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Studies of Shear Strength and Bearing Capacity of some Partially 
Saturated Sands

Études de la Résistance au Cisaillement et de la Capacité Portante de Certains Sables Partielle­
ment Saturés

by A. A. B. W i l l i a m s , B.Sc., D.I.C., Senior Research Officer, National Institute for Road Research, Pretoria, South 
Africa

Summ ary

The results of some shear tests on partially saturated loose silty 
sands are presented and the importance of careful laboratory pro­
cédure is pointed out. Curves of field loading tests are given to- 
gether with comparisons of actual and predicted bearing capacities. 
The use of a ‘seulement ra tio ’ is suggested for a clearer under- 
standing of the behaviour of différent sized footings on various soils.

Introduction

The results presented in  this paper were obtained in  the 

course o f  investigations in to  the causes o f  distress in  structures 

situated  in  différent localities b u t ail founded near the surface 

o f  partially  sa tu ra ted  loose silty sands. Excessive foundation  

m ovem ents h ad  occurred  an d  studies o f  shear strength  and 

ultim ate  bearing  capacity were required , a lthough  the sudden 

settlem ent, o r  ‘co llapse’, due to  sa tu ra tion  o f  the soil m ight 

have been th e  m ost im p o rtan t fac to r involved. T he sudden 

settlem ent and  tests fo r the récognition  o f  this phenom enon 

have been described by J e n n i n g s  and  K n i g h t  (1957).

Site A

Description o f  soil—T he soil encountered  was a  fine silty sand 

subjected to  sufficient w ind ac tion  to  cause p artia l round ing  o f  

the grains and  contain ing  iron  oxide w hich im parted  a  reddish 

colour. T he m aterial had  ab o u t 15 per cent silt and  15 per 

cent clay w ith a  porosity  o f  43 per cent in the undistu rbed  State.

Laboratory tests—In  order to  ob ta in  an  idea o f  the bearing 

capacity, shear box tests were carried  o u t on  undisturbed 

sam ples trim m ed from  blocks taken  in  the field. C om plété 

drainage was possible during the tests as the no rm al ra te  o f 

stra in  o f  0-036 in. per m inute was found  to  be slow  enough, 

from  considérations o f  the consolidation  characteristics o f  the 

soil. C onfirm ation  o f  full drainage was afforded by parallel 

tests a t 0-012 in. per m inute w hich gave very sim ilar results.

The following procédures were adopted  to  study the effect 

o f sa tu ra tion  on  shear streng th : (1) drained shear box test a t 

n a tu ra l m oisture con ten t ; (2) drained  shear box test perform ed 

a fter app lication  o f  required  load  and  graduai inunda tion  o f 

the sam ple; (3) d rained  shear box test perform ed a fter first 

inundating  the sam ple carefully while u nder the light load  o f  the 

top  p la te  only, and  then  applying the required  load  ; (4) drained 

test carried  o u t in  the triaxial appara tus, a fter first applying the 

required  am bien t pressure and  then  allowing sa tu ra tio n  under 

a  sm all head.

T he results o f  these tests are presented in  Fig. 1, a  norm al 

shearing résistance diagram , and  indicate th a t the angles <f> for 

the procédures (2) and  (3) fo r sa tu ra tion  differ by 5 degrees. 

T he low er angle o f  shearing résistance o f  33 degrees w ould be

Sommaire

Cette communication présente les résultats de certains essais de 
cisaillement sur des sables d’alluvion meubles partiellement saturés 
et souligne la nécessité d’apporter un soin méticuleux aux recherches 
de laboratoire. On donne des courbes d’essais de charge in situ avec 
des comparaisons de capacités portantes théoriques et réelles. On 
propose de recourir au ‘taux de tassement’ afin de mieux comprendre 
le comportement des semelles de différentes dimensions sur des sols 
de nature différente.

anticipated  from  a sand in  such a  loose State o f  packing. A 

possible explanation  o f th is discrepancy is th a t the structure of 

the sand depends on  conditions p rio r to  the actual test (B i s h o p  

and  E l d i n , 1953). There appears to  be little différence, 

however, betw een the triaxial test (4) and  the shear box test (3).

Typical stress, s tra in  and  volum e change relationships are 

given in  Fig. 2, show ing the add itional settlem ent after sa tu ra ­

tion  o f the sam ple.

Fig. 1 Results of shear tests—Site A

Résultats des essais de cisaillement—Emplacement A

Bearing capacity tests— Several load  tests were perform ed in 

the field using a  concrete b lock 2 ft. square founded a t a  depth  

o f  2 ft., giving the sam e D jB  ra tio  as the actual foundations o f  

the structure. The results a re  show n in  Fig. 3. T he curves 

A N  and  L N  represent tests carried o u t after ra in  over the area, 

w hen the bulk  density was ab o u t 108 lb ./cu. ft., the  w ater table 

being a t  great depth . T he bearing capacities in  each case were 

ab o u t 3300 lb./sq. ft. T he curves A S  and  L S  represent sim ilar 

tests carried  o u t after artificially flooding the a rea  and  allowing

15 hou rs fo r n a tu ra l drainage before testing— bearing capacities 

were 2250 lb./sq. ft. and  1500 lb./sq. ft. respectively.
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C alculations based on  Terzaghi’s équation

qf  =  1 -3 ,} c . +  y D N q' +  0-4 y B N y’

give, in  cases A N  and  L N  using cd =  0, <f>d =  33°, y  =  108 lb ./ 

eu. ft.

q f  =  108 x  2 x  12 +  0-4 x  108 x  2 X 8 

=  3280 lb./sq. ft.

Tn cases A S  and  L S  if  y '  =  58 -4 lb./cu. ft. is used

q f  =  58-4 x  2 x  12 +  0-4 x  58-4 x  2 x  8 

=  1775 lb ./sq. ft.
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ing o f  reinforced concrete beam s occurred w hen the bearing 

pressures were betw een 1000 lb./sq. ft. and  3000 lb./sq. ft.

A  safe bearing pressure allow ing fo r conditions o f sub- 

mergence and a  factor o f safety o f 3 w ould have been qa =  1,450 

lb./sq. ft. w hich w ould have poin ted  to  the use o f  a  ra ft founda- 

tion, m aking provision fo r a basem ent, o r founding a t greater 

dep th  using under-ream ed piles. F o r  ano ther struc tu re  to  be 

built in  the vicinity it is possible to  found on  a  hard  s tra tum  a t 

ab o u t 20 ft. dep th  and  it was considered econom ical to  excavate 

by hand and cast square footings and  a colum n before 

backfilling.

Site B

The m aterial here consisted o f fine, loose, orange-coloured 

aeolian  sand, w ith  a  typical dry density o f  86 lb ./cu. ft. a t  8 -7 

p er cent m oisture con ten t. A  sériés o f  shear box tests was 

carried  o u t in  order to  get an  idea o f  the bearing capacity. T he 

following procédures were adop ted : (1) drained  test a t na tu ra l 

m oisture con ten t; (2) drained  test a fter first applying the load 

and  then  slowly inundating  the sam ple; and  also (3) and  (4) un- 

drained triaxial test a t n a tu ra l m oisture conten t, w ith m easure- 

m ent o f  po re  pressure.

T he results are given in  Fig. 4. I t  was no ted  th a t the shear- 

ing résistance was decreased by ab o u t 20 per cent on  sa tu ration .

Fig. 2 Typical stress/strain curves in shear box tests

Contrainte caractéristique contrainte/déformation des essais 
dans la boîte à cisaillement

T his is m ore o r less the sam e as in  the ac tua l field values 

though  it  is very doubtfu l w hether conditions o f  full sub- 

m ergence were obtained. I f  the o ther angle o f  <f>d =  38 degrees 

w ere used, how ever, the values w ould have been over-estim ated 

by ab o u t 60 per cent.

I f  average values o f  ap p aren t cohésion and angle o f  shearing 

résistance fo r the m aterial in its n a tu ra l dry State are  used,

Fig. 3 Field loading tests

Essais de charge in situ

c =  2-5 lb ./sq . in., <j> =  38 degrees, y  =  102 lb ./cu. ft. and 

applied to  footings 5 ft. square and ab o u t 5 ft. deep, q f  =  22,000 

lb ./sq. ft. T hus the design pressures o f 4000 lb ./sq. ft. w ould 

appear to  be quite safe, giving an  anticipated  settlem ent o f £ in., 

i.e. an  am oun t p ropo rtional to  the an ticipated  settlem ent a t 

failure. O n inundation , how ever, shear failure m ight occur 

since the calculated bearing capacity w ould then  be q f  =  4350 

lb ./sq. ft. In  the first structure  to  show  signs o f  distress crack-

Fig. 4 Results of shear tesls—Site B

Résultats des essais de cisaillement—Emplacement B

F urther, the angle </>' was low er by 3 degrees than  <f> given by 

procédure (2) above, w hereas the two angles should be very 

nearly equal in  a  loose sand  as the ra te  o f volum e change a t 

failure is practically  zéro in  b o th  tests.

A gain, an  explanation  o f this discrepancy m ight lie in  the 

structu re  o f  the sand before testing, as the effect o f  a ir con ten t 

w ould have been to  im part an  apparen t cohésion if full sa tu ra­

tion  were n o t obtained under p rocédure (2).

In  regard  to  drained tests on  partially  sa tu ra ted  soils, it 

should  be no ted  th a t the applied stresses are  n o t effective 

stresses, as in  the sa turated  condition , because o f  the existence 

o f  add itional capillary stresses. In  ail cases a  curved line o f 

shearing résistance was observed in  slow tests on  the n a tu ra l 

soil, w hich suggested th a t the capillary stresses varied for each 

single test. T o  verify th is observation  an  undisturbed  sam ple 

3 in. in  d iam eter and  in. h igh contained in  a  cu tter was 

placed on  a  sintered glass base, th rough  w hich the soil suction 

was m easured, and loads were applied th rough  a perforated  top  

plate. I t  was found  th a t the soil suction  increased w ith in- 

creasing load o r  density, as indicated in  Fig. 5, the m oisture 

con ten t rem aining constan t. W hile th is effect appears ra th e r 

strange a t first sight, it can  be correlated  w ith inform ation  given
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by C r o n e y  and  C o l e m a n  (1954) where curves o f pF /m oisture 

con ten t are  presented fo r high and  low densities.

I t  is interesting to  no te  th a t the value o f  soil suction obtained 

is o f  the sam e order as the ho rizon tal différence between 

curves (1) and  (2) o f  Fig. 4. A  direct com parison  a t equal 

applied stresses canno t be m ade, how ever, because the m oisture 

con ten t o f  the suction test sam ple was low er th a n  th a t o f  the 

shear streng th  sam ple and  also because there was som e change 

in density during initial shear strain .

T he effect o f soil suction  on  shear strength  m ay be an  im ­

p o rtan t considération , particularly  in  the case o f  partially  

sa tu ra ted  clays. A lso, the density/soil suction  relationship  a t 

constan t m oisture con ten t deserves fu rther study, though  a 

différent technique from  th a t m entioned above m ay be required 

even fo r low  values o f p F  as the experim ental d ifficultés were 

extrem e and only lim ited in fo rm ation  was obtained.

Bearing capacity tests—A  num ber o f  p late-bearing capacity 

tests were perform ed in  the field using différent sizes o f  plate, 

b u t n o  co rrélation  betw een ultim ate  failure and  size o f  plate  

was found. T he n a tu ra l m oisture conten t, however, varied 

from  ab o u t 6 to  16 per cent over the site so th a t the lack  o f 

corrélation  was n o t surprising in  view o f  the large change in  

shear streng th  found during labora to ry  testing. T he results 

a re  given in Fig. 3. Tw o o f  these tests, m arked H  and  J, were 

perform ed after the m aterial in  the field had  been soaked for

16 hours. T he u ltim ate  bearing  capacity  in  each case was

28
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Fig. 5 Soil suction/pressure relationship at constant m/c

Aspiration du sol en fonction de la pression avec teneur en 
eau constante

ab o u t 1300 lb ./sq. ft., and  if  the subm erged density is used in 

calculation w ith <f>d =  <f>' =  32 degrees

<7/  =  53-4 x  2 x  10 +  0-4 x  53-4 x  1-4 x 6  

=  1245 lb./sq. ft.

This is very fair agreem ent, b u t if  an  angle o f <f> o f  35 degrees 

were used the result w ould have been over-estim ated by ab o u t 

35 per cent. I t  is concluded, therefore, th a t the shear testing 

technique o f applying a  load  before sa tu ra tion  should n o t be 

used, and  th a t a  value o f  <j>j (w ith initial sa tu ra tio n  before load- 

ing), o r <f>' in  loose sands, be taken  instead.

I f  an  average value were taken  fo r c j  =  1-5 lb./sq. in. and 

4>d =  38 degrees fo r the n a tu ra l soil

qf  =  10,000 lb./sq. ft.

In  the field, values o f  up  to  9000 lb./sq. ft. were obtained  for 

plates 1 ft. o r 2 ft. square. T he value u nder these conditions, 

how ever, should n o t be used in design unless inundation  due to  

rain , which is often aggravated by drainage from  any structure, 

can  be prevented.

Interprétation of Field Tests 

T he in terp ré ta tion  o f  field bearing capacity tests is always a 

difficult m atter, particularly  w hen local shear failure occurs

and the u ltim ate load is no t clearly defined. In  Fig. 3 som e 

typical results o f  field loading tests o n  the tw o sites are  p lo tted  

in  the relationship  q : p lB  and  it will be noted  th a t ‘ failure ’ may 

be taken  to  occur a t a  ra tio  o f  p/B  =  0-01 in  nearly every case. 

Because the field m oisture contents varied under every load 

test it was n o t possible to  correlate the b read th  B  w ith load 

intensity  a t failure q /, al though  such corrélation  is an  accepted 

fact as regards any hom ogeneous sand.

T he use o f  this ‘settlem ent ra t io ’ has been found  convenient 

by S k e m p t o n  (1951) and  M e y e r h o f  (1953) in  the study o f 

bearing on  clays w ith respect to  préd iction  o f settlem ent, bu t 

from  their w ork  and  th a t o f  o thers it appears th a t the ra tio  is 

significant in  regard  to  u ltim ate failure as well. F o r  the clays 

m entioned a  typical value a t failure is 6 per cent. F o r  o ther 

m aterials th is p o in t has already been b rough t ou t by W i l s o n  

(1950), w ho sta ted  th a t fo r deep footings in  loose sands a t 

failure p /B  was ab o u t 1 -5 per cent and  fo r dense sands 3 -5 per 

cent.

T his ra tio  m ay give som e idea o f  the shearing stra in  th a t 

occurs beneath  a  footing and  it is notew orthy th a t the present 

test results give a  value o f  ab o u t 1 per cent w hich appears ra ther 

low and  m ay be a  characteristic o f  this type o f loose deposit.

Conclusions

(1) Several instances o f  distress in  structures founded on  

partially  sa tu rated  sands in  South  A frica and  R hodesia  have 

resulted from  the effects o f inunda tion  due to  ra in  o r  con- 

centrated  drainage. W hile these soils appear to  be very firm 

in  their n a tu ra l fairly dry  State it appears th a t there is a  great 

loss o f  streng th  on  sa tu ration .

F o r  th e  design o f  foundations in  such instances the m ost 

severe conditions should  be taken  in to  account since it is 

difficult to  p revent som e ingress o f  ra in  w ater o r the accum ula­

tion  o f  m oisture under a  covered surface. T hus, in  laboratory  

testing, the sam ples should be sa tu ra ted  and  drained tests 

perform ed. I t  is though t th a t m ost o f  the w indblow n deposits 

encountered  will be perm eable enough fo r drainage to  occur 

during shear in  the field— coefficients o f  perm eability were 

m easured a t 10-3 cm /sec o r m ore fo r Site A.

In  regard  to  the shear param eters to  be obtained  from  

labora to ry  tests for any in terp ré ta tion  it is considered th a t if 

the coefficient o f  perm eability, k w, exceeds 10-3 cm /sec a drained 

test should be used. O n the o ther hand , if  k w is less than  10-5 

cm /sec a n  undrained  test should  sim ulate closely conditions 

ob tain ing  in  the field.

F o r  loose sands the angle <j>' obtained from  undrained  triaxial 

tests m ay be used as équivalent to  <f>j. In  général, the m ost 

severe cond ition  will be th a t o f satu ration , w hen the subm erged 

density should be used in  calculation  or, if  the ground w ater 

conditions are know n m ore accurately, the treatm en t given by 

M e y e r h o f  (1955) should  be em ployed.

(2) T he labora to ry  technique fo r sa tu ra ting  an  undisturbed  

sam ple is im portan t and  from  the results o f  th is investigation it 

appears preferable, in  a  shear box test, to  saturate  the sam ples 

before applying any load. In  the field, sa tu ra tion  will usually 

occur after loading, b u t the labora to ry  procédure will give the 

w orse condition . F u rther, the validity o f assum ing full sub- 

m ergence in  regard  to  density calculations m ay be doubted , b u t 

this will give the m ost severe case.

(3) I t  is useful, w hen in terpre ting  the results o f  bearing 

capacity tests, to  p lo t the in form ation  in  the form  o f  qlp/B. 

W ith  experience it m ay be found th a t the criterion  o f failure is 

easier to  define in  the light o f a lim iting ‘settlem ent ra t io ’ than  

as the po in t a t w hich the settlem ent curve becom es steep. F o r  

loose sands p /B  appears to  be o f the o rder o f  1 per cent, while 

fo r o ther m aterials it m ay approach  6 per cent.

(4) W hile the above com m ents refer to  shear failure this may 

no t be the criterion  for design o f  foundations as the am oun t o f
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settlement should also be considered. In the loose sands 

described, which appear to be unusual materials, the collapse 

of soil structure on saturation may be the goveming factor and 

prédiction of this sudden settlement should be based on the 

results o f consolidation tests.

This paper is presented by perm ission o f  the South  A frican  

Council fo r  Scientific and Industrial Research, and the author is 

grateful to M essrs K antey and von Geusau, Consulting Engineers, 

fo r  information on loading tests a t S ite  B.
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