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f end”"t: o f the moisture con ten t, but only of 
he stru ctu re , th is  would be the case fo r  the 

perm eability c o e ff ic ie n t , according to  the law 
of Darcy. I f  th is  i s  not the case, the curves 
can s t i l l  be traced but fo r  a determined moist­
ure content. For in stan ce, in  the case o f the 
co n e-test, the curves w i l l  be traced as shown 
on f i g .  3*

The case i s  p a r t ic u la r ly  com plicated in  
the study o f the in tern a l f r ic t io n ,  fo r  which 
are to be considered the m odifications o f struct­
ure in  the sheared zone.

SUMMARY.

The study o f the re la tio n s  between the 
p hysical and mechanical p ro p erties o f the s o ils  
and. th e ir  permanent and non-permanent charac­
te r s  must r a t io n a lly  be conducted according to 
the scheme below:

The use o f the proposed recording system 
perm its to tr e a t  c le a r ly  and p r e c is e ly  the var­
ious questions which a r ise  in  th is  f ie l d ,  in  
the f i r s t  step o f the study as w ell as in  the 
second.

As f a r  as the f i r s t  step o f study i s  con­
cerned, i t  f a c i l i t a t e s  the c la s s if ic a t io n  o f 
s o ils  based on the values o f  the compacity and 
o f the moisture content in the s ta te  chosen as 
reference.

CHARACTERS FIRST STEP OF 
THE STUDY

SECOND STEP 
OF THE STUDY
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SYNOPSIS

A method i s  proposed fo r  obtaining estim ates of bearing value o f s o i l  fo r  
fo o tin g s of bridges and bu ild in gs and fo r  a irp o rt pavements from laboratory com­
pression t e s t s ,  which i s  based upon the concept of a Natural R estrain t C o e ffi­
c ie n t. This involves th e o r e tic a l in terp reta tio n s and co rre latio n s of laboratory 
compression t e s ts  w ith load t e s t  data. The method i s  app licab le  to c la y s  and 
c la y - s o i ls  fo r  which the i n i t i a l  s tre ss  conditions and strength are approximate­
ly  constant w ith depth. Consideration i s  given to  the Test Conditions to be f o l ­
lowed in  the laboratory compression t e s t s .  On the b asis  o f t h is  concept an estim­
ated lo a d -stra in  curve can be drawn from laboratory compression t e s t  data, that 
can be used d ir e c t ly  fo r  estim ating the probable lo ad -settlan en t c h a ra c te r is t ic s , 
probable bearing value and ultim ate f a ilu r e  conditions o f f u l l - s c a le  fo o tin g s .

Load te s ts  have been considered to be the dations o f bu ild in gs and bridges and fo r  a ir -
most d ire c t and u sefu l method fo r  determining port pavements where heavy plane loadings are
the load-settlem ent c h a ra c te r is tic s  and bear- an tic ip ated . For a irp o rt pavements the load
ing value o f foundation s o i ls ,  and have been te s ts  are f u l l - s c a le  t e s t s ,  because the s ize
used qu ite  e x ten siv ely  fo r  the design o f  foun- o f  the bearing p la te s  g en erally  used are equal
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to  the t i r e  imprint areas o f the la rg e r  p lanes. 
A rather large  number o f load te s ts  may be re -  

u ired  to provide adequate inform ation fo r  the 
esign  o f pavements fo r  a larg e  important a ir ­

p o rt, where the s o i l  conditions e ith e r  in  cut 
or f i l l  may be expected to vary considerably 
over the s i t e .  The use o f h ea v ily  loaded trucks, 
scrap ers, e tc . to provide s u ff ic ie n t  reaction  
fo r  the load te s t  and the m o b ility  o f such 
equipment s im p lifie s  the problem o f load t e s t ­
ing to a considerable exten t. The major problem 
o f design o f a irp o rt pavements i s  to  in terp ret 
the re s u lts  of the load te s ts  on the subgrade 
s o i ls  into terms o f the load-settlem ent char­
a c t e r is t ic s  and bearing value o f the pavement- 
subgrade system in  order to determine the thick­
nesses o f pavement and base course needed to 
provide adequate support on the d iffe re n t  c la s ­
ses o f subgrades encountered in  the s i t e  under 
the an ticip ated  plane loadings 1 ) .

Of equal or greater importance are the 
load te s ts  on foundation s o i l s ,  which are made 
to provide basic  inform ation fo r  the design o f 
spread foo tin gs fo r  b u ild in g s, highway bridges, 
and the l ik e .  In th is  case the load t e s ts  are 
p r a c t ic a lly  always sm all-scale  te s ts .  A minim­
um s ize  of area of 2 fe e t  by 2 fe e t  is  common­
ly  required by Building Code R egulations. A to­
t a l  te s t  load o f 150 to 200 percent o f the pro­
posed design loading i s  u su ally  applied. This 
load frequently  runs into  s iza b le  f ig u re s . The 
handling of the necessary weight o f p ig iron , 
concrete b locks, sand bags, e tc . is  qu ite  a 
problem. I f  the subsurface s o i l  conditions are 
va riab le  over the s i te  o f the proposed s tr u c t­
ure, i t  would be necessary to e s ta b lish  areas 
on the b a sis  o f the boring records o f substant­
i a l l y  s im ila r  subsurface s o i l  conditions and 
to make a load te s t  in  each such area. The ma­
jo r  problem of design is  to extrapolate the re­
s u lts  of the sm all-scale  load te s t  into terms 
o f the load-settlem ent c h a ra c te r is tic s  and bear­
ing values fo r  the large f u l l - s c a le  spread 
foo tin gs of the stru ctu re .

Because of the expense and time involved 
in  making the load te s ts  required to provide 
adequate inform ation fo r  the design o f footings 
o f bu ild in gs and bridges and o f a irp ort pave­
ments, i t  would be d esirab le  to have some me­
thod by which f a i r ly  r e lia b le  estim ates o f the 
probable load-settlem ent c h a ra c te r is tic s  and 
probable bearing values of foundation s o i ls  can 
be obtained from laboratory unconfined compres­
sion te s ts  or t r ia x ia l  compression te s ts  on un­
disturbed samples. A method i s  proposed fo r  
such purposes, which is  based upon ce rta in  ba­
s ic  concepts, involving an in terp reta tio n  of 
the th e o re tic a l load-settlem ent equations of 
the theory o f e la s t ic i t y  and co rre latio n s of 
laboratory compression te s ts  re s u lts  with load 
t e s t  data. The method i s  app licable to c lays 
and c la y -s o ils  fo r  which the i n i t i a l  s tre ss  
conditions end hence the strength  properties 
are approximately constant with depth in  the 
d eposit, whether in  the undisturbed sta te  in  
a natural deposit or in  some a r t i f i c i a l l y  com­
pacted condition in  an embankment. *

F ir s t  of a l l  i t  must be emphasized that 
bearing value i s  not a simple inherent physic­
a l property of a s o i l  such as the e la s t ic  lim ­
i t  or ultim ate strength  of s t e e l ,  but must be 
determined by an an alysis of the co n tro llin g  
physical fa cto rs  in  the p a rtic u la r  s itu a tio n  
and must be defined in  terms of some allowable 
settlem en t, which experience has shown to be 
reasonable and safe  fo r  the p a rtic u la r  type of 
structure and type of loading under considera­

tio n . Bearing value in  any p a r tic u la r  case i s  
dependent upon the load-settlem ent ch a ra cte r is ­
t i c s  o f  the d e p o sit, which are governed not on­
ly  by the stren gth  p ro p erties and s tr e s s - s tr a in  
re la tio n sh ip s o f the s o i l  in  i t s  natural undis­
turbed s ta te  or in  some a r t i f i c i a l l y  compacted 
condition , but a lso  to a great extent by the 
s iz e ,  shape, and f l e x i b i l i t y  of the loadod area, 
whether a bearing p la te  in  a load t e s t ,  an a ir ­
plane t i r e ,  or a f u l l - s c a le  spread fo o tin g  o f  a 
s tru ctu re , and by the s t r a t i f ic a t io n  o f the de­
p o s it.

The in te rp re ta tio n  of the th e o re tic a l load - 
settlem ent equation o f Boussinesq, Eq. 1 ,  i s  
based upon ce rta in  fundamental concepts. The 
f i r s t  concept i s  that the load-settlem ent r e la ­
tio n s fo r  a fo o tin g  or bearing p la te  in  Eq. 1 
are id e n tic a l in  form to the s tr e s s -s tr a in  re­
la tio n s  in  Eq. 2 obtained from a lab orato ry  com­
p ression  t e s t .  '

c(1 - u )
Load-Settlement Equation. a = — ----pfrf (1 )

Laboratory S tre ss-S tra in  Equation.

Where Subscripts -  f  -  applies to a fo o tin g  or
bearing p la te  

c -  app lies to  a laboratory 
compression te s t  

A -  settlem ent ( in  the same u n its  as r )

£ -  s tra in
r  -  radius of fo o tin g , bearing area, oi- 

te s t  specimen 
h -  i n i t i a l  height of compression te s t  spe­

cimen
p -  average pressure on fo o tin g  or bearing 

p la te  in  tons per square fo o t ( t 3 f . )
E -  Modulus of e la s t ic i t y  of s o i l  ( t s f . )  
fi -  P oisson 's r a t io , about 0.40 fo r  many 

clays and c la y - s o ils  
c -  a c o e ffic ie n t  depending upon the shape 

and f l e x i b i l i t y  o f the fo o tin g  or bear- ' 
ing area

The re la tio n sh ip s o f the p h y sica l fa c to rs  
entering these equations, which are involved in  
th is  in terp reta tio n , are i l lu s tr a t e d  in  F ig . 1 . 
The second concept, which fo llow s from the first, 
i s  that the modulus o f e la s t ic i t y  E o f the s o i l  
in Eq. 2 obtained from a lab oratory  compression 
te s t  i s  e s s e n tia lly  id e n tic a l to that o f the anil 
in  the natural deposit, which governs the load- 
settlem ent re la tio n s  in  Eq. 1 . This p a r a lle ls  
the s itu a tio n  fo r  a l l  s tru ctu ra l m ateria ls and 
should be considered reasonable, where repre­
sen tative  undisturbed samples o f good q u a lity  
are used fo r  the compression t e s t s ,  which have 
been obtained by c a r e fu lly  co n tro lled  methods 
from the immediate v ic in ity  o f the fo o tin g  or 
load te s t  s i te  at a depth equal to about the 
diameter or width of the bearing are. Sample 
disturbance w i l l  tend to reduce tne value of the 
modulus, E somewhat below that in  the natural 
s ta te , depending upon the degree of disturbance 
su ffered  by the sample during the sampling ope­
ra tio n  and subsequent preparation o f the spe­
cimens fo r  the laboratory compression te s ts .

These concepts provide a new approach in 
in terp retin g  Eqs. 1 and 2. In the laboratory 
compression te s ts  the height o f the specimen is  
u su ally  made at le a s t  equal to twice the d ia­
meter or four times the radius o f the specimen
-  hc - 4 r c , as shown in i i g .  la .  In as much
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TABLE I 

..YalM8 of C o e ffic ie n t. C.

Shape o f bearing area

C ircu lar(rad iu e, r  ) 
Square (h a lf  w idt. b) 
Rectangle x ) (h a lf  le a s t  

w idth ,b  )
Side Ratio 1 .5

2.0
3.0
5.0 

10.0

Rigid 
Entire Area

72^17 
1.76

w

F le x ib le , Uniform load 
Center Edge Corner Average

2
2.24

1.27
1.56 1 .12

1.70
1.90

2.31
2.60
3.05
3.66
4.50

x) C oeffic ien te  adopted from "Theory of E la s t ic ity "  by S. Timoshenko, p. 338* 
b.cQraw-Hill Book Company, New York, 1934.

as theory shows that 75 percent of the to ta l  
settlem ent occurs w ithin a depth equal to four 
times the radius o f the bearing area, as shown 
in  F ig . lb , and because of the fa c t  th at the 
major part o f the la t e r a l  bulging e f fe c t  and 
displacem ents also occur w ithin th is  depth,the 
load-settlem ent Eq. 1 is  re-w ritten  in  the 
fo ra  o f a s tre s s -s c ra in  re la tio n  s im ila r  to 
th at in  Eq. 2 fo r  the compression te s t  by as­
suming an e f fe c t iv e  height o f a c y lin d r ic a l 
mass of s o i l  beneath the bearing area

hf - 4 r f  in  F ig . lb , as siven in  Eq. 3*

Load-Settlement Equation

JllL
E A

Load-Strain Equation (3)

Arf A E
I t  fo llow s that fo r  equal s tra in s  the re­

la tio n  between the corresponding pressures fo r  
the fo o tin g , p j and fo r  the compression t e s t ,

p f from Eqs. 2 and 3 becomes

t K t M t

r  Pc 

=U - m2)J

(4)

is  termed, the Natural ries—

tra in t  C o e ff ic ie n t .

Thie leads to the th ird  concept that the 
natural confinement and re s tra in ts  o f the na­
ture o f a passive resista n ce  offered  by the 
mass o f s o i l  surrounding the h yp othetical cy­
lin d r ic a l  element beneath the bearing area 
have a most important in fluence on the load 
supporting cap acity  o f the s o il  in  natural de­
p o s its , as stated  in  Eq, 4; and accounts fo r  
the marked d iffe re n ce  observed in  F ig. 2 in  
the s tr e s s -s tr a in  re la tio n sh ip s and in  the ap­
parent value of the modulus o f e la s t ic i t y  E 
o f the s o i l  in  the natural deposit as compar 
ed with th at in the laboratory compression

h e
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S '

t e s t .  The importance o f the natural confine­
ment and re s tr a in ts  to  la te r a l  and v e r t ic a l 
displacements expressed in  terms of the Natural 
R estrain t C o e ffic ie n t, R i s  evident from iSqs.
3 and 4, which show that fo r  equal s tra in s  the 
pressure, p f fo r  the fo o tin g  loaded at the sur­
face  of the ground may be R times g ra te r  that 
the valu e, Pc obtained in  the laboratory com­
p ression t e s t  on specimens o f the same s o i l .
The values of the Natural R estraint Coefficient, 
as may be expexted, depend upon the shape and 
f l e x i b i l i t y  of the bearing area and upon the 
value o f P oisson 's r a t io , which expresses the 
r e la tio n  between the stra in s  in  the horizontal 
and v e r t ic a l  d ire c tio n s , as given in  Table 2.

Table 2.

a 2 square fo o t c ir c u la r  bearing orea. I t  i s  
to be noted that the agreement between the ac­
tu a l and the estimated lo a d -stra in  curves is  
reasonably good. S im ilar agreements have been 
found by such an an alysis o f data presented by 
other in ve stig a tio n s.

The probable safe  bearing value corres­
ponding to some se lected  safe or reasonable lim­
it in g  value of settlem ent can then be estimated 
d ir e c t ly  from the estim ated lo a d -stra in  curve 
fo r  any s ize  of bearing areo, since the strain 
fo r  a given s ize  of bearing area i s  given by
Eq. 3
C ircu la r  Bearing Area

(5)

Values of the Natural R estraint C o e ffic ie n t,

B- U - *
For c lays and c la y - s o ils  r’o isso n 's  ra tio  is  
taken to be of the order -p. = 0.40 
Center d e fle c tio n  or settlem ent o f bearing area 

Rigid F le x ib le . UniformShape o f Bearing 
Area

C ircu la r  3.02
Square 2,71

F le x ib le . 
loaa 
2.38 

2.13
On the basis o f th is  concept o f a Natural 

R estrain t C o e ffic ie n t an estim ated s tr e s s -  
s tra in  curve can be obtained from the labora­
tory compression te s t  curve that can be used 
d ir e c t ly  fo r  estim ating the probable lo a d -set­
tlement c h a ra c te r is tic s  and the probable ultim ­
ate fa ilu r e  conditions o f a footing or o f a 
load te s t  bearing p la te  by m ultiplying the la ­
boratory compression te s t  s tresses  by the ap­
propriate value o f the natural R estraint Coef­
f ic ie n t  fo r  a s u ff ic ie n t  number of stra in  va­
lues to define the curve over the range of va­
lues d esired , as shown in  Fig. 2 .,  where the 
estim ated lo a d -stra in  curve i s  superimposed on 
the actual lo a d -stra in  curve o f a load te s t  on

Square Bearing Area -  A = 4pf£

The method is  applicable to individual 
foo tin gs on clays and c la y - s o ils  fo r  which the 
i n i t i a l  s tre ss  conditions in  the deposit and 
hence the strength properties are approxima­
te ly  constant to a depth of at le a s t  2 and 
p ossib ly  4 times the diameter or width of the 
bearing area, whether in  the natural undisturb­
ed sta te  or in  some a r t i f i c i a l l y  oompacbed con­
d itio n . Experience has shown that deposits o f 
c la y s  and many deposits o f c la y - s o ils  conform 
reasonably c lo se ly  to th is  condition, and hen­
ce fo llow  reasonably c lo s e ly  the th e o re tic a l 
load—settlem ent £q. 1 . The estim ates o f the 
probable settlem ent from the lo a d -stra in  curve 
by Eq. 3 and 5 i s  that which occurs almost im­
mediately a fte r  the loading, due to e la s t ic  
and p la s t ic  displacem ents, but does not in­
clude the subsequent settlem ent due to gradual 
consolidation o f the c la y , e ith e r  d ir e c t ly  be­
neath the bearing area or at greater depths 
under the long-time loading. The estim ates of 
the settlem ent due to consolidation must be 
added to the above immediate settlem ents to 
obtain the probable t o ta l  settlem ent to be ex­
pected u ltim a tely .

An an alysis is  now made of the probable 
ultim ate fa ilu r e  load to determine i f  i t  is  
in  reasonable agreement with theory and with
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experience. This fo llo w s d ir e c t ly  from the 
three concepts stated  p revio u sly  and in vo lves 
the question whether the assumed e f fe c t iv e  
height o f the c y lin d r ic a l element d ir e c t ly  be­
neath the bearing area in  f i g .  lb  i s  o f the 
r ig h t order of magnitude fo r  use in  the pro­
posed method or whether some other value diould 
be used. Analyses o f the fa ilu r e s  o f foo tin gs 
on c la y  by a number o f in v e stig a to rs  have 
shown that the fa ilu r e  load, v a r ie s  from about
4 to 6 times the maximum shearing stren gth , o f 
the c la y , which i s  given by Equation 6 fo r  the 
unconfined compression t e s t .

Unconfined Compression Test
_ PcfmaxJ (6)

Tbiax) 2
Depending upon the value o f the Natural 

R estrain t C o e ff ic ie n t, which i s  a function  o f 
the shape and f l e x i b i l i t y  o f the bearing area 
and of P o isso n 's r a t io , the probable fa ilu r e  
load is  given by Eq. 7 and i s  tabulated in 
Table 3.

F ailu re  load Pf(max) ~ Rl°c(max)-2Ps(max)( ? )

______________ Table 3.______________

Failure Conditions -  Probable Values of 

Pf (max')

expressed in terms of 2 RS(max)

Shape of Bearing 
Area

C ircu la r  
Square

R igid  F le x ib le , Uniform 
load

6.04 S(max) 4.76 S( max)
5i 42 S(max) 4.26 S(max)
vslues R-rp. of the o-rrip-p of

g reater than 2,0 tons per square fo o t (See Eq.
6 ), both the immediate settlem ent due to la t e r ­
a l  displacements and the subsequent settlem ent 
due to consolidation  would be r e la t iv e ly  small 
under loadings not exceeding p ossib le  30 per­
cent of the ultim ate load. In such a case the 
unconfined compression te s t  may be expected to 
give reasonably s a tis fa c to r y  inform ation. I f  on 
the oth er hand the natural consistency i s  S t i f f  
or Medium Hard (shearing strength 0.3 to 170 
and 1.0  to 2.0 tons per square fo o t, re sp e c tiv ­
e ly )  the immediate settlem ents and the subse­
quent consolidation  settlem ents, p a r t ic u la r ly  
fo r  the s t i f f  consistency, may be considerably 
la rg e r  and reach objectionable magnitudes. In 
th is  case both t r i - a x ia l  compression and con­
so lid a tio n  te s ts  would be needed in  order to 
estim ate the probable immediate and the t o t a l  
subsequent settlem ent. F ir s t ,  i t  i s  necessary 
to determine as c lo s e ly  as p ossib le  the i n i t i a l  
state  of s tre ss  on the c la y . The value o f the 
i n i t i a l  v e r t ic a l  s tr e s s , py can be estim ated 
from the consolidation  te s t  curve (the s o - c a l l­
ed preconsolidation pressure). The f i r s t  te s t  
condition in  the t r i - a x ia l  compression te s t  i s  
to re -e sta b lish  the probable i n i t i a l  la t e r a l  
s tr e s s , pjj on the specimen by p re-con so lid atin g  
the specimen with open system conditions under 
th is  la te r a l  pressure, p* =. py, which may be 
estim ated approximately form Eq. 8.

(8)

where p3

Since these values are of the order of 
magnitude indicated by theory and by experien­
ce fo r  the ultim ate fa ilu r e  load, and since 
there is  a reasonable agreement between the 
estim ated and the actual lo a d -stra in  curves 
in  Fig. 2, they give support to the concepts 
and method proposed.

The agreement attained between the actual 
lo a d -stra in  curve and that estimated from a 
laboratory compression te s t  curve both as to 
magnitude of the s tr e s s -s tr a in  valu es, the 
shape of the curve, and the ultim ate fa ilu r e  
load, w ill  depend upon whether representative 
undisturbed samples of good q u a lity  are used 
fo r  the compression te s ts  and upon the te s tin g  
technique. The best and le a s t  disturbed samples 
obtainable are tnose ca re fu lly  cut oat by hand 
from a te s t  p it  in  the immediate v ic in ity  of 
the foo tin g  or load te s t  s i t e  at a depth about 
equal to the diameter or width of the bearing 
area. Sample disturbance w i l l  tend to increase 
the stra in s  and to reduce the ultim ate strength, 
depending upon the degree of disturbance su f­
fered  by the sample during sampling operations 
and subsequent preparation of the specimens fo r  
the laboratory compression te s ts . C areful con­
sid eration  should be given to the Test Condit­
io n s, which should be set up to approximate as 
c lo s e ly  as possib le the natural conditions o f 
i n i t i a l  s tresses  and of drainage, that may be 
expected to ob tain .

In the natural state  c lay  acts tem porarily 
as an almost incompressible m aterial under clos­
ed system conditions with l i t t l e  or no free  
drainage p ossib le. Linder such conditions the 
immediate settlem ent under a rapid loading is  
due almost e n tire ly  to la te r a l  displacements 
of e la s t ic  and p la s t ic  character at constant 
volume, and the settlem ent due to consolidation 
is  considerably delayed. I f  the natural undis­
turbed consistancy of the c la y  or c la y - s o il  is  
Hard or b e tte r , that i s ,  a shearing strength

Pjj -  is  the approximate la te r a l
pressure to be applied in  the 
t r ia x ia l  compression te s t .

Pv -  is  the i n i t i a l  v e r t ic a l s tr e s s ,
usu ally  la rg e r  than the over­
burden s tre ss .

u. -  is  Poisson's r a t io , approximate­
ly  0.40 fo r  c la y s .

A fter  the t r i - a x ia l  compression te s t  spe­
cimen is  f u l l y  pre-consolidated under th is  la ­
t e r a l  pressure, the t r i - a x ia l  compression test 
i s  run under Closed System conditions with 
drainage cut o f f ,  as the second te s t  condition.
A comparison of the re su lts  of the t r ia x ia l  com­
pression te s t  with those of an unconfined com­
pression te s t  w ill  in dicate whether or not the 
proposed method is  applicable or not. I f  the 
s tr e s s -s tr a in  ch a ra c te r is tic s  and the ultim ate 
strength of the c lay  or c la y - s o il  are found to 
be only a small function o f the la te r a l press­
ure, the proposed method is  ap p licable, but i f  
they are found to be a rather large function 
o f the la te r a l pressure, where the c la y - s o il  
i s  quite s i l t y  or sandy in  character or i s  not 
saturated, the method may not be d ir e c t ly  ap­
p lic a b le , because the i n i t i a l  s tresses  are not 
constant with depth, but a function of depth 
and Eq. 1 does not apply d ir e c tly .

Comparisons o f the estimated and actual 
lo ad -stra in  curves obtained from laboratory 
compression te s ts  and load t e s ts ,  and actual 
observations of the settlem ents of fu l l - s c a le  
footings w i l l  in dicate the realm of v a l id ity  
of the theory and the types and co n sisten cies 
of clays and c la y -s o ils  fo r  which reasonably 
close estim ates may be expected.
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