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Stress Distribution beneath Pavements of Different Rigidities
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b y  G e o r g e  F .  So w er s, P r o f e s s o r  o f  C i v i l  E n g i n e e r i n g ,  G e o r g i a  In s t i t u t e  o f  T e c h n o l o g y  a n d  C o n s u l t i n g  S o i l  E n g i n e e r ,  

L a w  E n g i n e e r i n g  T e s t i n g  C o . ,  A t l a n t a ,  G e o r g i a ,  U . S . A .  

a n d

A l e k s a n d a r  B .  Vesic , A s s o c i a t e  P r o f e s s o r  o f  C i v i l  E n g i n e e r i n g ,  G e o r g i a  In s t i t u t e  O f  T e c h n o l o g y  A t l a n t a .  G e o r g i a ,  

U . S . A .

Summary

Full- scale lesls have been made of  single, dual  and dual - t andem 
st at ic t ire l oads on flexible pavement s  in or der  t o det er mine t he 
act ual  st ress dist r ibut ion in t he subgr ade and t o eval uat e t he 
relat ive l oad spr eading abil it y of  different  base cour se mat er ials 
now in use.

A compar i son of  t he lest  result s wi t h st resses comput ed for  a 
homogeneous , isot ropic soil  by t he Boussinesq t heor y indicat es 
t hat  base cour ses t hat  do not  possess t ensile st r engt h have 
l imit ed l oad spr eading abil i t y. However  a  soil- cement  base 
cour se, having s ome t ensile st r engt h, was  much mor e effect ive in 
load spr eading. The  dist r ibut ion pat t er n in t his case was  similar  
t o t hat  comput ed by t he Burmist er - t heory of  mult i- layered 
syst ems.

Sommaire

Des  essais à gr ande échel le ont  ét é exécut és avec différent s 
pneus  char gés (pneus individuel s, j umel és et  jumel és en t andem) 
sur  r evêt ement  flexibles en vue de dét er miner  la dist r ibut ion 
réelle des cont r aint es dans  la fondat ion et  d’éval uer  la capacit é 
relat ive de répar t it ion des char ges des différent s mat ér iaux ut i ­
lisés pour  les couches de base.

Les résult at s des essais indiquent  que les couches de base qui 
n’ont  pas de résist ance à  la t ract ion ont  une capaci t é t rès limit ée de 
répart it ion des char ges. La  répar t it ion des cont raint es dans  les 
r evêt ement s avec de telles couches de base, suit  en général  la 
t héor ie de Boussinesq pour  sols homogènes . Par  cont r e une couche 
de base en sol- ciment , ayant  une cer t aine résist ance à la t ract ion, 
est  beaucoup plus efficace pour  répar t ir  les char ges. La  répar t i ­
t ion des cont r aint es dans  ce cas est  anal ogue à celle calculée par  
la t héor ie des couches mul t iples de Bur mist er .

Introduction

Th e  pr i mar y funct i on of  a  pavement  is t o spr ead concen ­

t r at ed l oads  f r om vehicl e t ires int o t he s ubgr ade soil  so t hat  

t hey do  not  cause shear  fai l ur e or  excess ive defl ect ion. Ther e ­

for e a ny  r at ional  design of  a  pavement  sys t em mus t  be bas ed 

on  an anal ysi s  of  st r esses and defor mat i ons  in t he syst em. 

Such anal yses  have  been ma de  possibl e by t he sol ut ions  based 

on  t heor y o f  elast ici t y o f  t he pr obl em o f  l ayer ed syst ems 

( Bu r mi s t e r , 1943, 1945; Fo x ,  1948; H a n k  and Sc r i v n e r , 

1948 ; A c u m  a nd F o x ,  1951).

A  fl exibl e pavement  sys t em can be r epr esent ed by  t hr ee 

l ayer s (Fi g. I ) each havi ng differ ent  elast ic pr oper t ies descr i ­

bed by  t he modul i  o f  elast ici t y E  a nd Poi s s on’s r at io v. In 

ma n y  cases  t he sur face cour se has  a r igidi t y compar abl e  t o 

t hat  of  t he base so t hat  for  t he pur pos e of  anal ysi s  a  t wo- l ayer  

sys t em is cons i der ed.

Th e  st ress anal yses  in l ayer ed sys t ems  ar e gener al l y based 

on  t he fol l owi ng s impl i fying as s umpt i ons  :

(a ) Th e  mat er ial s  in each l ayer  ar e per fect l y elast ic, h o mo ­

geneous  a nd isot r opic, havi ng differ ent  elast ici t y modul i  

a nd  t he s ame cons t ant  Poi s s on’s r at io o f  0- 50.

(b) Al l  t he l ayer s ar e o f  infinit e ext ent  in t he hor i zont al  

di r ect ion ; t he s ubgr ade l ayer  is infinit e in ext ent  al so in t he 

ver t ical  di r ect ion.

(c) Int er faces bet ween l ayer s ar e ei t her  per fect l y r ough or  

per fect l y s moot h.

(d) Lo a d  is act ing o n  t he sur face l ayer  uni for ml y dist r ibut ed 

over  a fl exibl e ci r cul ar  bear i ng ar ea.

Thes e  as sumpt i ons , t o a gr eat er  or  a  lesser  degr ee, a l ways  

deviat e f r om t he act ual  condi t i ons  encount er ed in pavement  

sys t ems. Fir st , none  o f  t he mat er ial s ar e per fect l y elast ic :

t hey have  non- l inear  st ress- st rain r el at ionships, t hey exhibi t  

hyst er esis a nd  have var iabl e E  a nd v. In addi t i on t he pr oper t ies 

of  t hese mat er ial s  ar e differ ent  in t ension t han in compr ess i on 

(s ome  of  t hem do  not  have  t ensi le st r engt h at  al l ). Second, 

t he l ayer s ar e not  per fect ly homoge neous  a nd  isot r opic. Th e  

sur face, base a nd t he compac t ed par t  o f  t he s ubgr ade ar e 

l ikely t o be r easonabl y homoge neous  but  l ami nat ed, whi l e 

t he s ubgr ade is l ikely t o change  it s pr oper t ies  wi t h bot h dept h
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Fig. 1 A flexible pavement  syst em.

Couches  dans  un revêt ement  flexible.
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and l ocat ion. Thi r d, t he usual  condi t i ons  at  t he int er face ar e 

bet ween t he t wo t heor et ical  cases (per fect  cont inui t y or  per fect  

l ack o f  cont inui t y). Four t h, sur face l ayer s ar e finit e in ext ent  

in t he hor i zont al  di r ec t i on; s ubgr ade ma y  be al so finit e in 

ext ent  in t he ver t ical  di r ect ion. Fi ft h, t he l oad appl i ed is nei ­

t her  uni for m nor  cir cular .

Al t hough ma ny  of  t he ment i oned differ ences bet ween t he 

act ual  condi t i ons  a nd t he as s umpt i ons  for  anal ysi s  ar e not  

l ikely t o caus e i mpor t ant  di scr epancies , it  is r easonabl e t o 

expect  t hat  s ome  o f  t hem ma y  cause ser ious devi at i ons  in 

st ress di st r ibut ion. Unfor t unat el y, t her e is st ill pr act ical l y no  

exper iment al  dat a avai l abl e on t he st r esses act ual l y pr oduced 

in l ayer ed pavement  sys t ems.

Th e  pur pos e  o f  t his invest igat ion wa s  t o det er mi ne t he 

st r esses pr oduced in subgr ades  by  wheel  l oads  compar abl e  

t o t hose o f  t he heaviest  h i ghwa y vehicl es a nd t o eval uat e 

t he l oad s pr eadi ng abi l i t y o f  differ ent  base cour se mat er ial s 

n o w in use.

Experim ental apparatus

Ful l  scal e t est  sect ions o f  pavement s  wer e buil t  wi t h ear t h 

pr essur e cel ls in t he s ubgr ade. Thes e  wer e st at ic- loaded wi t h 

t ires t o s imul at e vehicl e l oadings  and t he st r esses a nd defl ec­

t i ons  wer e measur ed.

Th e  pavement  and s ubgr ade wer e const r uct ed in a  concr et e 

t est  pit  8 ft . wi de , 12 ft . l ong a nd  7 ft . deep as  s hown in Fi g. 2.

Fig. 2 Cross- sect ion of  t he test  pit  showing posi t ion of  l ayers 
of  pressure cells and t he l oading equipment .

Coupe  t ransversale de la fosse d'essai mont r ant  la posi ­
t ion des couches, des cellules de pression et  de l’inst al ­
l at ion de char gement .

A  st eel l oadi ng f r ame wa s  at t ached t o t he pit  wi t h a heavy 

beam f r om one  end t o t he ot her . A hydr aul i c  j ack mount ed 

o n  a car r i age r iding on  t he beam coul d be easi l y posi t i oned 

t o appl y l oad a nywher e  on  t he pit  cent er  l ine (Fi g. 3).

Four  differ ent  wheel  assembl i es  wer e us ed, simi l ar  t o pr e ­

sent  hea vy t r uck design : singl e, dual , a nd  dual  t andem. Ni ne  

inch t ires on  20 in. di amet er  r ims wer e mount ed on t he assem-

bl ies a nd inflat ed t o pr essur es o f  80 t o 90 lb. per  sq. i n., depen ­

di ng on  t he t ire l oad*.

Twent y- five ear t h pr essur e cel ls wer e  empl oyed t o measur e 

t he st r esses. Eac h consi st ed o f  a  t hin ci r cul ar  a l umi ni um dia ­

phr agm mount ed on  a  heavier  base pl at e. Th e  ear t h pr essur e 

caus ed t he di aphr agm t o bend a nd st r et ch, a nd  t hese defor -

Fig. 3 Gener al  vi ew of  t he model  wit h t he l oading equipment  
and st r ain- measur ing appar at us.

Vue  génér ale du modèl e avec l’inst al lat ion de char ge­
ment  et  l’appareil  de mesur e des défor mat ions.

mat i ons  wer e meas ur ed by  elect r ic SR-4  st r ain gauges  mount ed 

o n  t he di aphr agm a nd on t he base. Th e  cel ls a nd t he wi r es  

l eadi ng f r om t hem wer e seal ed wi t h pol yvinyl  cement . Eac h  

cell  wa s  indi vi dual l y cal ibr at ed in soil  by  appl yi ng a  uni for m 

pr essur e t o t he soil  sur face wi t h an air - l oaded membr ane .

Th e  cel ls wer e pl aced at  differ ent  l evel s in st agger ed r ows  

acr oss  t he pi t  so as t o mi ni mi ze  a ny  int er fer ence bet ween 

t hem. Th e  r ow l ocat ions ar e s hown in t he cr oss sect ion, Fi g. 2.

Subgrade and pavement

Th e  s ubgr ade  soil  was  a  mi caceous  s andy silt  wi t h a  l iquid 

l imit  of  45, plast icit y i ndex o f  8 and appr oxi mat el y 40 per cent  

finer  t han 0*074 mm . Th e  op t i mum moi s t ur e wa s  25 per  cent  

a nd  t he ma xi mu m densi t y 94- 5 lb. per  cu. ft . by  t he s t andar d 

Pr oct or  ( AS T M D698- 58 T)  compact i on t est . Th e  deepest  

3 ft . o f  s ubgr ade was  compac t ed in t he pit  wi t h n o  cont r ol  

t o s imul at e a  nat ur al  s ubgr a de ; a nd a bove  it  wa s  pl aced 

3 ft . o f  cont r ol l ed s ubgr ade compac t ed in t hin l ayer s t o 95 

per  cent  o f  t he ma xi mu m t o s imul at e t he compac t ed s ub ­

gr ades  n o w used in hi ghway wor k.

Thr ee  differ ent  base cour ses  have  been t est ed ;

(a ) Si l t y, wel l - gr aded s and. Ma x i m u m densi t y 128 lb. per  

cu. ft ., op t i mum moi s t ur e 10 per  cent .

(b) Soi l  b ound  ma c a da m, 40 per  cent  soil , 60 per  cent  

cr ushed s t one f r om 38- 2 m m  t o 4- 76 mm.

(c) Soi l  cement  —  soil  bound ma c a da m plus four  per  cent  

Por t l and cement .

Al l  t hr ee wer e compac t ed t o 100 per  cent  o f  t heir  ma xi mu m 

densi t y in t hin l ayer s t o for m an 8 in. t hick base cour se.

A  t hr ee i nch t hick asphal t i c concr et e wear i ng sur face 

compl et ed t he pavement .

* The design load for such a tire is 9 000 lb. but  a 50 per  cent  
over  load is permissible under  some condit ions.

HYDRAULIC

SCA LE:
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Test procedure

Th e  pr essur e cel ls wer e  inst al l ed dur i ng t he s ubgr ade c o m­

pact ion so t hat  each cel l  was  i mbedded in soil  havi ng t he s ame 

elast ic pr oper t ies as  t he gr eat er  mas s  of  t he s ubgr ade. Th e  

base a nd  pavement  fol l owed immedi at el y.

Ea c h  differ ent  pavement  sys t em wa s  l oaded accor di ng t o 

t he fol l owing schedul e :

(a ) Te n  posi t i ons  o f  t he l oad on t he l ongi t udinal  axi s  o f  t he 

p i t : cent er , 3 i n., 6 i n., 12 in. a nd 24 in. each side of  t he cent er  

a nd  36 in. on  one  side o f  t he cent er .

(b) Si ngl e t ire : 2  500, 5 000, 9 000, 13 500 lb. l oadi ng at  

each pos i t i on; dual  t ire : 5 000, 9 000, 13 500, 18 000 lb. at  

each posi t i on. A  few t est s wer e ma de  us i ng a  dual  t andem l oad 

wi t h 48 in. spaci ng cent er  t o cent er  o f  wheel s  as is s t andar d on 

h i ghwa y t r ucks  i n t he Uni t ed St at es.

Pr essur e r eadi ngs  wer e ma de  wi t h all t he cel ls for  each 

l oad a nd for  each posi t ion. Defl ect i ons  o f  t he pavement  wer e 

meas ur ed by  mi cr omet er  dial  gauges  for  a l imi t ed numbe r  of  

posi t ions a nd  l oads.

Aft er  each pavement  t est  wa s  compl et e, moi s t ur e a nd  densi t y 

t est s wer e ma de  in t he base a nd subgr ade. Undi s t ur bed sampl es  

wer e t aken o f  t he cont r ol l ed t op 3 ft . o f  subgr ade a nd  in t he 

sil t y s and base. (It  wa s  impossibl e t o ma ke  undi s t ur bed 

s ampl es  o f  t he bases  cont ai ni ng t he cr ushed s t one.

Pl at e l oad t est s wer e ma de  on  t he t op sur faces o f  t he base 

a nd t he s ubgr ade, us i ng ci r cul ar  a nd s quar e pl at es.

Tr i axi al  shear  t est s wer e per for med on  t he 4" di amet er  

undi s t ur bed s ampl es  of  s ubgr ade and base t o det er mi ne t he 

modul i  o f  elast icit y. Simi l ar  t est s wer e ma de  on  8" in di amet er  

speci mens  o f  compac t ed ma c a da m a nd soi l - cement  bases, 

pr epar ed at  t he s ame  densi t y as in t he act ual  model .

T e s t  r e s u l t s

Th e  t ire pr int s for  differ ent  l oadings  ar e s hown in Fi g. 4. 

At  ver y smal l  l oads  t he t ire exer t s a  near l y ci r cul ar  l oad but  

at  high l oads  t he ar ea is a  r ect angl e whos e  l engt h is mor e  

t han t wice it s wi dt h.

DIST A N CE FROM  LOAD  C EN T ER IN INCHES

Fig. 5 Measur ed st resses for  a single wheel  load of  9 000 1b. 
Base : silt y sand. Cur ves  s how st ress dist r ibut ion for  
homogeneous  soil.

Cont r aint es mesur ées sous une char ge de 9 000 lb sur  
un pneu individuel . Base : sable- l imon. Les  cour bes 
mont r ent  la dist r ibut ion t héor ique des cont r aint es dans  
un sol homogène.

' BASE: ! "  OF SOIL- BOUND MA CAD AU
1

1 SINCLE ■ HEEL

0 EPT I1 .T

N . !.°2 \ a sept ': n ' - V ’ l”  9

V

°  -N

r  r

Fig. 4 Ti r e pr int s for  different  loadings on a  9 inch t ire on 
20 inch r im. Tir e pressure 86 lb/in2. Design load 
9 000 lb.

Empr eint es des pneus pour  différent es char ge (9- inch 
pneu on 20- inch jant e) pression de gonfl ement  86 lb/in2. 
Char ge de projet  du pneu 9 000 lb.

Typi cal  t est  r esul t s o f  st r esses in t he s ubgr ade ar e s hown 

o n  Figs . 5, 6, 7, 8, a nd  9. Thes e  give t he pr essur e incr ease at  

each dept h a nd for  differ ent  hor i zont al  di s t ance fr om t he cen­

t er  o f  t he l oad. Al s o  s ho wn  o n  each gr aph is t he t heor et ical  

pr essur e comput ed by  t he elast ic t heor y of  a  homogeneous  

i sot r opic soil  (Bous s i nesq anal ysi s) a nd a uni for ml y l oaded 

r ect angul ar  ar ea. Fo r  t he soil  cement  base, cur ves  ar e plot t ed 

al so s howi ng st ress di st r ibut ion comput ed by t he t wo- l ayer  

t heor y a s s umi ng t he base a nd sur face cour ses  t o have t he 

s ame  E.

LOAD CENTER (INCHES)

Fig. 6 Measur ed st resses for  a  single wheel  l oad of  9 000 lb.
Base : soil - bound macadam. Cur ves  s how st ress dist ri ­
but ion for  homogeneous  soil.

Cont r aint es mesur ées sous une char ge individuel le de
9 000 lb. Base : macadam, lié par  le sol . Les  cour bes 
mont r ent  la dist r ibut ion t héor ique des cont raint es dans 
un sol  homogène.
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Th e  r esul t s for  t he sil t y s and base (Fi g. 5) s how a  st ress 

dist r ibut ion pat t er n cl ose t o t hat  comput ed by  t he Bouss i nesq 

t heor y. Thi s  indicat es t hat  t he l oad s pr eadi ng abi l i t y o f  such 

a base is n o  bet t er  t han t hat  of  a  homoge neous  soil . Ho we ve r  

t he r at io of  t he elast icit y modul i  obt ai ned by  t r iaxial  a nd  pl at e­

l oad t est s was  8, so t hat  t he st r esses beneat h t he cent er  o f  t he 

l oad accor di ng t o t he t wo- l ayer  t heor y shoul d be cons i der abl y 

l ower . Simi l ar  r esul t s wer e obt ai ned for  t he soi l - bound ma c a ­

d a m base, wher e  t he r at io o f  elast icit y modul i  was  9. (Fi g. 6 

a nd 7).
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Fig. Measur ed st resses for  a single wheel  l oad of  9 000 lb. 
Base : soil - cement . Cur ves  s how t heoret ical  st ress 
dist r ibut ion for  a t wo- layer  syst em wit h r ough int er ­
face and var ious rat ios E, /E2.

Cont r aint es mesur ées sous une char ge individuel le de
9 000 lb. Base : sol- ciment . Les  cour bes mont r ent  la 
dist r ibut ion t héor ique des cont raint es dans  un sol 
composé de deux couches avec int er face r ugueuse et  
pour  different  r appor t s E JE i.

Fig. 7 Meas ur ed st resses for  a  dual  wheel  l oad of  18 000 lb.
Base : soil - bound macadam. Cur ves  s how st ress dis­
t r ibut ion in homogeneous  soil for  t wo median sect ions 
N.- S. (Sol id line) and E.- W. (dot t ed l ine).

Cont r aint es mesur ées sous une char ge de 18 000 lb. sur  
pneux jumel és. Base : macadam, lié par  le sol . Les 
cour bes mont r ent  la dist r ibut ion t héor ique des 
cont raint es dans  un sol homogène pour  deux sect ions 
médianes N.- S. et  E.- O.

Th e  obser ved di sagr eement  wi t h t he t wo- l ayer  t heor y ma y  

be expl ai ned by t he l ack of  t ensile st r engt h o f  t he upper  l ayer . 

It  suppor t s  t o a  cer t ain ext ent  a  c o mmon  pr act ice in design 

of  fl exible pavement s  ( CBR)  of  negl ect ing a ny  effect  o f  base 

cour se r igidit y in det er mi ni ng t he r equi r ed pavement  t hickness.

As  s hown by t he r esul t s, Figs . 8 a nd  9, t he soil  cement  base 

is muc h  mor e  efficient  in s pr eadi ng t he wheel  l oad t han t he 

ot her  t wo  bases  t es t ed*. Th e  resul t s s ho w t he s ame t r end as 

do t he st r esses comput ed by  t he elast ic l ayer  t heor y (l abor at or y 

a nd  pl at e l oad t est s indi cat ed a r at io o f  elast ici t y modul i  

o f  100). Bet t er  agr eement  wi t h t he Bur mi s t er  t heor y is expl ai ­

n e d  by  t he fact  t hat  t he soil - cement  base t est ed has  a  r emar ­

kabl e t ensi le st r engt h.

Concer ni ng t he st r esses pr oduced by  t he dual  t andem 

t ires it  was  f ound, bot h anal yt ical l y a nd by mode l  t est s, 

t hat  t hey wer e n o  differ ent  t han t hose pr oduced by t he dual  

t ires wi t h t he s ame  t ire l oad. Th e  48 in. spaci ng is sufficient ly

* The permanence of this greater load spreading ability of soil 
cement must be investigated before final conclusions are reached. 
Experience shows that soil cement bases develop cracks after repeated 
loading. These might lead to behaviour similar to that of bases 
without tensile strength.
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Fig. 9 Measur ed st resses for  a dual  wheel  l oad of  18 000 lb.
Base : soil - cement . Cur ves  s how t heoret ical  st ress 
dist r ibut ion for  a t wo- layer  syst em wit h r ough int er ­
face and var ious r at ios Ej /Ea.

Cont r aint es mesur ées sous une char ge de 18 000 lb. sur  
pneus  jumel és. Base : sol- ciment . Les  cour bes mont r ent  
la dist r ibut ion t héor ique des cont r aint es dans  un sol 
composé de deux couches avec int er face r ugueuse et  
pour  différent s r appor t s E, /E2.
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large th a t the load  from  one pa ir o f  tires does n o t con tribu te 

to  the  stresses beneath  the o ther set in the  upper 3 feet. Below 

three feet the ir interference increases; how ever, the stresses 

a t th a t level a re  n o t sufficiently g reat fo r truck  tire  loads to  

be o f  concern  in pavem ent design.
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