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Foundation design in chaotic geomaterials: The H-3 project 

Conception des fondations dans des sols cahotiques: le projet H-3

M.W.O’Neill -  Department of Civil and Environmental Engineering, University of Houston, Tex., USA

A B S T R A C T : T he design o f  bored  pile foundations fo r v iaducts along the  alignm ent o f  H -3, a m ajor tran s­

island highw ay in H aw aii, required  careful consideration  o f  the ex trem e variability w ithin the  m ajor unit o f  

geom aterial into w hich the piles w ould  be excavated  A  m ethodology  is described  for the  design o f  

foundations along one  v iaduct that included pooling  all o f  the shear streng th  data  along the  alignm ent o f  the 

v iaduct, defining design values based on the  m ean and standard  deviation  o f  the  set o f  m easured  shear 

streng th  values (after d iscarding high values that could no t be reliably counted  upon in all piles), choosing 

design fac to rs similar to  those  usually applied to  m ean values in less chao tic  geom aterials, grooving  the pile 

w alls to  increase the  resistance in the  presence o f  unknow n soft seam s, and verifying the  design assum ptions 

th ro u g h  load testing  and determ inistic m odeling o f  the results o f  the loading tests

R E S U M E : L e design des fondations de viaducs le long de l’alignem ent de H -3, rou te  principale traversan t H aw aii a 

nécessité une  a tten tion  particulière et ce, due a l ’ex trêm e variabilité de la natu re due sol dans lequel seraient excavées 

les piles. U ne m éthode concernan t le design de fondations le long d ’un viaduc est décrite  et inclue la m ise en 

com m un de  to u te s les donnés de cisaillem ent le long de l’alignem ent du viaduc, la définition des valeurs de  design 

basées sur la m oyenne et 1’ ecart-type  ob tenus à partir de to u tes les valeurs de cisaillem ent m esurées (après avoir 

écarté  les valeurs élevées qui ne pouvaient pas ê tre  considérées fiables dans tou tes les piles), le choix des facteurs de 

design  sem blables à  ceux habituellem ent appliqués à  des valeurs m oyennes pour des sols m oins chaotiques, le 

ra inurage des cô tés  de  la pile dans le but d ’augm enter la résistance en présence de veines m olles inconnues, ainsi que 

la vérification sous l ’effet de charges des hypothèses de design, suivie d ’une m odélisation déterm iniste des résultats 

de  ces essais de  chargem ent.

1. IN T R O D U C T IO N

T he foundation  engineer is often  faced w ith  subsurface 

cond itions that can  only be described as chaotic, o u t o f  w hich 

design param eters m ust eventually  be derived that are neither 

excessively conservative nor unsafe Such a condition  existed for 

a  series o f  v iaducts along the alignm ent o f  a m ajor highw ay 

p ro jec t on the  island o f  O ahu in H aw aii

T he highw ay, w hich carries the  designation  “H -3 ” , 

traverses O ahu from  near P earl H arbor on the  leew ard side o f  the 

island to  K ailua, on  the  w indw ard side, as show n in F igure 1 The 

road ascends into the  central highlands th rough  rugged  terrain  in 

the  H alaw a Valley, w hich w as eroded  into a  limb o f  an ancient 

shield volcano, and then carries traffic via tw in tunnels th rough  

the  b ed rock  o f  the K oolau  M ounta ins, w hich once constitu ted  the 

caldera wall o f  the  volcano E m erging from  the tunnels on the 

w indw ard  side, the  highw ay descends to  K ailua at sea level

H -3 is about 27 km long and required  an expenditu re  o f  

approxim ately  1,200 million $U S, w hich m ade H-3 one o f  the 

m ost substantial public w orks pro jects in the  U nited S tates during 

its period  o f  construction , 1990 - 1997

T he concern  o f  this paper is the  foundations for the  series 

o f  parallel v iaducts leading up the L ow er H alaw a Valley tow ard  

the  trans-K oo lau  tunnels T he foundations for one v iaduct 

consisting  o f  parallel bridges, each 1 6  km long and denoted  

“ V iaduct IB ,” will be described

T he valley has a narro w  floor and steep  sideslopes Figure

2 is a pho tog raph  along the alignm ent o f  the  valley taken shortly 

after the  co n trac to r  began to  clear the vegetation. C ut-and-fill 

construction  along the valley w alls to  accom m odate the roadw ay 

w ould  have required  m oving the  H alaw a Stream , w hich flow ed 

dow n the  valley floor, and burial o f  several archeological sites, 

bo th  o f  w hich  w ere  unaccep tab le  It w ould also have been costly, 

because the  valley w alls w ere  unstable

Figure 1 L ocation  m ap for H-3

An im portan t design constrain t w as that virtually all o f  the 

alluvium  in the valley floor w ould  be scoured  aw ay in extrem e 

storm s, requiring the use o f  deep foundations w hose heads w ould 

be exposed  after scour U p to  10 m o f  scour w as fo recast in som e 

areas along the  alignm ent o f  the viaducts. S im ultaneous 

occu rrence  o f  seism ic loading w as also established as a design 

criterion  O ahu lies in a seism ic zone 3, and the  design horizontal 

accelerations o f  the foundations w ere  0 .17  g

T he solu tion  to  the constrain ts w as to  construct a series o f  

parallel v iaducts, about 6 6 km in length in each direction, directly 

along the H alaw a S tream  to  m inim ize d isturbance to  the 

landform s in the  valley

H-3 Alignment
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F igure  3 F oundation  profile

F igure 2 P h o tog raph  along axis o f  L ow er H alaw a Valley

2. G E O M A T E R IA L S

T he geom aterials in the  L ow er H alaw a Valley, idealized in 

F igure 3, consist o f  5 to  11 m eters o f  w aterbearing  alluvium  and 

colluvium , overlying about 20 m eters o f  saprolite and clinker 

(called here “ sapro lite”), w hich in tu m  overlies basalt o f  varying 

hardness. T he intent o f  the  design w as to  use  g roups o f  typically 

six bored  piles to  support each  colum n o f  the  v iaducts that could 

easily pen e tra te  the bouldery alluvium  In o rd er to  econom ize, the 

piles w ould  term inate  in the  softer saprolite rather than  in the 

harder basalt, w hose  surface elevation varied in an unpredictable 

m anner This m ade it im perative to  quantify the  p roperties o f  the 

saprolite as accurately  as possible.

C om pression  loading from  transverse  seism ic rocking o f  

th e  v iaducts w as usually critical; how ever, in som e bents uplift 

loading con tro lled  the  pile design T he pile diam eters w ere  fixed 

at 1.53 m Since the  geom aterials w ere  p o rous and since 

construction  w as to  be carried ou t under the level o f  the  stream , 

boreho les w ould  be concre ted  under w ater. B ase  resistance w as 

therefo re  lim ited to  a small value, so the  piles perform  essentially 

as friction  piles.

T he sapro lite  is a residual earth  m aterial th a t w as 

differentially w eathered  from  sequential lava flow s w ith variable 

chem ical and physical properties. T he flow s em anated  from  the 

caldera o f  the  ancient shield volcano on the  w indw ard  flank o f  the 

valley E m bedded w ithin the saprolite are irregular deposits o f  

clinker, w hich developed at th e  surfaces o f  aa  flow s A s a result 

o f  the  w eathering  process, zones w ithin the  saprolite, w hich 

generally  classifies as an M L  accord ing  to  the  U nified Soil 

C lassification System , had a consistency tha t varied  from  that o f  a 

m edium  stiff  clay in highly w eathered  horizons to  that o f  basalt in 

unw eathered  inclusions A pho tog raph  o f  an exposure  o f  the 

saprolite is show n in F igure 4

T he initial subsurface investigation  program  consisted  o f  

one w ash boring  at the  location  o f  each foundation. Sam ples 

w ere  recovered  w here possible, and sam ples o f  ap p rop ria te  length 

w ere  subjected  routinely  to  unconfined com pression  testing. 

F igure 5 show s the shear streng th  in terpreted  from  the 

com pression  tes ts  fo r all borings along a 1 .4-kilom eter-long path 

defining the  locations o f  the  central bents T he chao tic  na tu re  o f  

the  sapro lite  is ev ident Spatial analysis o f  the  data  indicated 

alm ost no horizontal o r vertical corre la tion  o f  the  data, w ith the 

follow ing exception

T w o distinct stratig raph ic zones w ere  identified for design 

p u rposes In  the  upp er saprolite zone m ost o f  the  sam ples 

exhibited com pression  streng ths in the range o f  stiff clay, 

indicating relatively tho rough  w eathering  to  the  base o f  that unit 

T here  w ere  indications o f  harder inclusions, but these w ere 

infrequent and w ere  assum ed not to  exist for purposes o f  design. 

In th e  low er saprolite zone, very few  sam ples exhibited such low

values o f  com pression  strength , a lthough the  streng ths w ere 

extrem ely  variable All te s ts  w ith  values o f  undrained shear 

s treng th  in th e  low er saprolite exceeding 5 M P a w ere  excluded 

from  the  population  o f  d a ta  used  to  determ ine design values since 

such sam ples w ere  irregularly  d istributed  and probably 

represen ted  thin, floating lenses o f  unw eathered  basalt w hose 

ex istence could no t be reliably p redicted  at the  location  o f  any 

specific pile and that w ere  assum ed to  have no effect on  the 

foundations

Figure 4 P h o tog raph  o f  saprolite exposure  in valley wall
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F igure  5 P ooled  values o f  undrained shear s treng th  from  alignm ent o f  V iaduct IB

T he piles w ere  designed using values o f  undrained shear 

streng th , su T he design value fo r shear s treng th  in the  upper 

saprolite, 192 k P a  , w as established from  experience w ith stiff 

clays in w ell-defined soil profiles, d iscounting  reinforcing effects 

o f  the  harder inclusions, and the  resulting lim iting unit side 

resistance against th e  bored  piles w as com puted  using a  facto rs 

th a t w ere  consisten t w ith  experience elsew here in stiff clay.

In the  chao tic  low er saprolite, w here  m ost o f  the  axial 

resistance w ould  develop, the  design value o f  s„ w as taken  as the 

ad justed  m ean o f  all m easured  values along the  alignm ent o f  

V iaduct IB  (m ean o f  all values excluding those  larger than  5 

M P a) m inus 0 8 tim es a  ( s j ,  o r 958 kPa. T he displacem ent o f  

the  design value from  the m ean value w as selected for consistency 

w ith  the  use  o f  an allow able stress design m ethod w here  a global 

fac to r o f  safety (F) o f  3 w as defined a priori by the structural 

designers and in w hich  an attem pt w as m ade to  m aintain a level o f  

reliability equivalent to  using F = 3 in less chao tic  geom aterial

D esign values for shear s treng th  w ere  assigned fo r all o f  

th e  foundations on V iaduct IB  as a unit, no t on a boring-by- 

boring, o r  foundation-by-foundation , basis, because very few 

tes tab le  sam ples could be recovered  from  any one foundation  

location  G reatly  increasing the  num ber o f  borings a t each 

foundation  location  m ight have allow ed for statistical analysis o f  

the  data  for each individual foundation  and the  assignm ent o f  

foundation-specific  design values for shear strength, but the 

expense o f  tak ing  borings in the  rugged  and heavily vegetated  

terra in  preven ted  such a rigo rous subsurface exp loration  program  

from  being im plem ented T he geom aterial w as so variable that m- 

situ testing  devices w ere  not feasible fo r general use

T he dep th  to  basalt w as difficult to  define because the 

transition  from  saprolite to  rock  w as irregular, and the hardness 

o f  the  basalt w as highly variable T he average depth  to  basalt w as 

about 27 m eters

O ne m ajor uncertain ty  rem ained Sam ple recoveries in the 

sapro lite  w ere  about 70 % , and the  rock quality designations 

(R Q D ) averaged  < 0 1

It w as uncertain  w hether the unsam pled geom aterial m ight 

be significantly so fter than  the tested  geom aterial and w hat effect 

such  unknow n soft inclusions w ould  have on the resistance and 

se ttlem ent o f  pile foundations In o rder to  m inim ize the  effects o f  

unknow n soft inclusions, it w as decided to  g roove the  sides o f  the 

pile excavations in the  sapro lite  w ith  keys 50 m m  deep and 75 

mm high every 300 m m  o f  dep th  T he possibility o f  high 

se ttlem ents in the  low er sapro lite  w ere  excluded by conducting  

sim ple settlem ent analyses using oedo m eter results from  the softer 

m aterials in the  u pper saprolite

3. F IE L D  T E S T S

V alidation o f  the  design assum ptions for V iaduct IB  w as 

accom plished w ith tw o  O sterberg-cell loading tests A test site 

w as identified w ithin the  v iaduct alignm ent at w hich, based on 

analysis o f  the  recovery, R Q D  and shear streng th  data, recent 

w eathering  appeared  to  be m ost intense. N ew  borings w ere  

m ade, and the  shear streng th  profile w as established by 

unconfined and direct shear testing , w hich indicated that the  test 

site represen ted  a location a t w hich saprolite streng ths w ere 

below  the  design values (open  sym bols in F igure 5)

T w o full-d iam eter test sockets w ere  installed, one 4 6 

m eters long that w as partially in the  upp er saprolite, and one  3.1 

m eters long entirely in the  low er saprolite U nconcreted  zones 

above the  sockets w ere  filled w ith sand while the  concre te  w as 

fluid to  sim ulate the  p ressure o f  the overlying concrete.

T he m easured  load transfer behavior can be sum m arized 

in term s o f  the  fam iliar a  values I f  the  lim iting unit side 

resistance is defined as ct s, (design), a  = 0 6 fo r the  low er 

saprolite, recalling that the saprolite w as g rooved , w hich is 

essentially equal to  the  value o f  a  = 0.55 assum ed for design. 

T he m ethod for characterizing  the low er saprolite for streng th  

limit sta te  design purposes w as therefore  considered  to  be 

verified, and the design value o f  limiting side resistance o f  527 

kPa, w as used to  size the  piles

L oad-m ovem ent behavior w as p redicted  using an 

approx im ation  o f  the results o f  a FE M  param etric  study w ith a 

frictional, sinusoidal, interface roughness pattern  betw een  the 

socket and the  geom aterial and inelastic stress-strain  behavior in 

the concre te  and geom aterial (H assan and O ’Neill, 1997). The 

constructed  roughness, w hich w as m easured  w ith m echanical 

calipers, crudely approx im ated  a sinusoidal pa ttern  A  typical 

m easured  boreho le  roughness profile and the  roughness profile 

that w as used in the  design m odel are superim posed in Figure 6 

T o  account for the  presence o f  soft seam s w ithin the saprolite, an 

em pirical coefficient, deno ted  r, is used  to  reduce the  shear 

s treng th  o f  the sam pled geom aterial to  a depthw ise m ean unit side 

resistance V alues o f  r as a function  o f  R Q D  used in the  design 

m ethod derived from  the  F E M  analysis are show n in F igure 7 r =

0 45 for R Q D  = 0 2, but reliable inform ation is not available for 

R Q D  < 0 2 U nfortunately , m ost o f  the  low er saprolite had R Q D  

values < 0 2, even though  triple-w alled co re  barrels w ere  used  in 

the  sam pling process

T he m easured  load-m ovem ent relation  fo r the socket in 

the low er saprolite and predicted  load-m ovem ent relations are 

show n in F igure 8 T he graph is p lo tted  in term s o f  settlem ent

2611



Radius (mm)

780 800 820

Modeled

Measured

25.5

Figure 6 M easured  and m odeled boreho le roughness profiles

Load (kN)

5000 10000 15000

Figure 8 M easured  /  pred icted  load-m ovem ent benav ior

- • -M e a s u r e d  - Top o f Load Cell 

- a -  Rough Socket Analysis, r = 1, E = 

- o -  Rough Socket Analysis, r = 0.6, E 

Rough Socket Analysis, r = 0.4, E 

- o -  Sm ooth Socket Analysis

: 80 qu 

= 300 qu 

= 300 qu

0 20 40 60 80 100

R O D  (P er Cent)

F igure  7 P aram eter r versus R Q D  for the  design m ethod

W hen a  value o f  r o f  0 .4  w as used  w ith an initial Y o u n g ’s 

m odulus o f  300 q„ (m ean, adjusted  value o f  the  unconfined 

com pression  streng th  o f  the  cores), the  m ethod sim ulated the 

defined limit sta te  (settlem ent o f  25 m m ) well, although  excessive 

se ttlem ents w ere  pred icted  a t sm aller loads, possibly because  the 

design m ethod  m odels com pression  loading, w hile the  O sterberg  

cell test w as a pushout test

In the  load-m ovem ent m odel, r =  0 4, w hich is slightly less 

than  the  em pirical value fo r R Q D  = 0 2 This value is applied to 

qu (m ean, ad justed) r is no t identical to  a  because  a  does not 

represen t a com plete  shear failure sta te  w ithin the  asperities o f  the 

geom aterial along the  sides o f  the  drilled shaft.

T he foundations fo r V iaduct IB  w ere  constructed  

successfully  in 1995 and 1996 T he only difficulty experienced 

by the  co n trac to r w as that the  basalt w as encountered  at a  higher 

e levation  than expected  a t som e locations, w hich requ ired  that 

som e piles be  bored  into the  basalt

4 . C O N C L U S IO N S

T he m ethodology  em ployed fo r arriving at design 

p aram eters fo r axially loaded bored  piles along one  v iaduct 

founded  in a saprolite fo rm ation  w ith  chao tic  pa tterns o f  

undrained shear s treng th  included:

•  pooling  all o f  th e  shear s treng th  data  along th e  alignm ent o f  

the viaduct,

•  defining design values based on the  sim ple, firs t-o rder 

statistical param eters (m ean and standard  deviation) o f  the  

pooled  set o f  m easured  shear s treng th  values (after discarding 

high values tha t could  not be  reliably counted  upon  in all 

piles),

•  choosing  design fac to rs similar to  those  usually applied to  

m ean values o f  shear s treng th  in less chao tic  geom aterials,

•  g roov ing  the  pile w alls to  increase the  pile resistance in the 

p resence o f  unknow n soft seam s, and

•  verifying the  design  assum ptions th rough  load testing  and 

determ inistic m odeling  o f  the  resu lts o f  the loading tests.

T he m ethodology, while requiring considerable 

engineering judgm ent, is rational and resulted  in successful 

characterization  o f  a chao tic  saprolite to  design  foundations for 

m ajor bridges econom ically.
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