the subsidence o f 

one o f these test ponds, and F igure 7 shows the subsidence 

record. This silty soil (C soil) had  d ry  densities varying 

from  70 to  80 pounds per cubic foo t from  the surface to a 

dep th  o f  80 feet. W hen w ater was applied the soil struc tu re  

collapsed and  in 2 years a to ta l subsidence o f over 10 feet 

has been recorded.

T roub le  has been encountered  w ith irrigation  pipelines on 

p rojects com pleted on the east side o f this valley. A lthough 

the loadings involved in standpipes are very sm all and  those 

involved in the pipelines are less than  the initial na tu ra l load-

Fig.

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 som e standpipes and cracking of the m orta r- 

jo in ted  concrete pipelines have occurred in the loose, alluvial 

soils. D am age occurred  when small am ounts o f w ater leaked

5 Collapse of lateral subgrade in silty soils, Washington. 

Affaissement du terrain de fondation de la berge d’un 
canal dans les sols silteux, Washington.
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Fig. 7 Subsidence data from test plot B, San Joaquin 
Valley, California.

Données sur les affaissements du terrain d ’essai B, 
San Joaquim  Valley, California.

th rough  pipe jo in ts. D am age was progressive as th is m inor 

w etting produced settlem ent w hich cracked the p ipe and  per

m itted  add itional w ater to  escape in to  the subsoil. In  som e 

instances, the initial irrigation  o f p reviously  d ry  farm  lands 

produced  subsidence w hich dam aged the p ipe system . These 

soils (D  soils) are silts, silty  clays, and  silty sands o f  a lluvial 

origin w ith d ry  densities varying from  90-5 to  117 pounds 

per cubic foot. Figure 8 shows the com pression  characteristics 

o f  these soils.

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.

A n unusual exam ple o f founda tion  subsidence occurred  in 

connection  w ith the construction  o f  a  non-B ureau  earth  dam  

in N evada. H ere, a  38-foot-high em bankm ent w as constructed  

on  a  deep deposit o f colluvial soil (E  soil), com posed o f 

44-per cent gravel, 37-per cen t sand, and  19-per cen t silt and  

c lay  o f low plasticity . T he d ry  density  o f the to ta l m aterial 

was 127 pounds per cubic foo t, and  the density  o f the soil 

m atrix  (fraction  sm aller th an  gravel sizes) was 107 pounds 

per cubic foot. W hen the reservo ir was partia lly  filled, the 

em bankm en t settled m ore th an  2 feet and  extrem e cracking 

to o k  place. L ab o ra to ry  triax ia l shear tests, conducted  on 9-inch- 

d iam eter by 23-inch-long specim ens o f the to ta l m aterial up 

to  1- 1/2 inches in size, show ed a com plete loss o f cohesive 

streng th  on sa tu ra tion . O rd inarily , soils hav ing  a  sand  and  

gravel con ten t o f this am oun t w ould n o t be considered to  

settle  appreciab ly  under such loadings. H ow ever, loss o f 

streng th  on w etting was confirm ed by lab o ra to ry  confined 

com pression tests on the soil m atrix  placed a t n a tu ra l density  

cond itions w hich show ed this tendency.

Development o f Em pirical C riteria

Laboratory and Field Tests

T he phenom enon o f settlem ent on  sa tu ra tio n  o f  dry , low- 

density  soils was investigated by  lab o ra to ry  com pression and 

shear tets. F igures 9 and  10 are  typ ical confined com pression 

an d  triax ia l shear test da ta  on loess from  th e  M issouri R iver 

B asin (A soils). F igure 9 con ta ins p lo ts o f  load-com pression

Fig. 9 Typical consolidation test data for Missouri Basin 
loess.

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

d a ta  fo r d ry  and  fo r w etted h igh-density  and  low -density  

soil. F rom  these typical da ta  the low -com pression character

istics and  sm all effect o f  w etting fo r h igh-density  loess are 

apparen t. C onversely, the high com pressib ility  o f  low -density  

loess, w hen w etted  o r  w hen subjected  to  appreciab le  load , is 

also show n. F igure 10 shows how  th e  shear streng th  varies

O  1 0  2 0  3 0  4 0  S O  6 0  7 0  6 0  9 0  1 0 0  1 1 0

EFFECTIVE NORMAL STRESS— R S. I.

Fig. 10 Typical shear test data for Missouri Basin loess.

Résultats de l’essai de cisaillement type de loess du 
Bassin de Missouri.

from  a high value for d ry , h igh-density  loess to  a  low  value for 

wet, low -density  loess. In term ed ia te  value a re  ob ta ined  for 

in term ediate  cond itions o f  m oisture an d  density . O f particu lar 

in terest is the w etted, low -density  loess (bo ttom  shear enve

lope) w hich undergoes appreciable volum e change u nd er 

load ing  before shear resistance can  be m obilized. T his is 

indicated  by the very low and  nearly  ho rizon ta l p a rt o f  the 

envelope a t low  norm al stresses.
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T he conso lidation  o f low -density  loessial soils in-place 

has also been determ ined by  large-scale load-bearing  tests 

o f  soils in-place in  N eb raska  and  in C olorado . F ig. 11 shows

LOAD TONS PER SO. FT.

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. O f particu lar in terest is the extrem e loss 

o f streng th  and  related  com pression o f N eb raska  loess tested 

by the B ureau w ith 5-by 5-foot load  plates (A  soils) ( H o l t z  

and  G i b b s , 1951). A lthough  the d ry  loess, a t ab o u t 10 per 

cen t w ater con ten t, supported  loadings up  to  4 tons per 

square foo t w ithou t serious settlem ent, th e  w etted  soil failed 

u nder 0-8-ton per square foo t loading. A  large-scale test 

m ade on  a  15-3 square-foo t pad  a t Pueblo , C o lo rado  (C l e 

v e n g e r , 1956), show ed th a t the soil could carry  loadings 

o f 1.7 tons per square foo t, bu t failed u nder this loading 

w hen the  w ater con ten t was increased from  10 per cent 

(natu ra l) to  18 per cent (F  soils).

Criteria Based on Density and Moisture

B ecause the B ureau has num erous p ro jects in the M issouri 

R iver B asin w here loessial soils are com m on, extensive 

research has been perform ed to  p rov ide a  be tter un d ers tan 

ding o f this soil fo rm ation . F o r  this reason , criteria  developed 

to  estim ate the po ten tia l settlem ent on  sa tu ra tion  o f loess 

are  m ore definite than  fo r o ther low -density  soils w hich 

are  subject to  settlem ent. Since loessial soils have  ra th e r 

un iform  p roperties over wide areas, density  and  m oisture 

values have  provided  satisfactory  settlem ent index properties. 

These are  given in T able 1.

Criteria for Sm all Dams

In a study  to  p rov ide design in form ation  for foundation  

trea tm en t o f sm all ea rth  dam s (up to  50 feet high) on deposits 

o f d ry  foundations o f low density  (D esign o f Small D a m s ,

1960), a  criterion  was developed w hich takes in to  account 

bo th  the n a tu ra l w ater con ten t and  the density  in-place 

o f the soil, as com pared w ith standard  conditions. A to ta l 

o f  112 tests m ade by the B ureau o f R eclam ation  on  sam ples 

o f und istu rbed  founda tion  soils indicated  th a t density , w ater 

con ten t, and  applied load  influence the susceptibility  o f  a 

soil to  large settlem ent on  sa tu ra tion . T he follow ing soil 

groups o f th e  U nified Soil C lassification System  were rep re

sented  in the tests :

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

Table 1

Settlement criteria for K ansas-N ebraska Loess 

Critérium de tassement pour les loess du Nebraska

Dry Density 
Pounds 

per cubic foot
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.

>  90 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 treatm ent is required for 
lower densities.

Moisture 
% o f 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.

F o r loads w ithin the range applicable for sm all dam s, 

an em pirical relationsh ip  betw een D , d ry  density  in-place 

divided by P roc to r m axim um  dry  density , and  w0-w, op ti

m um  w ater con ten t m inus in-place w ater con ten t, is given 

in Fig. 12. The b roken  line delim its foundation  soils requiring  

trea tm en t from  those th a t do no t. There were 70 tests in 

the form er category  and  42 in  the latter.

R ecently , studies have been m ade to utilize a criterion  

fo r settlem ent o f low density  soils w hich becom e w etted, 

based on  the liquid lim it value and  the in-place d ry  density  

o f  the  soil ( D e n i s o v , 1946; G i b b s  and  H o l l a n d , 1960). 

I f  the field density  is so low th a t the w ater con ten t a t sa tu ra tion  

is greater than  th e  liquid lim it, near-zero  shear streng th  will 

ex ist upon  sa tu ra tion  and  the soil struc tu re  is subject to  

collapse even w ithout appreciable loading. Fig. 13 is a p lo t 

o f the liquid lim it versus in-place d ry  density  relationships for 

the soils w hich have  settled. O n this chart, lines are  draw n 

fo r conditions a t w hich w ater con ten t a t sa tu ra tion  equals 

the liquid lim it fo r specific gravities o f 2-60 and  2-70. The 

results p lo tted  on th is ch a rt indicate susceptibility to  collapse 

w hen the points fall above the line, and the farther above 

the line the greater is the susceptibility.
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S.F. =
a '  tan  0 (a-u) tan  0 '

A -  S o i l .  U p p e r  M e e k e r  C o n o l .  N e b r o s k o

B - S o i l .  L o t e r o l  P E  4 1  2 - C o l u m b i o  B o s m .  W o s h .

C - S o i l . '  T e s t  P l o t  B .  W e s t  S i d e .  S o n  Jo o q u m  V o l l e y .  C o l i f

D -  S o i l .  P i p e l i n e .  E o s t  S i d e .  S o n  j o o q u m  V o l l e y .  C o l  i  f

E  -  S o i l .  R e s e r v o i r  E m b o n k m e n t  F o u n d o t i o n .  N e v o d o

Fig. 13 Relationship of in-place dry density and liquid 
limit of soils which have settled when wetted. 

Relation entre la densité sèche en place et la limite de 
liquidité des sols qui tassent quand ils sont humides.

Theoretical mechanism

T he lab o ra to ry  test results on  w hich the  foregoing criteria  

aie, based, as well as the occurrences o f collapse o f  actual 

foundations by w etting, can  be explained  by  recognizing 

th a t th e  process o f confined com pression is accom panied by 

shear in  th e  soil m ass. A t equilibrium  under a given load, 

w ith drainage perm itted , the effective no rm al stress a t a 

p o in t in the soil can  be represen ted  by  C ircle 1 in  Fig. 14. 

Its safety  fac to r against collapse can  be taken  as the  ra tio  

o f  shear resistance to  shear stress. N eglecting in term olecu lar 

a t t ra c t io n ; th a t is, assum ing cohesion is zero :

* l- u 3
sin +  0

I

. . .  (1)

F o r unsa tu ra ted  soils, the  po re  w ater pressure, u , has been 

show n to  be the  algebraic sum  o f po re  air pressure, ua, and  

the cap illary  pressure, uc, resulting  from  the cu rv a tu re  o f 

the m enisci a t the air-w ater interface ( H i l f ,  1956).

Since in the d rained  test the air in the pores o f the u n sa tu 

ra ted  soil is a t a tm ospheric pressure (ua =  0), the pressure 

in the w ater films o f the soil m ust be negative (u =  uc). 
H ence, E quation  (1) becom es :

S.F.
(ff— uc) tan  0 '  

1/2 (0] - a 3)
sin (2)

k - o

Fig. 12 Criterion for treatm ent of relatively dry fine-grained 
foundation soils.

Critérium de l’intérêt du traitement des sols de fonda
tion relativement secs et à grains fins.

LIO U I D L I M I T -

C apillary  p ressure is know n to increase to  zero as the degree 

o f sa tu ra tio n  is increased to  100 p er cent, w hether the la tter 

increase is accom plished by com pression a t constan t w ater 

con ten t o r by  increase o f  w ater con ten t a t constan t void 

ratio .

W hen the soil in Fig. 14 is sa tu ra ted  under constan t load,

Fig. 14 Settlement on saturation in the confined compression 
test.

Tassement après saturation dans l’essai de compression 
confiné.

the value uc vanishes, w hich according to  E q u a tio n  (2), 

decreases the safety  factor. T his is illustrated  by Circle 1 being 

transla ted  tow ard  the origin by an  am o u n t equal to  the 

value o f uc to  give C ircle 1'. A dd itional settlem ent will occur 

in  th is case, since C ircle 1' in tersects the M ohr envelope.

Design treatments used

Dams

T he requ ired  trea tm en t o f d ry , low -density  foundations 

will be d ictated  by  th e  com pression characteristics o f the 

soil. These a re  best determ ined by  lab o ra to ry  tests on  und is

tu rbed  sam ples to  determ ine w hether post-construction  

settlem ent on  sa tu ra tion  will be significant. F o r  dam s up  

to  50 feet high, th e  em pirical crite ria  given prev iously  in 

this p ap er (Fig. 12) can  be used in  lieu o f  lab o ra to ry  tests.

I f  th e  founda tion  is sub ject to  appreciable  post-construction  

settlem ent on  sa tu ra tio n , trea tm en t is requ ired . I f  the low- 

density  soil exists in  a  to p  stra tum , it m ay  be econom ical
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to  excavate  the m ateria l and  replace it w ith  com pacted 

em bankm ent. I f  the  layer is too  th ick  fo r econom ical replac

em ent o r if its rem oval w ould  destroy  a  na tu ra l b lanket over 

a  perv ious foundation , m easures should  be taken  to  assure 

th a t founda tion  conso lidation  will be achieved during  cons

truction . T his can  be accom plished by prew etting the founda

tion . B o th  sprinkling and ponding  have been used success

fully to  p reirrigate  foundations o f dry , low -density  soils 

u nder dam s. T he m ethod  canno t be used unless drainage is 

assured  by an underly ing  perv ious layer o r unless the deposit 

is so th ick  th a t vertical drainage will occur during  com pression 

o f the u pper po rtio n  o f the deposit.

Canals and Miscellaneous Structures

T here are  several rem edial m easures th a t can  be used to  

p rov ide safe foundations fo r concrete structures on loose 

soils subject to  sa tu ra tion . Piles o r caissons are  often used 

fo r larger structures, such as pum ping and  pow erplants, 

and  bridges. H ow ever, it is im portan t th a t the piles o r caissons 

be placed a t sufficient dep th  to  p rov ide firm  bearing on soils 

n o t subject to  collapse on sa tu ra tion . Fig. 15 shows the loss

L O A D  -  T O N S

Fig. 15 Bearing strength of timber piles in dry and wetted 
loess.

Force portante des pieux en bois dans les loess secs et 
humides.

o f streng th  u p o n  w etting o f a  22-foot tim ber pile driven in to  

d ry  loess o f low density.

T here  is an advan tage  in using displacem ent piles, such as 

tim ber piles, and  prew etting the foundation  area p rio r to  

driving. As the piles are  driven, they  displace and  com pact 

the loose soil, thus p rov id ing  a m ore dense foundation .

W hen the dep th  o f th e  loose soils is n o t great, it is often 

econom ical and  practicable to  rem ove them  and  replace 

them  w ith the sam e soil o r o ther suitable soil w hich has been 

com pacted to  satisfactory  density . T his type o f foundation  

trea tm en t has been used fo r sm all pum ping  p lants, bridge 

footings, and  m iscellaneous canal structures, such as over- 

chutes, siphons, and  checks.

A no ther m ethod  o f founda tion  trea tm en t is to  sa tu ra te  the 

soil p rio r to  build ing the structure, as was discussed under 

D am s. W hen rigid concrete structures are  involved, how ever, 

there  is danger th a t the struc tu re  load ing  will induce settlem ents 

w hich will dam age the structure. T his danger can be elim i

na ted  by constructing  a surcharge fill over the area and 

rem oving it p rio r to  build ing the structure. In som e cases, 

the w etting operation  m ay  cause settlem ents o f very loose 

soils due to  the w eight o f the foundation  itself and  soil- 

w etting during operations will n o t cause fu rther settlem ent 

o f a  lightly  loaded foundation .

Silt in jection , o r m ud jack ing , has been used successfully 

in canal system s to p reven t subsidence o f loose loessial 

soils in N ebraska  ( J o h n s o n , 1 9 5 3 )  and  o f  loose, silty soils 

in C alifornia. I t has been used bo th  during construction  

and  during the operation  period. F o r this process, the soils 

are first tho rough ly  w etted to  reduce their strength . A  silt- 

w ater slu rry  is then  injected in to  the founda tion  area under 

pressures up to  5 0  psi. By using fine, sandy  silt soils for the 

slu rry , the w ater can be forced th rough  the silt, and  high 

in terg ranu lar pressures can be developed w hich will com pact 

the loose foundation  soils. This m ethod  has also been used 

w here concrete canal linings have  subsided. In  add ition  to 

consolidating  the loose soils, the lining can  be lifted back into 

its orig inal position  by this m ethod. O ften, w hen loose low- 

p lasticity  soils occur on irrigation  p ro jec ts the w ater table 

rises and  the soils slum p progressively upw ard . This creates 

cavities th rough  w hich w ater m ay  pipe from  c a n a ls ; even

tually  large potho les will develop in  the canal and  bank 

subsidence qill occur. T he silt in jection  m ethod  has been 

used to  fill these cavities and  p reven t dam age to  the canal.
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