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INTRODUCTION 

Character iz ing s o i l  behavior under loading i s  a complex task. I n  

recent  years the f i n i t e  element method has been a usefu l  t o o l  i n  analyz- 

i n g  s t ruc tures,  s t ruc tu res  on s o i l ,  and so i l - s t r uc tu res  themselves. 

Emphasis i n  the pas t  has been placed on use o f  nonl inear p l a s t i c i t y  s o i l  

models t o  capture s o i l  response more accurately. Recent work has fo- 

cused on e f f e c t i v e  s t ress  ana lys is  - the a b i l i t y  no t  on ly  t o  ca l cu l a te  

s o i l  s t ress  bu t  a l so  t o  ca l cu l a te  pore f l u i d  pressure. 

An e f f e c t i v e  s t ress  model can be app l ied t o  ana lys is  o f  ocean f l o o r  

s o i l s ,  nearshore and o f fshore s t ruc tures,  and seismic phenomena. Osc i l -  

l a t i o n s  i n  loading, whether from wave ac t i on  o r  seismic shaking, produce 

dynamic 1 oadi ng t h a t  can i nduce s i gn i  f i c a n t  i ncreases i n  pore pressure. 

I n  t u r n  t h i s  increase i n  pore pressure can reduce al lowable s o i l  capac- 

i t i e s  and a t  the same t ime increase deformations from a reduct ion i n  

e f f e c t i v e  con f in ing  stress. Under extreme condi t ions,  f low s l  ides and 

l i q u e f a c t i o n  occur. Although l i q u e f a c t i o n  has been i d e n t i f i e d  as a 

phenomenon f o r  20 years, s o i l  mechanics experts are j u s t  beginning t o  

understand the i n t e r a c t i o n  o f  s t ress  confinement and drainage path  t h a t  

occurs i n  the f i e l d ,  such as under a foundation o r  around a p i l e .  For 

example, common engineering p rac t i ce  i n  eva luat ing se i  smical l y  induced 

s o i l  l i q u e f a c t i o n  considers ground cond i t ions as l eve l  away from the 

s t ruc ture ,  and shear stresses from the s t ruc tu re  are  no t  even consid- 

ered. Also, present design gu ide l ines f o r  p i l e  foundations are  based on 

s t a t i c  load. 

Recent earthquakes, p a r t i c u l a r l y  those i n  Alaska, Japan, and Chi le ,  

have emphasized the  h igh damage t h rea t  the s o i l  l i q u e f a c t i o n  phenomenon 

poses t o  wa te r f ron t  s t ruc tures.  I n  the 1960 Chi lean earthquake 

(magnitude 7) quaywalls, sheet p i l e s ,  and sea wa l l s  were damaged by 



liquefaction of loose, f ine ,  sandy so i l s .  In the 1964 Alaskan earth- 

quake (magnitude 8.4) severe damage to Anchorage, Cordova, and Valdez 

occurred, including large-scale landslides, as a resu l t  of liquefaction. 

Japanese earthquakes (Niigata, 1964, magnitude 7.3; Miyagi-Ken-Oki, 

1978, magnitude 7.4) caused severe waterfront damage t o  wharfs, bulk- 

heads, quaywalls, piers ,  and conventional structures.  The majority of 

the damage sustained in waterfront areas was from liquefaction of loose, 

cohesionless sands. 

A study conducted by the Office of Naval Research (Ref 1) recog- 

nized a major liquefaction hazard existing a t  West Coast Naval activ- 

i t i e s .  A more recent investigation a t  the Naval Air Station (MAS), 

North Island, Cal i f .  (Ref 2),  concl uded tha t  1 iquefaction under design 

earthquake levels could resu l t  in destruction of such c r i t i c a l  struc- 

tures as a i r c r a f t  ca r r i e r  berths, aviation fuel tank farms, and under- 

ground u t i l i t y  service l ines.  Unfortunately, almost a l l  previous 

studies of the liquefaction problem have been concerned with e i ther  

conventional building foundations or with analyses of dams, and proce- 

dures for  analyzing specialized Navy structures are  not available. 

The effect ive s t r e s s  model i s  of major significance since the Navy 

must locate in areas where the water table  i s  high, Even i f  liquefac- 

t ion (a loss of shear strength from a loss of effect ive confining 

s t r e s s )  does not occur, a buildup of pore pressure i s  probable both in  

sands and clays. This pore pressure buildup can be of major s ignif-  

icance in structural behavior. 

The Navy has a drydock cer t i f ica t ion  program in progress. The 

drydocks are  examples of structures surrounded by s o i l ,  often with a 

high water table. Soil loading causes wall deflections which, in turn,  

a l t e r  the so i l  load. Note tha t  even though drydocks are  c r i t i c a l  Navy 

s tructures ,  the present analytical techniques re f lec t  the state-of-the- 

a r t  of 1950. Basically, s t a t i c  structural analysis procedures are  used 

with estimates of the so i l  pressure. The drydock i s  only one of many 

types of waterfront structures i l l u s t r a t ing  the significance of so i l -  

s t ructure interaction. 



The e f f e c t i v e  s t ress  s o i l  model i s  a c r i t i c a l  t o o l  f o r  use on 

wa te r f ron t  s t ruc tures .  Dynamic ana lys is  techniques are  essent ia l  f o r  a 

r e a l i s t i c  assessment o f  drydock safety.  Drydocks are  on ly  one appl ica-  

t i o n ;  others i nc l  ude quaywall s, b u l  kheads , r e t a i  n i  ng wa l l  s, ocean f 1 oor 

s t ruc tures ,  as w e l l  as o ther  s t ruc tures .  

E f f e c t i v e  s t ress  techniques are a l so  usefu l  i n  understanding s i t e  

behavior because pore pressure b u i l d s  up du r ing  the c y c l i c  load ing 

process, increas ing deformations. 

Conventional f i n i t e  element techniques p resen t l y  u t i l i z e  a t o t a l  

s t ress  approach charac te r i z ing  the s o i l  e l a s t i c a l l y  i n  terms o f  shear 

modulus and Poisson's r a t i o  o r  i n e l a s t i c a l l y  i n  terms o f  a curved 

s t r e s s - s t r a i n  f i t  t y p i c a l l y  from s i n g l e  t r i a x i a l  compression and exten- 

s ion  tes ts .  This approach does not  consider the  pore f l u i d  separate ly 

from the  s o i l  skeleton, b u t  ac tua l  s o i l  behavior depends heav i l y  upon 

the behavior o f  the  f l u i d .  I n i t i a l l y  upon loading, much o f  the  load i s  

c a r r i e d  by the near incompressible f l u i d ;  as drainage occurs, load i s  

t rans fe r red  t o  the  s o i l  skeleton. F l u i d  f l ow  c o n t r o l l e d  by s o i l  perme- 

a b i l i t y  p lays an important  p a r t  i n  computations o f  t h e  actual  load ing 

and sett lements i n  the  s o i l .  To neglect  the  pore f l u i d ,  as i s  p resen t l y  

done i n  t o t a l  s t ress  f i n i t e  element programs used today, i s  a gross 

overs imp l i f i ca t ion  l i m i t e d  t o  dry  s o i l s  and i s  no t  w e l l - s u i t e d  t o  water- 

f r o n t  construct ion.  

This r e p o r t  summarizes previous work, and has been funded by Min- 

e r a l s  Management Service and the  Navy. During FY81 a d e t a i l e d  review o f  

a v a i l a b l e  mater ia l  models was made, and model behavior was compared w i t h  

t e s t  data (Ref 3). Based on the  comparative study, i t  was determined 

t h a t  the  Prevost model was app l icab le  t o  both cohesive and cohesionless 

mate r ia l s  and t h a t  i t s  development was very f a r  a long and we l l  i n t o  the  

implementation stage. 

During FY82, modi f ica t ions  were accompl ished by con t rac t  w i t h  

Professor J.H. Prevost t o  inc lude the  e f f e c t s  o f  c y c l i c  degradation. 

S o i l  t e s t  data were obtained by con t rac t  w i t h  Professor P. Lade o f  the  

U n i v e r s i t y  o f  C a l i f o r n i a  a t  Los Angeles, C a l i f .  (UCLA). Reference 4 

presents t h i s  work. During FY83, a d d i t i o n a l  t e s t  data were obtained by 

con t rac t  w i t h  D r .  Richard Ladd, Woodward-Clyde Consultants (Ref 5). 



Test data and model p r e d i c t i o n  were compared, and several boundary value 

problems were t r i e d  (Ref 6). Dur ing t h e  c u r r e n t  f i s c a l  year ,  work 

cont inued on comparison o f  model p r e d i c t i o n  and t e s t  data and a l s o  on 

advanced boundary value problem formula t ion  and so lu t i on .  Required 

enhancements were made i n  the  program formula t ion .  

PREVOST SOIL MODEL FORMULATION 

I n  the  Prevost s o i l  model, s o i l  i s  viewed as a mu1 t i -phase medium 

c o n s i s t i n g  o f  an i n e l a s t i c  porous skeleton and viscous f l u i d s .  The 

model (Ref 7 and 8) i s  a general a n a l y t i c a l  model t h a t  describes t h e  

nonl inear,  an i so t rop ic ,  e l a s t o - p l a s t i c ,  s t ress  and s t r a i n  dependent, and 

s t reng th  p r o p e r t i e s  o f  t h e  skeleton when subjected t o  a three-  

dimensional loading. The f o l l o w i n g  i s  taken d i r e c t l y  from Prevost 

(Ref 9). 

The c o n s t i t u t i v e  equations f o r  t he  s o l i d  ske le ton are  w r i t t e n  i n  

one o f  t h e  f o l l o w i n g  forms: 

where: 2' = e f f e c t i v e  Cauchy s t ress  tensor 

c : g  = <  
N 

v = s p a t i a l  v e l o c i t y  o f  s o l i d  phase 
N 

61 
P.d small  deformations 

(1) 

6 = t h e  r a t e  o f  deformation tensor f o r  t h e  s o l i d  phase 
N 

(symmetric p a r t  o f  t h e  s p a t i a l  so l  i d  v e l o c i t y  g rad ient )  

= mate r ia l  d e r i v a t i v e  

8' = Jaumann d e r i v a t i v e ,  g iven by: 

1 81 + ol d i v  v f i n i t e  deformations - - N 

where _w i s  t he  s p i n  tensor f o r  t he  s o l i d  phase (skew-symmetric p a r t  of 

t h e  s p a t i a l  s o l i d  v e l o c i t y  g rad ient ) .  I n  Equation 1, Cabcd i s  a tensor 

valued f u n c t i o n  ,., o' and t h e  s o l i d  deformation gradients.  



For s o i l  media, the form o f  the C-tensor i s  g iven as fo l lows, 

where: H 1  = p l a s t i c  modulus 

P and 9 = symmetric second-order tensors, such t h a t  P gives 
N 

the d i r e c t i o n  o f  p l a s t i c  deformations and the 
outer  normal t o  the ac t i ve  y i e l d  surface 

E = fourth-order tensor o f  e l a s t i c  moduli, assumed 
N 

i so t r op i c ,  v iz . ,  

- 
Eabcd - A 'ab'bc + (6ac6bd + &ad6bc) (4) 

where A and G are Lame's constants, and tjab i s  the Kronecker de l ta .  The 

y i e l d  func t ion  i s  selected o f  the fo l low ing  form 

where: ,.d S = 2' - p ' i  = dev ia to r i c  s t ress tensor 

p '  = (1/3) tr A, 0' = e f f e c t i v e  mean normal s t ress 

g and $ = coordinates o f  the center o f  the y i e l d  surface i n  the 
dev ia to r i c  s t ress subspace and along the hydrosta t ic  
s t ress ax is ,  respec t i ve ly  

k  = s ize  o f  the y i e l d  surface 

C = mater ia l  parameter c a l l e d  the y i e l d  surface ax is  r a t i o  

From Equation 5 

and 

I grad f 1 = 6k2 + 6c2 (g c2 - 1) (pl - $)* 



It i s  convenient t o  decompose E and Q i n t o  t h e i r  dev i a to r i c  and 

d i l a t i o n a l  components, and i n  the f o l l ow ing  

P = P I  +- PI1 - Q = Q I  + Qll 1 
N N 

where 

and 

Q = grad f / lg rad f 1 

The p l a s t i c  po ten t i a l  i s  selected such t h a t  the  p l a s t i c  r a t e  o f  

deformation vector  remains normal t o  the p ro j ec t i on  o f  the y i e l d  surface 

onto the dev ia to r i c  s t ress  subspace 

p1 = (J1 
N 

and 

where 

where A i s  the mater ia l  parameter which measures the departure from an 

assoc ia t ive  p l a s t i c  f l ow ru le .  When A = 0, the p r i n c i p a l  d i r ec t i ons  o f  

P and Q coincide and consequently the tensor possesses the major 
w 

symmetry and leads t o  a  symmetric mater ia l  tangent s t i f f ness .  On the 

other hand, when A # 0, the p r i n c i p a l  d i r ec t i ons  o f  E and Q do no t  

coincide, and does not  possess the major symmetry. 



From Equations 4, 8, and 9, 

Q:E:P = B tr P tr Q + 2G P1:Q1 - - N N 

where B = A + 2G/3 = the elastic bulk 

G = shear moduli 

For the small deformation case: 

26 6' = 26 k + (B-F) E,, 2 
N - 

where kv = tr ; or, equivalently, in terms of deviatoric and 

dilational components: 

where i = i - kv& = deviatoric rate of deformation tensor. When Q' = 0, 

3Q112 = 1 and Equation 15b simp1 ifies to 

and the plastic modulus HI thus plays the role of a plastic bulk mod- - 
U~US. Similarly, when Q" = 0, Q1:Q1 = 1 and Equation 15 yields 

and the plastic modulus H' thus plays the role of a plastic shear 
modul us. 



When C = 0, the  y i e l d  surface p l o t s  i n  s t ress  space as a c y l i n d e r  

( t r a n s l a t e d  Von-Mises y i e l d  surface) whose a x i s  i s  p a r a l l e l  t o  t h e  space 

diagonal. When C # 0, t he  y i e l d  sur face p l o t s  i n  s t ress  space as an 

e l l i p s o i d a l  sur face o f  r e v o l u t i o n  whose a x i s  i s  p a r a l l e l  t o  the  space 

diagonal. I n  order t o  a l l ow  f o r  the  adjustment o f  the  p l a s t i c  hardening 

r u l e  t o  any k ind  o f  experimental data ( f o r  example, data obtained from 

a x i a l  o r  simple shear s o i l  t e s t s ) ,  a c o l l e c t i o n  o f  nested y i e l d  surfaces 

i s  used. The surfaces are a l l  s i m i l a r ;  i . e .  , the ax is  r a t i o  C i n  Equa- 

t i o n  5 i s  the same f o r  a l l  y i e l d  surfaces. The y i e l d  surfaces, i n  

general,  may t r a n s l a t e  and change i n  s ize,  b u t  never ro ta te .  The model, 

there fore ,  combines p roper t i es  o f  i s o t r o p i c  and kinematic p l a s t i c i t y .  

I n  order t o  avo id  overlappings o f  the  surfaces (which would lead t o  a 

non-unique d e f i n i t i o n  o f  the  c o n s t i t u t i v e  theory)  the  i s o t r o p i c /  

kinematic hardening r u l e  couples the  simultaneous deformation/ 

t r a n s l a t i o n  o f  a11 y i e l d  surfaces. A p l a s t i c  modulus H '  (m) and a non- 

assoc ia t ive  parameter are  associated w i t h  each y i e l d  surface, m. 

I n  general, bo th  A(") and are  al lowed t o  take d i f f e r e n t  values a t  

d i f f e r e n t  l oca t ions  on any g iven y i e l d  surface; i .e.,  bo th  A ('I and 

H 1  are  funct ions  o f  p o s i t i o n .  
(m). The f o l l o w i n g  r u l e s  have been used f o r  A(') and H' . 

Cohesive s o i l s :  A(') i s  constant  on each surface, and 

where h'  ("I = p l a s t i c  shear modulus, and [h"") + B"')] = the p l a s t i c  

bu l  k modul i. 

Cohesionless s o i l s :  Both A(") and H ' ( ~ )  a re  al lowed t o  vary on 

each y i e l d  surface; 



and 

where h; and B m  play the role of plastic shear and bulk moduli, 
respectively. 

The yield surfaces' initial positions and sizes reflect the past 
stress-strain history of the soi 1 skeleton, and their initial positions, 

in particular, are a direct expression of the material's "memory" of its 

past loading history. Because the gl s are not necessarily a1 1 equal to 
zero, the yielding of the material is anisotropic. Direction is there- 

fore of importance, and the physical reference axes (x,y,z) are fixed 

with respect to the material element and specified to coincide with the 

reference axes of consolidation. For a soil element whose anisotropy 

initially exhibits rotational symmetry about the y-axis, 
- 

ax - &z = -a /2, and Equation 5 simplifies to 
Y 

where a is 3a /2. The yield surfaces then plot as ellipses in the 
Y 

axisymmetric stress plane (0; = 0;) as shown in Figure la. Points C and 
E on the outermost yield surface define the critical state conditions 
(i. e. , HI = 0) for axial compression and extension loading conditions, 

respectively. It is assumed that the slopes of the critical state lines 

OC and OE remain constant during yielding. 

The yielding surfaces are allowed to change in size as well as to 

be translated by the stress point. Their associated plastic moduli are 

also allowed to vary; in general, both k and HI are functions of the 



plas t ic  s t r a in  history. They are conveniently taken as functions of 

invariant measures of the amount of p las t ic  volumetric s t ra ins  or plas- 

t i c  shear dis tor t ions,  respectively. Complete specification of the 

model parameters requires the determination of: 

(1) the i n i t i a l  positions and s izes  of the yield surfaces together 

w i t h  t he i r  associated p las t ic  moduli 

(2 )  t he i r  s i ze  or p las t ic  modulus changes as loading proceeds 

the e l a s t i c  shear G and bulk B moduli 

Figure l ( a  j .  Prevost soi 1 model - Field of 
yield surfaces. 

The yield surface f(') i s  chosen as a degenerate yield surface of 

s ize  k = 0 which coincides with the s t r e s s  point. Further, in order 

to  get a smooth t ransi t ion from the e l a s t i c  into the p las t ic  regime, 

A ( ~ )  = 0 and H i  (I) = @, so tha t  the material behavior inside f (2) is  

purely e las t ic .  The dependence of the model parameters upon the effec- 

t i ve  mean normal s t r e s s  and volumetric s t ra in  are assumed of the fol-  

lowing form 

10 



respectively, where 

x = B ,  G and H '  (m) 

and 

where: n = experimental parameter (n = 0.5 for most cohesionless 
soils and n = 1 for most cohesive soils) 

pi = reference effective mean normal stress ( e . ,  at 
= 0 when p' = pi). 

It is assumed that when the soil is in a "normally consolidated" state, 

the consolidation soil test results plot (1) as a straight line parallel 
to the projections of the critical state lines in the Pn(pl/pi) versus 

E~ 
diagram and (2) as a straight line in the axial stress plane. The 

parameter h is then simply determined from the results of KO minus 
consolidation soil test results. 

where the subscript/superscript K refers to KO minus loading conditions. 
The soil's anisotropy originally develops during its deposition and 

subsequent consolidation which, in most practical cases, occurs under no 

lateral deformations. In the following, the y-axis is vertical and 

coincides with the direction of consolidation, the horizontal xz-plane 

is thus a plane of the material's isotropy; and the material's aniso- 

tropy initially exhibits rotational symmetry about the vertical y-axis. 

The model parameters required to characterize the behavior of any given 

soil can then be derived entirely from the results of conventional 

monotonic axial and cyclic strain-controlled simple shear soil texts. 

The above material in this section is based on Reference 9. 



DETERMINATION OF MODEL PARAMETERS 

Compressive st resses and s t r a i n s  are  considered p o s i t i v e  and a l l  

s t resses are e f f e c t i v e  st resses unless otherwise spec i f i ed .  For a 

ma te r ia l  which i n i t i a l l y  e x h i b i t s  cross-anisotropy about the  v e r t i c a l  

y -ax i s ,  t h e  i n i t i a l  p o s i t i o n  i n  s t ress  space o f  t h e  y i e l d  surfaces a re  

def ined by t h e  so le  determinat ion o f  t he  two parameters a(") and B(') 
and Equation 5 s i m p l i f i e d  t o  

Cq - a (m) 2  = 0 (m) 2 - [k 1 (")]2 + c2 [p '  - 0 1 (23) 

f o r  a x i a l  load ing cond i t i ons  ( i - e . ,  o; = o' and r = r - z xy  y z  - I z x  = 01, 
where q = (0; - 0;). The y i e l d  sur faces then p l o t  as c i r c l e s  i n  the  q 

versus Cp' p lane ( r e f e r r e d  t o  as t h e  a x i a l  s t ress  p lane he rea f te r )  as 

shown i n  F igure  lb. When the  s t ress  p o i n t  reaches t h e  y i e l d  sur- 
face f(m), 

,(m) = p(m) + - 
C cos 8 

where 8 i s  de f ined i n  F igure l b  and Equation 1 5  s i m p l i f i e s  to :  

( s i n  8 + Cy cos 0) 

H'  0  + $ c 2  c o s 2 6  1 
1 cos e + A(') s i n  6 - ( s i n  6 + Cy cos 8) 
3 Y 

2 s i n  0 + $ c2 cos2 e I 
i n  which 



Figure l ( b ) .  Prevost s o i l  modei - Y ie ld  
surfaces i n  q-cp plane. 

Monotonic Drained Axial  Compression and Extension So i l  Test Results 

Let  BC and dE denote the values o f  0  when the stress p o i n t  reaches 

the y i e l d  surface f(m) i n  a x i a l  compression and extension load ing condi- 

t i ons ,  respect ive ly .  Combining Equations 24 through 28, one f inds t ha t :  

tan  (€IC + BE) = -2R 

1 - R~ 

1 
tan  BE 



1 
tan eE 

in which 
F .I 

p t  - p i  exp A 
R = C  

and 

and similarly for  x and yE,  where the subscript C and E re fer  t o  axial E 
compression and extension loading conditions, respectively. Further, 

s in  eC + CyC cos eC 
H;(') = xC sin eC 

eC + $ c2 cos 

(m) and, similarly,  for  H i  . 
The smooth experimental s t ress -s t ra in  curves obtained in axial 

t e s t s  are  approximated by l inear  segments along which the tangent (or 

secant) modulus is  constant. The degree of accuracy achieved by such as 

representative of the experimental curves i s  d i rec t ly  dependent upon the 
number of l inear  segments used. The model parameters associated w i t h  

the yield surface f ( m )  are determined by the condition tha t  the slopes 

are  t o  be the same in axial compression and extension t e s t s  when the 

s t r e s s  point has reached the yield surface f"). The corresponding 
values of eC and B E  a re  determined by combining Equations 29 and 30 once 

a rule has been adopted for  A ( ~ ) .  Once 6 and B E  have been determined, 

the model parameters associated with fFm) are simply obtained from 

Equations 24 and 25. 



Monotonic Undrained Axial Compression and Extension Soil Test Results 

In undrained t e s t s ,  iv = 0 ,  and (from Equation 33) yC = yE = -B1 in 

tha t  case. The model parameters associated with the yield surface f (m) 

are  again determined by the condition tha t  the slopes 4/6 are t o  be the 

same in axial compression and extension t e s t s  when the s t r e s s  point has 

reached the yield surface f"). As previously, the corresponding values 

€IC and €IE a re  determined from Equations 29 and 30, in which 

Knowing €IC and B E ,  the model parameters associated with f(") are  
C E computed from Equations 24 and 25, i n  which EY = EY = 0. 

Simple Shear Soil Test Results 

In simple shear so i l  t e s t s ,  Ex = 6 = 6 = 0. The necessary alge- 
Y z 

bra fo r  the determination of the model parameters i s  considerably sim- 

p l i f ied  i n  t ha t  case i f  the e l a s t i c  contributions to  the normal s t r a ins  

are neglected. Equation 15 then yields  a; = a;, and i t  follows that :  



The model parameters associated w i t h  the yield surface f (m)  are  

then simply determined from the above equations and an incremented 

l inear  representation of the shear s t ress -s t ra in  curves obtained from a 

simple shear t e s t .  Note tha t  the sole use of simple shear t e s t  resu l t s  

does not allow the determination of the parameters B' and A ( ~ ) .  O n  

the other hand, i t  i s  apparent from Equations 36 and 39 tha t  the degra- 

dation of the mechanical properties of the material under cyclic shear 

loading conditions; i . e . ,  k(') ( e )  and h J  (;) with 

where the integration i s  carried along the s t r a in  path, are  most con- 

veniently determined from the resu l t s  of cyclic strain-controlled simple 

shear t e s t s  

(i =/*I c 1 in tha t  case). 

This i s  explained and fur ther  discussed i n  Reference 8. The above 

material i s  based d i rec t ly  on Prevost (Ref 9). 

SCALING DATA FOR DEPTH 

Based on limited data,  i t  has been found reasonable to  scale by the 

ra t io  of average confining s t r e s s  levels. The e l a s t i c  shear modulus, 

the i n i t i a l  e lasto-plast ic  shear modulus, and the e l a s t i c  bulk modulus 

' a r e  scaled by the square root of the s t r e s s  ra t io .  The bulk exponent i s  

not scaled. I n i t i a l  s t r e s s  components are  scaled by the ra t io .  The 

softening parameters -- del ta ,  del ta  ultimate, and the yield surface 

axis r a t i o  -- are scaled by the s t r e s s  rat io .  The s ize  of the yield 

surface i s  scaled by the s t r e s s  rat io .  The elasto-plast ic  shear and 

p las t ic  bulk moduli a re  scaled by the square root of the s t r e s s  ra t io ;  

the degree of nonassociativity i s  not scaled. 



An iso t rop ic  conso l i da t i on  can a l so  be t r e a t e d  by s h i f t i n g  t h e  

e l l i p s e s .  It i s  assumed t h a t  i s o t r o p i c  data are  used and t h e  J1 value 

i s  maintained constant,  as fo l lows:  

(1 - ko) 
S h i f t  J2 = 

\$3 Ov 

h i t  J2 = (I kO) +Ji ko) 

The new values f o r  o V a n d  o,, a re  

where J1 i s  from t h e  i s o t r o p i c  t e s t  and K i s  t h e  c o e f f i c i e n t  o f  l a t e r a l  

ea r th  pressure a t  r e s t .  

I t  i s  suggested t h a t  da ta  be f i r s t  scaled t o  t h e  c o r r e c t  J1 and 

then s h i f t e d  t o  a n i s o t r o p i c  cond i t ions .  



DYNAFLOW FINITE ELEMENT CODE 

The DYNAFLOW Program (Ref 10) is a finite element program intended 

for the static and transient analysis of linear and nonlinear two- and 

three-dimensional problems. The analysis capabilities include the 

following: 

Static - Nonl i near el 1 iptic boundary value problems with two 

degrees-of-freedom per two-dimensional node and three degrees-of- 

freedom per three-dimensional node. 

Diffusion - Nonlinear parabolic boundary value problems with one 

additional degree-of-freedom for the phase porous fluid pore 

pressure. 

Dynamic - Nonlinear hyperbolic boundary value problems with two 

additional degrees-of-freedom for the phase porous fluid. 

The program incorporates the full Prevost model for nonlinear 

effective stress analysis. The material model produces a nonsymmetric 

stiffness matrix. Solution techniques employed a1 low for impl icit, 

explicit, and impl icit/expl icit matrix solution. 

For static analysis, an incremental predictor-corrector load-step 

procedure is utilized. The term a = 1 is utilized and associates the 
midpoint of the load (time) interval to the predictor phase and achieves 

second-order accuracy. 

For parabolic analysis diffusion problems, a Newton-Raphson itera- 

tive procedure is utilized. Unconditional stability is achieved for 

a - > 1/2, and a value of a = 1 is recommended to maximize high frequency 

numerical dissipation. For explicit elements, a time-step restriction 

occurs: 

where A is equal to the largest eigenvalue associated with the problem. 
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For hyperbolic analysis, an implicit-explicit predictor- 

multicorrector algorithm is used. Stability is achieved when a > 1/2. - 
Implicit elements are unconditionally stable if $ - > d 2 .  Explicit 

elements have a time-step restriction: 

where R is a t ,  and p is the modal viscous damping. When a = 3/2 and 
$ = 1, the dissipative properties of the algorithm damp all dynamic 

transient phenomena and permit static solution. 

Solution of the porous media problem requires defining boundary 

conditions for the fluid as would occur in a conventional seepage anal- 

ysis. This is accomplished by defining the third and fourth degrees of 

freedom, the x- and y-fluid velocities. 

A standard 4-node element is used. To treat the initial pore fluid 

incompressibility, it is suggested that one-point Gaussian quadrature be 

used for the volumetric stiffness numerical integration and that two-by- 

two Gaussian quadrature be used for the deviatoric stiffness numerical 

integration. Use of elastic-plastic equations of the above type in 

analysis of boundary value problems requires that an efficient, 

"sturdy," and accurate numerical integration procedure for the plas- 

ticity equations at the stress point level be available. Substantial 

efforts have thus been devoted to designing a computational procedure 

with the best balance of accuracy and computation speed. The integra- 

tion algorithm presently used in the stress routine is a generalization 

of the conventional radial return technique. 

MODEL EVALUATION 

Cohesive Soi 1 s 

The soil data used in this section is part of the data which were 

collected by the organizing committee of the NSF/NSERC North American 

Workshop on plasticity and general ized stress-strain applications in 



s o i l  engineer ing h e l d  May 28-30, 1980 a t  McGi l l  U n i v e r s i t y ,  Montreal,  

Canada and repor ted  by Prevost (Ref 9). Laboratory a x i a l  t e s t  da ta  on a 

laboratory-prepared K a o l i n i t e  c l a y  had then been provided t o  Prevost. 

P red ic t i ons  about the  c o n s t i t u t i v e  behavior o f  t h e  s o i l  subjected t o  

load ing s t ress  paths no t  i d e n t i f i e d  i n  t h e  data had been requested by 

t h e  organ iz ing  committee. Th is  sec t i on  describes the  t e s t  r e s u l t s  by 

Prevost and t h e i r  ana lys i s  and compares t h e  model p r e d i c t i o n s  w i t h  

observed behavior i n  t h e  t e s t s .  

The experimental t e s t s  had been conducted on c y l i n d r i c a l  samples i n  

a t o r s i o n a l  shear t e s t i n g  device. A11 samples had f i r s t  been KO- 

consol idated w i t h  a c e l l  pressure o f  58 p s i  and a backpressure o f  

18 p s i  ; i n  o the r  words, t h e  excess a x i a l  load necessary f o r  KO- 

conso l i da t i on  was then released. A l l  t h e  t e s t s  were s t ress -con t ro l l ed  

and performed under constant  volume cond i t i ons  ( i - e . ,  undrained). 

F igure  2 shows i n  dashed l i n e s  the  experimental r e s u l t s  obta ined i n  

conventional undrained monotonic a x i a l  compression/extension s o i l  t e s t s  

and i n  s o l i d  l i n e s  the  design curves used t o  determine t h e  model param- 

e t e r s  f o r  t h a t  c lay .  Note t h a t  some data c lose t o  f a i l u r e  have been 

ignored i n  s e l e c t i n g  t h e  design curves because they are  n o t  cons is ten t  

w i t h  t h e  r e s t  o f  t h e  data. Th is  inconsistency may be due t o  exper i -  

mental d i f f i c u l t i e s  i n  cap tu r ing  f a i l u r e  s ta tes  i n  s t ress -con t ro l l ed  

t e s t i n g  devices. 

F igure  3 shows model p r e d i c t i o n s  f o r  a shear t e s t  i n  which t h e  

major p r i n c i p a l  s t ress  i s  i n c l i n e d  a t  8 = 15 degrees, r e l a t i v e  t o  t h e  

v e r t i c a l  a x i s  o f  t h e  s o i l  specimen (Ref 9). F igure  3 a l so  shows a 

comparison between p r e d i c t e d  and observed behavior o f  t h e  s o i l  i n  these 

tes ts .  Note t h a t  a l l  t h e  model p r e d i c t i o n s  agree w e l l  w i t h  t h e  exper i -  

mental t e s t  r e s u l t s  (Ref 9). 

Cohesionless S o i l s  

The model developed by Prevost i s  ab le  t o  represent  dra ined o r  

undrained t e s t  data. F igures 4 and 5 show comparison o f  d ra ined t e s t  

data f o r  t he  S i l i c a  sand and Banding sand. F igure  6 shows a comparison 

o f  undrained t e s t  data based on the  undrained parameters o f  t he  Banding 

sand. 



SHEAR STRAIN E = (e  - ex) x 10-3 
Y 

(a)  Shear s t r e s s  versus shear s t ra in .  

Figure 2. Kaolinite clay - undrained axial soi l  t e s t  resul ts .  
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Figure 4. 

(b) Volume-strain. 

Silica sand, drained compression. 
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Typical liquefaction behavior is shown in Figure 7 where cyclic 
degradation and pore pressure buildup can be seen. Typical test results 

and model comparison are shown in Table 1 for the Banding sand. 

Table 1. Results and Comparisons of Cyclic Tests 
With Undrai ned Banding Sand 

Tests 

Stress-controlled 
Cycl ic compression 
Cyclic extension 

SOIL COLUMN STUDY 

A soil column approximately 12 meters in depth was studied; 

Strain-controlled 
Cyclic compression 
Cyclic extension 

Figure 8 shows the mesh simulating infinite layers. Since the mesh is 

only one element wide, wave reflections are not possible. Vertical 

Amp1 i tude 

-1.20 kg/cm2 
+l. 20 kg/cm2 

displacements are restrained; horizontal forces are applied to equili- 

- 0.0013 
+O. 0013 

brate gravity effects; and horizontal fluid flow is restrained. A 

sinusoidal excitation of 0.102g was applied to the base. Figure 9 shows 

4 

No. of Cycles to 
Liquefaction 

the acceleration response, illustrating soil attenuation of the induced 

Measured 

4 
2 

r20 
E24 

base motion which would be expected for loose soil. Figure 10 shows the 

variation of vertical effective stress with time at four depths. The 

Predicted 

2.5 
2 

20 
20 

stress decreases with increasing pore pressure. This shows an increase 

in vertical effective stress at the point in time that drainage begins. 

Figure 11 shows the pore pressure and Figure 12 the shear stress at the 

four depths. The expected buildup of pore pressure and drainage of 

near-surface layers are illustrated in the results o f  this case study. 
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(b) Pore pressure. 

Figure 7. Silica sand, undrained cyclic. 
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Figure 8. So i l  column mesh. 







2 Pore Pressure (kglcm ) 

COMPONENT ( X 10 TI 

COMPONENT ( X 10 P COMPONENT ( X 10 T I  





SOIL-STRUCTURE PROBLEM 

S t a t i c  Analysis 

To i l l u s t r a t e  a t y p i c a l  s o i l - s t r u c t u r e  problem, beam elements were 

used t o  represent a s t r uc tu ra l  frame on a s o i l  foundation. Figure 13 

shows the  mesh. The s t r uc tu re  was embedded i n  the  s o i l  r e s t i n g  on the 

top o f  the f o u r t h  s o i l  layer .  F igure 14 i l l u s t r a t e s  the coupl ing o f  the 

beam elements t o  the s o i l  f i e l d  using contact  elements. Contact e le-  

ments were used a t  the base t o  permi t  change from the t h i r d  degree-of- 

freedom i n  the quad r i l a t e ra l  elements (pore pressure) t o  the t h i r d  

degree-of-freedom i n  the  beam ( ro ta t ion) .  V e r t i c a l  and hor i zon ta l  

contact  elements were used along the  s ide o f  s t r uc tu re  -- v e r t i c a l  t o  

a l l ow f o r  f r i c t i o n a l  forces and hor i zon ta l  t o  permi t  contact /separat ion 

w i t h  deformation. Figure 15 shows the deformed mesh a t  steps 5 and 15 

o f  loading. Figure 16 shows the  vector  v e l o c i t y  a t  steps 5 and 15. 

Figure 17 shows the  s t ress  path  i n  the element beneath the  corner o f  the 

s t ruc ture .  Note t h a t  as the load i s  appl ied, the s t ress  b u i l d s  up 

gradual ly ;  and, as shown i n  Figure 18, most o f  the  load i s  c a r r i e d  by 

pore pressure. As the  pore pressure d iss ipa tes  (Figure 18a), the  e f fec -  

t i v e  s t ress  i n  t h e  s o i l  increases, and deformation a lso  increases 

(Figure 18b). The h igh load ing produces l oca l i zed  y i e l d i ng .  This i s  

evident  i n  the  deformed mesh p l o t s  and vector  v e l o c i t y  p l o t s  (Figures 15 

and 16), which show ( t o  an exaggerated scale) the f a i l u r e  o f  the s o i l  

near the s t ruc ture .  Figure 19 shows the pore pressure contours. Pore 

pressure i s  a t  maximum near the lower l e f t  corner o f  the  s t r uc tu re  

because drainage i s  permi t ted on ly  a t  the surface. 



Figure 13. Undeformed mesh - two-dimensional soi l 
f i e l d  wi th  bui lding.  

Figure 14. Contact elements a t  structure 
inter face.  



(a) Step 5. 

(b) Step 15. 

Figure 15. Deformed mesh. 
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- - - - - .  

(a) Step 5. 

(b) Step 15. 

Figure 16. Vector velocity.  
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Figure 17. E f f e c t i v e  s t ress  path - two-dimensional s o i l  f i e l d  w i t h  
bui  1 ding (Element 68). 
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(a) Pore pressure history (Element 68). 
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(b) Displacement hi story (Node 85). 

Figure 18. Two-dimensional soil field with building. 







Dynamic Analysis 

It was o f  i n t e r e s t  t o  analyze a two-dimensional model o f  a s t ruc-  

t u r e  on s o i l  sub jec t  t o  ho r i zon ta l  shaking motion (see Figure 20). A 

f u l l  mesh i s  u t i l i z e d  t o  capture asymmetric e f f ec t s ,  such as b u i l d i n g  

rocking. The model i s  composed o f  120 quad r i l a t e ra l  elements, 43 beam 

elements, and 33 nodal contact  elements. F ive s o i l  layers  were used, 

each composed o f  a 14-surface model scaled t o  each l a y e r ' s  center. The 

Prevost model incorporates an i n i t i a l  s t ress  as a model parameter; 

g r a v i t y  was app l ied from t ime equal t o  0 t o  o f f s e t  the i n i t i a l  mater ia l  

s t ress.  The b u i l d i n g  weight was app l ied s lowly  i n  f i v e  steps, and pore 

pressures from t h i s  load were al lowed t o  d i ss ipa te  t o  produce an equi- 

l i b r i u m  s t a t i c  cond i t i on  as the s t a r t i n g  p o i n t  f o r  dynamic exc i ta t ion .  

This so l u t i on  was performed using the  hyperbol ic  op t ion  w i t h  i n t e g r a t i o n  

parameters ol = 1.5 and f3 = 1.0 t o  produce a h i g h l y  damped " s t a t i c "  

condi t ion,  Thus, the f i r s t  f i v e  steps were a s t a t i c  analysis.  The 

so l u t i on  u t i l i z e d  f ou r  degrees-of-freedom per node. The v e r t i c a l  s ide 

boundaries were f r e e  boundaries f o r  t r ans l a t i on ,  having s t a t i c  g r a v i t y  

nodal forces loads and f l u i d  nodal forces app l ied h o r i z o n t a l l y  t o  main- 

t a i  n equi 1 ib r ium and having nodal dampers t o  s imulate nonref 1 e c t i  ng 

boundaries. The water t ab l e  was a t  the ground surface, where drainage 

was permitted. Figure 2 1  shows the deformed mesh a t  the end o f  the  

s t a t i c  so l u t i on  ( f i f t h  step). 

, node points 

Figure 20. Undeformed mesh. 



(a) End of static solution, step 5. 

(b) Step 105. 

(c) Step 110. 

Figure 21. Deformed mesh plots. 



A t  t he  s i x t h  step, the t ime increment was changed t o  a  shor t  dy- 

namic increment (0.025 seconds), and the i n t eg ra t i on  parameters a and p 
were changed t o  0.65 and 0.33, respect ive ly ,  f o r  dynamic damped re-  

sponse. The loading chosen f o r  t h i s  case was a  s ine wave h o r i z o n t a l l y  

app l ied a t  the base as a  displacement funct ion.  Since the so l u t i on  was 

a  cont inu ing so l u t i on  a t  the s i x t h  step, i n i t i a l  cond i t ions corre-  

sponding t o  an i n i t i a l  base v e l o c i t y  could no t  be i npu t  dur ing the 

solut ion.  One approximate technique t o  e l im ina te  the e f f e c t  o f  the 

i n i t i a l  cond i t i on  i s  t o  merge the desired s inusoidal  e x c i t a t i o n  load ing 

w i t h  a cubic func t ion  such t h a t  de r i va t i ves  o f  t he  func t ion  are  i n i -  

t i a l l y  0.0. To e l iminate  the f l u i d  pressure bu i ldup a t  the boundaries, 

the boundaries were def ined t o  permi t  f low across them. F l u i d  forces 

were computed based on the depth t o  the  center  o f  each element and 

app l ied t o  the nodal po in ts  ac t i ng  on the t h i r d  degree-of-freedom, as 

fo l lows:  

Fw 
= (yw z n) x  element he ight  

where: Fw = t o t a l  force app l ied (one-half t o  each o f  two boundary nodes' 
t h i r d  degree-of-freedom w i t h  s ign  corresponding t o  
d i r ec t i on )  

Yw = u n i t  weight o f  f l u i d  

z  = depth t o  center  o f  element 

n  = po ros i t y  

The forces ac t i ve  t o  r e s t r a i n  the v e r t i c a l  boundary from the s o i l  weight 

were computed and app l ied t o  the f i r s t  degree-of-freedom as fo l lows:  

FS = [yS L (1 - n)] x  element he ight  

where: Fs = t o t a l  fo rce app l ied one-half t o  each o f  the  two boundary 
nodes' f i r s t  degree-of-freedom w i t h  s ign  corresponding 
t o  d i r e c t i o n  

s  = u n i t  weight o f  so l i ds  



Figures 21b and 21c presents the deformed mesh, showing the s o i l  f i e l d  

and s t ruc tu re  displacement t o  an exaggerated scale. Figure 22 shows 

v e l o c i t y  vector p lo ts .  Figure 23 shows the out-of-balance forces, which 

ind ica te  the s t a b i l i t y  o f  the so lu t ion.  The so lu t i on  reaches a  s tab le  

l eve l  o f  force imbalance o s c i l l a t i n g  around 400 kg. Computational 

s t a b i l i t y  was not  a  problem f o r  the t ime step selected and probably 

could be continued several f o l d  wi thout  increased er ror .  Figures 24 

and 25 show acce lera t ion and v e l o c i t y  i n  the f r ee  f i e l d ,  near the s t ruc-  

t u re  and a t  the base ( inpu t  motion) (Figure 20 shows nodal number loca- 

t ions) .  The r e s u l t s  show minor amp l i f i ca t i on  o f  motion. Figure 26 shows 

the mean e f f e c t i v e  s t ress a f t e r  the s t a t i c  so lu t ion,  step 5. Figure 27 

shows the mean e f f e c t i v e  s t ress a t  po in t s  i n  the so lu t ion;  Figure 28 

shows the pore pressure a t  the same po in ts  i n  time. Figure 29 gives 

pore pressure and mean s t ress h i s t o r i e s  a t  two locat ions (see 

Figure 20). 

Results o f  the analysis show increases i n  pore pressure around the 

sides o f  the s t ruc tu re  and beneath the s t ruc tu re  w i t h  hor izonta l  

shaking. The l eve l  o f  increase i s  cons is tent  w i t h  the O.lg exc i ta t ion .  

The problem was repeated w i t h  a  base acce lera t ion o f  0.25g. I n  

t h i s  case, a t ten tua t ion  o f  ground motion resul ted.  Pore pressures 

increased over those o f  the previous run. 

PILE AND P I E R  FOUNDATIONS 

Load Capacity 

P i l es  and p i e r s  are used t o  t ransmi t  foundation loads t o  s t r a t a  o f  

adequate bear ing capaci ty and t o  e l iminate  settlements. P i l es  a lso are 

o f t en  used t o  r e s i s t  l a t e r a l  loads o r  u p l i f t  forces. P i l e  use o f t en  

determines the type o f  p i l e  chosen: t imber p i l e s  are we l l - su i ted  f o r  

use as f r i c t i o n  p i l e s  i n  granular  mater ia ls;  s tee l  p i l e s  are best  f o r  

endbearing on rock; concrete cast- in-place p i l e s  are economical t o  use; 

and conc re te - f i l l ed  s tee l  p i l e s  o f f e r  h igh bending resistance. Depend- 

i n g  on the type o f  p i l e  used, p i l e s  are e i t h e r  dr iven o r  cast- in-place. 

Deep foundations u t i l i z e  p i e r s  t h a t  resemble la rge  cast- in-place p i l e s  

t o  t ransmi t  the loading. 



(a)  Step 105 (scale factor 18.537). 

I 
(b)  Step 110 (scale factor 16.116). 

Figure 22. Velocity vector plots.  
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Figure 24. Nodal acceleration. 
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F igure 25. Nodal v e l o c i t y .  



Figure 26. Mean stress (kg/cm2) after static building load with 
free field gravity stresses removed. 

Portion of mesh 

A Bullding - 
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\- 



Building 

(a) Step 95. 

(b) Step 100. 

(c)  Step 105. 

(d )  Step 110. 

Figure 27. Mean e f f ec t i ve  s t r e s s ,  kg/cm2. 



(a) Step 95. 

(b) Step 100. 

(c )  Step 105. 

(d) Step 110. 

Figure 28. Pore pressure beneath bul di ng , kg/cm2. 
Note: Gravity effects  removed (minus indicates 
below original condition). 
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(a) Element 3. 
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(b) Element 12. 

Figure 29. Pore pressure time histories. 



This discussion w i l l  consider on ly  s t r a i g h t  p i l e s  d r i ven  i n t o  

homogeneous deposits o f  cohesionless mater ia ls.  Experience has shown 

t h a t  when p i l e s  are d r i ven  i n t o  sand, the s o i l  near the p i l e  i s  com- 

pacted t o  a distance o f  a few p i l e  diameters. I n  a homogeneous sand the 

p o i n t  resistance and average sk i n  f r i c t i o n  increase w i t h  depth o f  pene- 

t r a t i o n  up t o  a c r i t i c a l  depth. Beyond the c r i t i c a l  depth, the p o i n t  

resistance and s k i n  f r i c t i o n  remain almost constant; general ly,  t h i s  i s  

caused by s o i l  compress ib i l i ty ,  crushing, and arching. The empir ical  

approach t o  p red i c t i on  o f  p i l e  behavior has proven more sa t i s f ac to r y  

than an ana l y t i ca l  bear ing capaci ty approach. 

The load t r ans fe r  mechanism between the  p i l e  and the surrounding 

s o i l  governs the behavior o f  the p i l e .  The design o f  a p i l e  requires 

determination o f  the propor t ion o f  load t rans fe r red  t o  the s o i l  by 

adhesion and f r i c t i o n  between the p i l e  and the  s o i l  and t h a t  t rans fe r red  

by end bearing. This i s  inf luenced by the f l e x i b i l i t y  o f  the p i l e ,  the 

s t i f f n e s s  o f  the s o i l ,  and the nature o f  the t r ans fe r  mechanisms between 

p i l e  surface and s o i l .  

Through use o f  instrumented f i e l d  and model studies, the design o f  

p i l e s  and p i e r s  has been b e t t e r  understood. Figure 30 i l l u s t r a t e s  use 

o f  p i l e - d r i v i n g  resistance formulas t o  est imate i nd i v i dua l  a l lowable 

p i l e  loads. Figure 31  i l l u s t r a t e s  the ca l cu la t i on  o f  u l t ima te  load 

capaci ty o f  p i l e s  i n  cohesive so i l s ,  and Figures 32 and 33 i l l u s t r a t e  

the ca l cu la t i on  o f  load capaci ty o f  p i l e s  f o r  cohesionless so i l s .  

However, these conventional u l t ima te  design approaches assume the simul- 

taneous and f u l l  mob i l i za t ion  o f  p i l e  shear resistance and base bearing, 

which i s  not  we1 1-founded. Studies have shown t h a t  movement o f  a p i l e  

must be present t o  mobi l ize i t s  load-carry ing capacity. 

Reese and O ' N e i l l  (Ref 11) show the d i v i s i o n  o f  load between p i e r  

and base f o r  a p i e r  on s t i f f  c l ay  (Figure 34). The f i r s t  two load 

increments show t h a t  almost a l l  the load i s  ca r r i ed  by f r i c t i o n ;  as the 

load increases, more i s  ca r r i ed  by end bearing. Above 80 tons, any 

add i t i ona l  load i s  taken by end bearing. Note how curve C simply t rans- 

l a t e s  t o  form curve D, i n d i c a t i n g  add i t i ona l  load i s  taken by end 

bearing. With the in format ion i n  Figure 34, a t y p i c a l  load t r ans fe r  

r e l a t i onsh ip  can be obtained showing s ide f r i c t i o n  (Figure 35). From 



the slope i n  Figure 34, i t  i s  evident t h a t  f r i c t i o n a l  e f f ec t s  are great- 

e s t  i n  the middle (depth) o f  the p i l e ;  and a reduct ion i n  the r a t e  o f  

load t r ans fe r  occurs i n  the lower par t ,  p a r t i c u l a r l y  j u s t  above the 

base. The d i s t r i b u t i o n  o f  f r i c t i o n a l  forces depends upon the s o i l  type. 

Modi f ica t ions t o  u l t ima te  strength formulat ions have been suggested by 

Reese and O 'Ne i l l  (Ref 11). Factors include an e f f e c t i v e  depth concept 

i n  l a t e r a l  ea r th  pressure ca l cu la t i on  f o r  granular  s o i l s  and a f r i c t i o n  

reduct ion f ac to r  f o r  u l t ima te  resistance i n  cohesive so i l s .  

A theore t i ca l  so l u t i on  o f  the load t r ans fe r  phenomenon can provide 

considerable ins igh t .  For instance, a so i l - s t r uc tu re  problem would be 

one i n  which the nature and mechanism o f  load t rans fe r  i s  o f  consid- 

erable importance. So lu t ion o f  t h i s  problem must focus on the stress- 

s t r a i n  charac te r i s t i cs  o f  the s o i l  and the behavior o f  the i n te r f ace  

between p i l e  and s o i l .  Use o f  a l i nea r -e l as t i c  cons t i t u t i ve  model would 

be a gross s i m p l i f i c a t i o n  o f  the rea l  mater ia l  proper t ies .  The Prevost 

s o i l  model o f f e r s  an opportuni ty t o  explore nonl inear re la t ionsh ips.  

Several approaches have been used t o  model the contact  problem. 

Peterson (Ref 13) t r ea t s  the two contact ing surfaces as separate and 

d i s t i n c t  and j o i ns  them mathematically by use o f  Lagrange mu l t i p l i e r s .  

However, t h i s  does no t  a l low p r e - s l i p  deformation. Herrmann (Ref 14, 

15, and 16) defines three behavior modes: nonsl ip,  s l i p ,  and separa- 

t i on .  A compa t i b i l i t y  model combining compa t i b i l i t y  and equ i l i b r ium i s  

used. The compa t i b i l i t y  model involves l i n k i n g  the two surfaces w i t h  

f i c t i t i o u s  bond springs, and the f r i c t i o n a l  forces are app l ied as sur- 

face t rac t ions .  This al lows a p r e - s l i p  deformation t h a t  would not  

otherwise be computed. 

Another approach simply l i n k s  two nodes, i n i t i a l l y  overlapping w i t h  

nonl inear springs. The procedure has the advantage o f  s i m p l i c i t y  of 

operat ion but, unfor tunately,  may produce undesirable numerical charac- 

t e r i s t i c s  when d i s t i n c t  r ap id  changes occur i n  s t i f f ness .  

Prevost has formulated a contact  element i n  the DYNAFLOW code. The 

contact  element may be used t o  impose i nequa l i t y  const ra in ts  between 

nodes. E i the r  pe r f ec t  f r i c t i o n  (i. e. , "s t i ck " )  o r  f r i c t i o n l e s s  ( i - e .  , 
" s l i p " )  condi t ions may be achieved. 



+ 
1 i3asic pile d r ~ v l n e  torrnulas - I 

i For d r o ~  hammer 

2 W H  

I I I 
QG, = allowabie pile load in pounds i 

For  double- actlng 
For  s~ngle-act inq hammer ditierentlal hammer 1 

Qdj= W H  {use  wheq driven 
WD welghts a r e  l a recr  s+o./- than strlklng 

% weignts. 

W = weight of s t r iking p a r t s  of  h a m m e r  in  pounds. 
k/ = the effective height of fal l  in feet .  
E = the actual  energy  del ivered by h a m m e r  p e r  blow in foot-pounds. 
5 = average  net penetratlon in inches p e r  blow f o r  the l a s t  6 in .  of drlving. 

WD = driven weights Note: Ratio of dr iven weights to s t r iking weights should not 
r /S = weights of s t r iking p a r t s  exceed 3 .  

{use when driven 
Z E  - Use when driven '+'.' w e i ~ h t s  a r e  smaller  lo@ sio., 'melqhts a r e  srnaiier' 

gd J- 2E {use when driven 5+~.,A weights a r e  l a rger  
WS than striklng 

weights. 

I 
I Modifications of basic pile driving iorrnulas I 

than strikinq 
weights. 

/ A. F o r  pi les  dr iven to and sea ted  i n  rock a s  high capacl ty end-bearing p i les :  

than strlklng 
welphts. 

Drive to re fusa l  (approximately 4 to 5 blows f o r  the l a s t  q u a r t e r  inch of dr iving) .  
Redrive open end pipe p i les  repeatedly unt i l  r es i s tance  f o r  r e f u s a l  is reached  

B Plleo dr iven through stiff compress ib le  m a t e r i a l s  unsuitable f o r  pile bearing to a n  under-  
lying bearlng s t r a t u m :  

Add blows attained before reaching bearing s t r a t u m  to requ i red  blows attained i n  
bearlng s t r a t u m  ( s e e  example) .  I 

l a  blow8 / t t .  

. . .  . . . . . . . . . , 
' BEARING ..' 

. . 42 blows / t i .  

GRADE V I L E  
Example:  r e q u i r e d  load capaci ty of pile -25 tons 

h a m m e r  energy  E = 15,000 ft-lb 
/E/F.' I . .  = 

F I L L  

/////// 
COMPRESSlaLE 

Penetrat ion(s)as  p e r  bas lc  fo rmula  = 4%' o r  2 blows p e r  
inch (24 blows/f t ) .  

-----* 

I - Required blows f o r  pile 24 + 18 = 42 blows/f t .  I 

I C .  P i l e s  dr iven into l inuted thin bearing s t r a t u m ,  dr ive to p rede te rmined  tlp elevatlon. 
Determine allowable load by load t e s t .  I 

GRAOE -4 

STRATUM 

FOR BEARING 

BEARING 1 5  ?. STRATUM 

/////// t 
;/S;IFF CLAY S T R A T U M  INCOMPRESSltILE 

 BUT UNSUITABLE FOR POINT BEARING - - 

Figure 30. Appl ication of pi 1 e-driving resistance formulas (Ref 11). 



U L T I M A T E  LOAD C A P A C I  T I  PUL L , O U ~  C A  P A  c I T r 

Qulf c q S m 2 +  C4 P T R L  TUH - - C A 2 f l R L  

T,/f UNDER SUSTA /NED LOAD kiAY BE 
L I M I T E D  BY OTHER FACTORS, 

U L T I M A T E  L O A D  FOR B U C K L I N G  O F  S T E E L  P I L E S  I N  S O F T  C L A Y .  

Qu/f = A (C E I)' 
A = 8 F O R  VERY S O F T  C L A Y .  1 0  FOR S O F T  C L A Y  ( D I M E N S I O N L E S S )  

C  = S O l L  S H E A R  S T R E N G E H  1 POUND A N 0  
I MOMENT OF E N E R T I A  O F  CROSS S E C T I O N  

E MODULUS O F  E L A S T I C I T Y  OF S T E E L .  
I N C H  UN 1  TS 

FORMULA A P P L I E S  TO S L E N D E R  S T E E L  P I L E S .  G E N E R A L L Y  H E A V Y  S T E E L  
P I L E S  OR T I M B E R  OR CONCRETE P I L E S  ARE NOT S U B J E C T  TO B U C K L I N G  

I F  EMBEDDED I N  S O l L  FOR T H E I R  E N T I R E  L E N G T H .  
{ 

i 
i 

C O H E S I O N  C ,  P S F  

RECOMMENDED V A L U E S  OF ADHES I O N  

Figure 31. Ultimate load capacity of piles in cohesive soils (Ref 11). 

PROPER T  1 E S  

P I L E  
T  YPE 

T l U B E R  

A N D  

CONS 1 S T E N C V  
O F  S O I L  

VERY S O F  T  

MED.  S T I F F  
C O N C R E T E  

-90 " I S  NOT C O N S I D E R E D .  
I 

T I F F  

VERY S T t F f  

VERY S O F T  

S O F  1 

MED. S T I F F  

S T I F F  

VERY S T I F F  

P O S l  T l O N  O f  GROUMO 

ON U L T I M A T E  L O A D  

C A P A C l  TV U N L E S S  

C O H E S I O N  I S  C H A N G E D .  

Q U / + / S A P P L I E D L O A D  

O # L Y . P I L E  1 E I G H T  I S  

B A L A N C E D  BY I E l G H T  

O F  OVERBURDEN A N D  

C O H E S I O K .  C  
PSF 

S T E E L  

A D H E S I O N ,  C, 
P5 F 

1 0 0 0  - 2000 

Z O O 0  - 4 0 0 0  

0 - 2 5 0  

2 5 0  - 5 0 0  

5 0 0 -  1 0 0 0  

I 0 0 0  - 2 0 0 0  

Z O O 0  - 4 0 0 0  

7 5 0  - 9 5 0  

9 5 0  - 1 3 0 0  

0 - 2 5 0  

2 5 0  - 4 6 0  

4 6 0 -  7 0 0  

7 0 0  - 7 2 0  

7 2 0  - 7 5 0  

0 - 2 5 0  

2 5 0  - 300 

5 0 0  - 1 0 0 0  

0 - 250 

2 5 0  - 480 

480 - 7 5 0  



ANGLE OF I N T E R N A L  F R I C T I O N  BEFORE P l L E  D R I V I N G .  4, DEGREES 1 
S O I L  P R O P E R T I E S  

f i , 4 c = . o  
D E F I N I T I O N S :  

P l L E  I S  D R I V E #  1 1 T H B U T  J d T T l i G  OR R E Y O V A L  O F  
M A T E R I A L  W I T H I N  P I L E .  

&/+I U L T I M A T E  L O A D  C A P A C l T r ,  A p P L l F D  L O A D  O N L Y .  

9 a U L T I M A T E  B E A R I N G  C A P A C I T Y  AT T I P .  

K,- R A T I O  OF H O R I Z O N T A L  TO V E R T I C A L  E A R T H  P R E S S U R E  
ON S I D E  OF P I L E  ABOVE P L A S T I C  ZONE. A V E R A G E S  
0 . 5  F O R  4 - 3 0 ' .  1 . 0  F O R  # =  4 S 0 .  

K B = R A T I O  OF H O R I Z O N T A L  TO V E R T I C A L  E A R T H  P R E S S U R E  
ON S I D E  OF P l L E  W I T H I N  P L A S T I C  Z O N E .  

 ANGLE OF I N T E R N A L  F R I C T I O N  I N  COMPACTED Z O N E  
AROUND P I L E  T I P  { 4 O  TO S O L A R G E R  THAN 4).  

-As+ (2 f i i 2  ton d ) ~  f I A  TER 8 E L O I  do) 

9 = f i t ? N r  ~ H B ~ ~ L N ~  - & L  FOR L b  20ff 

E F F E C T  OF N A T E R  

VA T E R  A  T  GROUND S U R F A C E :  

i /' 
/ S U B S T I T U T E  fsU,g F O R  J-, IN JJf. 

/ F O R  l A  TER A  T I N T E R M E D I A  TE L E V E L -  I N T E R P O L A  TE . 
_ - c H  B E T F E E N  L I Y I T I H G  C O N O I T I O N S .  

S -  A Y E R A G E  P I L E  P E R I M E T E R  P U L L O U T  C A P A C I  T I .  %,I+ 9 ~(2 r'~~iaI7 6) 

Figure 32. Ult imate load capacity o f  p i l e s  i n  cohesionless s o i l  ( f o r  
a l te rna t ive  method, see Figure 33) (Ref 11). 
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AVERAGE WkRBURDEN /%'BSURE /A 
/&pH, FVR LWoTff L' 

WffU7E : =ANGLE OF INTERNAL FR/CT/ON OF S&L. 
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Figure 33. Ultimate load capacity of driven piles in cohesionless 
soils (alternative method to Figure 32) (Ref 11). 
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Figure 34. Load d i s t r i b u t i o n  i n  a  25-foot- 
long s t ra igh t -sha f t  p i e r  d r i l l e d  
i n t o  s t i f f  c lay.  

(Depth below surface} 
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Downward Movement (in.) 

F igure 35. Load t r a n s f e r  t o  s h a f t  segment 
(AL) versus downward movement 
o f  segment. 



A contact  element i s  def ined by two nodes: a spr ing constant o r  

"penal ty parameter," k, and a f i x e d  d i r e c t i o n  vector, E. The present 

l oca t i on  o f  node A ( a  = 1, 2) i s  given by zA + GAY where zA i s  the 

i n i t i a l  p o s i t i o n  vector  and ciA i s  the displacement vector. The contact  

plane passes through the p o i n t  zA + clA and i s  perpendicular t o  5 
(Figure 36a). The contact / re l  ease cond i t i on  i s  def ined as f o l  1 ows: 

a > O  re1 ease 

a 5 0  contact  

where: a = R n 
N N 

- 
,.a = XB + GB ZA - GA 

The quan t i t y  a i s  a measure o f  the distance between xB + dB and the 

contact  plane. When contact  i s  noted, a contact  element s t i f f n e s s  and 

out-of-balance force are added t o  the global  equations. 

I f  k > 0 i s  s u f f i c i e n t l y  large, the p o i n t  zB + ciB w i l l  be forced t o  

l i e  (approximately) on the contact  plane. I n  subsequent steps, on ly  the 

s t i f f n e s s  i s  assembled, and the decis ion t o  remain i n  contact  o r  t o  

release i s  made on the basis o f  the s ign o f  a, as above. 

For i n t e r p r e t i n g  output, the contact  element "displacement" i s  

def ined as a, and the " force" i s  given by: 

I n  add i t i on  t o  the contact  element, Prevost has def ined a s l i d e  

element. The s l i d e - l i n e  element may be used t o  impose i nequa l i t y  con- 

s t r a i n t s  between nodes. E i the r  pe r f ec t  f r i c t i o n  (i. e. , s t i c k )  o r  f r i c -  

t i on less  ( i - e . ,  s l i p )  condi t ions may be achieved. 

A s l i d e - l i n e  element i s  def ined by three nodes and a spr ing con- 

s t an t  o r  penal ty parameter, k. The connection from node A t o  node B 

defines the s l i d e - l i n e  d i r ec t i on ,  and node C i s  the contact  node 

(Figure 36b). 



(a) Contact e l  ement . 

(b) S l ide  element. 

Figure 36. Program DYNAFLOW. 



The pro jec ted distance o f  node C t o  node A onto the s l i d e - l i n e  

d i r e c t i o n  i s  denoted by a and i s  g iven by: 

where i s  the the do t  product o f  two vectors. The d i r e c t i o n  o f  the 

u n i t  vector  t o  the s l i d e - l i n e  d i r e c t i o n  i s  given by: 

(1) i n  two dimensions by r o t a t i n g  ~3 as an angle + n/2 
(2) i n  three-dimensions by 

3 
n = (AB x AC) x AB / I(AB x AC) x itB\ 

where x denotes the cross product o f  two vectors. The l oca l  contact  

s t i f f n e s s  mat r i x  i s  given by: 

where the rows and columns are arranged such t h a t  the f i r s t ,  second, and 

t h i r d  rows (columns) correspond t o  nodes A, By and C, respect ively.  The 

contact/release cond i t i on  i s  def ined as fol lows: (1) i n  two-dimensions, 
+ 

i f  0 S a 5 1 and AB n S 0, then contact  (otherwise, release) ; and 

(2) i n  three-dimensions, i f  0 4 a $ 1, then contact  (otherwise, 

re1 ease). 

I f  k i s  s u f f i c i e n t l y  large,  the p o i n t  C w i l l  be forced t o  l i e  

(approximately) on the s l i d e - l i n e  AB. I n  subsequent steps, on ly  t he  

contact  s t i f f n e s s  i s  assembled, and the decis ion t o  remain i n  contact  o r  

no t  i s  made as described above. 



Cycl ic  Behavior o f  P i l es  

Poulos (Ref 17) concludes t h a t  u l t ima te  load capaci ty and c y c l i c  

s t i f f n e s s  decrease w i t h  increasing numbers o f  cycles and increasing 

cyc le  load leve l .  This becomes more s i g n i f i c a n t  when the c y c l i c  load 

approaches one-half the s t a t i c  u l t ima te  load. The c y c l i c  degradation 

appears t o  begin a t  the top o f  ' the  p i  l e  and progresses downward, 

r e s u l t i n g  i n  a gradual t r ans fe r  o f  load t o  the lower p o s i t i o n  o f  the 

p i l e .  The c ruc ia l  f ac to r  i n  determining the amount o f  c y c l i c  degrada- 

t i o n  i s  the shear s t r a i n  f o r  sk i n  f r i c t i o n .  

Poulos (Ref 18) conducted a l i m i t e d  i nves t i ga t i on  o f  an e f f ec t i ve  

s t ress approach t o  determine pore pressure increases w i t h  c y c l i c  loading 

and the r e s u l t i n g  modulus degradation factors.  Possibly, a lack  o f  data 

prevented f u r t he r  development. Figure 37 shows a compi lat ion o f  ob- 

servations (Ref 17) showing degradation as a func t ion  o f  s t r a i n  r a t i o ,  

where: 

and 

*s = s t a t i c  shear s t r a i n  t o  f a i l u r e  
pile Lwd kg) 

0 100 200 

Figure 37. D i s t r i b u t i o n  o f  force 
w i t h i n  p i l e ,  75, 150 
and 300 kg loads. 
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Poulos (Ref 16) repor ts  t h a t  "one-way" c y c l i c  loading (i. e. , c y c l i c  

loading between zero minimum load and a spec i f i ed  maximum) produces 

s i g n i f i c a n t l y  less degradation o f  p i l e  capaci ty than would occur w i t h  

"two-way" 1 oadi ng (i . e. , 1 oadi ng a1 t e r n a t i  ng between tension and com- 

pression w i t h  zero as a mean value). He po in ts  out  t h a t  degradation 

w i l l  occur a t  d i f f e r e n t  ra tes along the p i l e ,  depending on l oca l  st ress 

leve l .  Even i n  i n i t i a l l y  homogeneous s o i l ,  a nonuniform d i s t r i b u t i o n  o f  

s o i l  modulus and sk i n  f r i c t i o n  w i l l  r e s u l t  from c y c l i c  loading because 

nonuniformity o f  s t ress d i s t r i b u t i o n  occurs along the p i l e .  Degradation 

occurs i n  the u l t ima te  s k i n  f r i c t i o n  along the length  o f  the p i l e  and 

a lso i n  the u l t ima te  base resistance. The major problem i n  a c y c l i c  

response i s  determining how the degradation fac to rs  vary w i t h  s t r a i n  and 

number o f  cycles. 

The c y c l i c  shear s t r a i n  i n  the s o i l  adjacent t o  the p i l e ,  yc, can 

be estimated as: 

where: PC = c y c l i c  displacement o f  p i l e  a t  a p o i n t  on the p i l e  sha f t  

d = p i l e  diameter 

W = 1.0 homogeneous i n f i n i t e l y  deep s o i l  and 
0.5 modulus increases w i t h  depth 

I.r s = Poisson's r a t i o  

L = embedded p i l e  length  

The c y c l i c  base s t r a i n  can be estimated from the above assuming 

I.r s = 0.5, L/d = 100. 

where Pbc i s  the c y c l i c  displacement o f  p i l e  base and db i s  the diameter 

o f  p i l e  base. 
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It i s  inpor tan t  t o  note t h a t  the above i s  based on the assumptions 

o f  e l a s t i c  behavior. Typical  p red ic t ions  f o r  p i l e  sett lement take the 

form o f  Figure 38. Also shown i n  Figure 38 i s  the u l t ima te  c y c l i c  load 

as a func t ion  o f  number o f  cycles. The sett lement problem i s  the major 

concern f o r  p i l e s  i n  cohesionless mater ia ls.  

F r i c t i o n  Between Calcareous Sand and Bu i l d i ng  Mater ia ls  

Calcareous sediments have proven troublesome t o  o f fshore f a c i l -  

i t i e s .  P i l es  dr iven i n t o  calcareous sands have been noted t o  penetrate 

and t o  be ext rac ted w i t h  much less e f f o r t  than pred ic ted by conventional 

techniques. A research program was prev ious ly  conducted a t  NCEL 

(Ref 19) i n  which calcareous sediments were co l l ec ted  from three envi- 

ronments: a deep-ocean s i t e ,  a shallow-ocean s i t e ,  and c o r a l l i n e  sand 

from an a t o l l  beach. The coe f f i c i en t s  o f  f r i c t i o n  o f  these sands and o f  

a quartz sand used as a standard were measured against  surfaces o f  rough 

and smooth s tee l  and mortar. Volume changes were measured as a func t ion  

o f  s l i d i n g  displacement. 

Experience has caused engineers t o  reduce p i l e  capac i t ies  i n  ca l -  

careous mater ia ls.  This usual l y  r e s u l t s  i n  load capaci ty reductions t o  

one-fourth t h a t  o f  p i l e s  i n  normal mater ia ls.  I n  the past, i t  was not  

c l e a r l y  understood why calcareous mater ia ls  e x h i b i t  i n f e r i o r  p i l e  sup- 

por t .  Measured angles o f  i n t e rna l  f r i c t i o n  -- a measure o f  

s t rength -- are high: 34 degrees o r  greater. Par t  o f  the problem was 

i d e n t i f i e d  as the low increase i n  s o i l  e f f e c t i v e  s t ress dur ing p i l e  

d r i v ing ,  which i s  thought t o  r e s u l t  from a crushing o r  col lapse o f  a 

cemented s o i l  s t ruc tu re  o r  from the breakup o f  i nd i v i dua l  carbonate 

grains. This lack  o f  increase i n  e f f e c t i v e  s t ress r e s u l t s  i n  a r e l a -  

t i v e l y  lower shear strength i n  the s o i l  mass surrounding the p i l e .  

Further, i t  was thought t h a t  the coe f f i c i en t s  o f  f r i c t i o n  might be 

subs tan t i a l l y  less  between calcareous mater ia ls  and p i l e s .  Valent 

(Ref 18) conducted a t e s t  program using a modi f ied d i r e c t  shear t e s t  

machine i n  which the lower h a l f  o f  the apparatus contained the b u i l d i n g  

mater ia l  and the upper h a l f  the s o i l  sample. Table 2 summarizes h i s  

resu l ts .  



For skln f r~c t~on (DT) Ycr =Yss =cr~tlcal shuar stroln for skn 
frlctlon 

For base reslstanca (Db) Y,,=Y,, =static totlure strain tcr triaxlal 
CmpressIon 

(a) Degradation. 

( a )  Lood vs T ~ m a  

0 

c 

E : Po 

0 "l 

0 - 
h 

a' 
X 

Ttme 

( c )  Ult~mate Lood Capac~ty vs T~me 

Plle St~tfnuss Dut~nlt~ons KS = PolPo 
Kc,= 2Pc /PC, 

KC 2Pc / P ~ N  

(b) Cyclic loading. 

(c) Number of cycles. 

Figure 38. Pile degradation with cyclic loading (Ref 18). 



Table 2. Summary o f  F r i c t i o n  Test Results (Ref 18) 

a For d i r e c t  shear t es t s ,  p  = t a n  tj where tj = angle o f  i n t e r n a l  
f r i c t i o n ;  f o r  f r i c t i o n  t es t s ,  p  = t an  6 where 6 = angle o f  
s l i d i n g  f r i c t i o n .  

Test No. 

19 
20 
21 
22 
23 

b ~ o i l  i n  bottom shear r i n g  f o r  d i r e c t  shear t es t s ,  o r  b u i l d i n g  
mate r ia l  i n  f r i c t i o n  tes ts .  

'Base mate r ia l  same as s o i l  mate r ia l  f o r  d i r e c t  shear t es t s .  

Soi 1  Mate r ia l  

Quar tz  sand 
Coral 1 i ne sand 

O o l i t i c  sand 
O o l i t i c  sand 

Foram sand -s i l t  

d ~ h e s e  t e s t s  run  w i t h  mechanical measurement system; 
i .e . ,  p rov ing  r i n g  and manual record ing o f  data. 

b Base Mate r ia l  : sandC 

Base   ate rial^: Rough Concrete 

e  Low value f o r  p reached s h o r t l y  a f t e r  p  k, t he rea f t e r  p  
increased w i t h  displacement t o  end o f  t@g?. 

f ~ o  peak p  reached, p  increas ing through end o f  t es t .  

a  
ppeak 

1 
2 
3 
4 
5 
6 

0.60 
0.63 
0.59 
0. 58f ---- 

24 
25 
26 

a 
b e s  i dual 

0.54 
0.56 
0.52 
0.54 
0.67 

Quartz  sand 
Coral 1  i ne sand 
Coral 1  i ne sand 
O o l i t i c  sand 
O o l i t i c  sand 

Foram sand -s i l t  

Quar tz  sand 
Co ra l l i ne  sand 
O o l i t i c  sand 

Base   ate rial^: Smooth Steel  

0. 67d 
0.66 
0. 68d 
0.77 
0. 81d 
0.64 

7 
8 
9 

10 
11 
12 
13 

0.69 
0.66 
0.74 

0.54 
0.56 
0.57 
0.61 
0.62 
0.58 

0.57 
0.59 
0.57 

4 

Quartz  sand 
Co ra l l i ne  sand 
Coral 1  i ne sand 
Coral 1 i ne sand 
O o l i t i c  sand 
O o l i t i c  sand 

Foram sand-si 1  t 

b  Base Mate r ia l  : Rough Steel  

0. ~7~ 
0.20 
0.20 
0. 21d 
0.15 
0.32 
0.40 

14 
15 
16 
17 
18 

0.19 
0.17 
0 .18~ 
0.17 
0.13 
0.31 
0.37 

b Base Mate r ia l  : Smooth Concrete 

Quar tz  sand 
Co ra l l i ne  sand 
O o l i t i c  sand 
O o l i t i c  sand 

Foram sand -s i l t  

0.60 
0.63 
0.54 
0. 58f ---- 

0.54 
0.55 
0.51 
0.50 
0.66 



I n  general, the resu l t s  show t h a t  the low f r i c t i o n  forces i n  ca l -  

careous sediments are not  the r e s u l t  o f  low achievable coe f f i c i en t s  o f  

f r i c t i o n  between calcareous sediments. Since the coe f f i c ien ts  o f  f r i c -  

t i o n  o f  calcareous sands are comparable t o  other sands, low f r i c t i o n ,  

then, must be a t t r i b u t a b l e  t o  low normal force. Deep-ocean sand (foram- 

i n i f e r a l  sand-s i l t )  exh ib i t s  one possib le cause f o r  low developed normal 

force. The volume change dur ing t e s t i n g  ind ica ted  a  considerable volume 

decrease dur ing development o f  r e s i s t i n g  f r i c t i o n  force, probably due t o  

crushing o f  the ske le ta l  s t ruc tures and she l l  fragments. Penetrat ion o f  

a  p i l e  i n  such a  mater ia l  would crush the hol low she l l  mater ia l  w i t h  

on ly  a  minimal increase i n  e f f e c t i v e  s t ress o f  the surrounding mater ia l .  

Quot ing from Valent (Ref 19): 

1. The calcareous sediments tested, and presumably calcareous 
sediments i n  general, develop coe f f i c i en t s  o f  f r i c t i o n  against  
s tee l  and concrete bu i l d i ng  mater ia ls  t h a t  are comparable t o  
those developed by quartz-type sands. Thus, the p o s s i b i l i t y  
o f  low c o e f f i c i e n t s  o f  f r i c t i o n  being responsible f o r  the 
observed low f r i c t i o n  forces on dr iven p i l i n g  and other  pene- 
t r a t o r s  i n  calcareous mater ia ls  i s  r u l ed  out. 

2. The observed large volume decreases dur ing shear o f  the 
foramini fera1 sand-s i l t  are probably responsible f o r  the low 
developed f r i c t i o n  forces i n  these hol low-shel led mater ia ls.  
Such la rge  volume decreases a t  nonincreasing normal load imply 
dens i f i ca t i on  i n  the f i e l d  wi thout  accompanying increases i n  
normal s t ress on the penetrator  surface. 

3. Low developed f r i c t i o n  forces i n  other calcareous mate- 
r i a l s  may a r i se  from a s i m i l a r  mechanism i nvo l v i ng  a  hypoth- 
esized loose, bu t  cemented, s t ruc tu re  f o r  the so i  1  mater ia l .  
The app l i ca t ion  o f  shear stresses dur ing penet ra t ion would 
cause col lapse o f  t h i s  s t ruc tu re  t o  a  denser, bu t  s t i l l  loose, 
arrangement. 

P i l es  i n  Calcareous Sands 

Calcareous sands, as discussed, are noted f o r  loose arrangement o f  

p a r t i c l e s  l i g h t l y  cemented t o  form a s t ruc tu re  t o  support other layers  

wi thout  compacting. However, upon shearing, the s t ruc tu re  i s  destroyed, 



breaking the cement bonds; the loose-grained s t r uc tu re  then compacts and 

dens i f ies .  The sand (Lade sand) i s  a  very loose sand (30% r e l a t i v e  

densi ty)  and, as such, i s  a  "manufactured" sand t h a t  would no t  occur i n  

nature. The p roper t ies  o f  t h i s  mate r ia l  might q u a l i t a t i v e l y  be expected 

t o  represent the  c o n s t i t u t i v e  behavior o f  a  calcareous sand. 

To analyze a  p i l e ' s  load capaci ty using the e f f e c t i v e  s t ress  s o i l  

model, the  mesh i n  Figure 39 was used. This mesh simulates a  p i l e  

a l ready i n  p lace ( i . e . ,  no t  the  d r i v i n g  o f  the  p i l e ) .  Hor izonta l  and 

v e r t i c a l  springs were used t o  j o i n  the  p i l e  t o  the s o i l  f i e l d  t o  simu- 

l a t e  the  i n t e r f ace  and a l low f o r  p i l e  movement. Unfor tunately,  DYNAFLOW 

permits on ly  e l a s t i c  spr ings a t  t h i s  time. 

The s o i l  p roper t ies  used were those o f  Lade sand. The mater ia l  

p roper t ies  simulate the cond i t i on  o f  the s o i l  a f t e r  placement o f  the 

p i l e .  No dens i f i ca t i on  occurs, s ince the  p i l e  i s  i n  p lace a t  the s t a r t  

o f  the analysis.  A p red i c t i on  o f  p i l e  capac i ty  was made by using con- 

vent ional  techniques found i n  Figures 32 and 33 adjusted t o  the problem 

condi t ions b u t  w i thout  densi f i c a t i o n .  Results i nd ica ted  a  p i l e  res is -  

tance i n  normal average cohesionless sand o f  a t  l e a s t  1,500 kg w i t h  

about 150 kg o f  t h a t  i n  s ide f r i c t i o n  and the  remainder i n  end bearing. 

Load Settlement o f  the P i l e .  Figure 40 shows the  load set t lement 

o f  the p i l e .  Several values were t r i e d  f o r  the sp r ing  constants. 

Results show the p i l e  experiences la rge  sett lements between 300 and 

400 kg. Figure 37 shows the  d i s t r i b u t i o n  o f  fo rce  w i t h i n  the p i l e  f o r  

th ree load leve ls .  Note t h a t  most o f  the  increase i n  load i s  due t o  

sk i n  f r i c t i o n .  Figure 4 1  shows the d i s t r i b u t i o n  o f  fo rce  along the  p i l e  

a t  a  p o i n t  i n  the load ing having a  force o f  300 kg app l ied a t  the top o f  

the  p i l e .  The r e s u l t s  i n  Figure 4 1  show about one-half  t o  two- th i rds  o f  

the load i s  taken i n  s k i n  f r i c t i o n .  The sk i n  f r i c t i o n  p o r t i o n  o f  the  

load agrees w i t h  the  p red ic ted  values; however, the end bear ing i s  

subs tan t i a l l y  less.  It i s  important  t o  note t h a t  the sand used (Lade 

sand) had a  r e l a t i v e  dens i ty  o f  on ly  30% which i s  so loose i t  does no t  

occur i n  nature b u t  i s  "manufactured" i n  the laboratory.  The l e v e l  o f  

load ing i s  about one-fourth t h a t  o f  a  p i l e  i n  normal sand, which i s  the  



l e ve l  expected from experience i n  calcareous sands. Figure 42 shows 

contours o f  p r i nc i pa l  st ress around the p i l e  a t  a t y p i c a l  load step. 

These show t y p i c a l  pat terns,  as expected; the l eve l  o f  s t ress below the 

p i l e  t i p  would be on the l a s t  surface a t  y ie ld .  

Results show t h a t  the order o f  magnitude o f  the p i l e  capaci ty i n  

calcareous mater ia ls  i s  pred ic ted cor rec t l y .  Further, the f r i c t i o n  

developed on the sides o f  the p i l e  i s  a t  the expected l eve l ,  no t  sub- 

s t a n t i a l l y  reduced from normal sands. The amount o f  end bearing i s  

s l i g h t l y  dependent on the v e r t i c a l  spr ing constant. Use o f  nonl inear 

springs would have allowed s l i p  t o  occur, t r ans fe r r i ng  more load i n t o  

end bear ing when exceeding some l oca l  s l i p  leve l .  

P i l e  Behavior Under Cyc l ic  Loading. Next, p i l e  behavior under 

c y c l i c  loading was examined. The appl ied loading consisted o f  c y c l i c  

v a r i a t i o n  o f  the v e r t i c a l  load on the p i l e .  I n  one case, the loading 

was cycled i n  "one-way" loading (zero minimum and spec i f i ed  maximum) and 

i n  "two-way" l oading (a1 t e rna t i ng  compression and tension). The f i r s t  

example was a t  a r e l a t i v e l y  low l eve l  o f  loading for  the model p i l e  

(about one-seventh o f  y i e l d ) .  Figure 43 shows the s t ress beneath the 

p i l e  t i p  f o r  one-way loading (0 t o  50 kg); Figure 44 shows the shear 

stress contours around the p i l e .  Figure 45 shows the stress beneath the 

p i l e  t i p  f o r  two-way loading (-50 t o  50 kg); the shear stress p l o t  i s  

s i m i l a r  t o  t h a t  o f  Figure 46. Note t h a t  the t i p  forces reduce w i t h  

loading, t r ans fe r r i ng  more t o  f r i c t i o n  t o  maintain load leve ls .  

Figure 46 shows the t y p i c a l  contact  element force, a measure o f  f r i c t i o n  

between the s o i l  and p i l e .  Note the gradual bui ldup i n  the two-way 

1 oadi ng case. 







Contours in glcm' 

Figure 42. Contour of principal stress around pi le .  



(a) Horizontal stress. 
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(b) Vertical stress. 

Figure 43. Horizontal and vertical stress of pile in soil 
field - cyclic load, 0 to 50 kg (soil element 
beneath pile tip). 



Figure 44. Shear stress contours of p i le  in so i l  f i e ld  - cyclic 
load, 0 to 50 kg. 



Load Step 

Figure 45. Horizontal and vertical  s t r e s s  of p i l e  in so i l  
f i e l d  - cyclic load, -50 t o  50 kg ( so i l  element 
beneath p i l e  t i p ) .  



- Cyclic load, 0 to 50 kg -- Cyclic Id,  -50 to 50 kg 

Figure 46. F r i c t i o n  force i n  p i l e  i n  s o i l  f i e l d  w i t h  cyc le  loads o f  
0 t o  50 and -50 t o  50 kg. 

The loading was increased t o  about 40% o f  y i e l d .  Figure 47 shows 

the d i s t r i b u t i o n  o f  force w i t h i n  the p i l e  f o r  both one-way and two-way 

loading f o r  the f i r s t  and f i f t h  cycles. Note the increase i n  f r i c t i o n  

loading i n  the  p i l e  w i t h  two-way loading, showing the degradation w i t h  

c y c l i c  loading. Note a lso t h a t  f o r  both cases the f r i c t i o n  increases 

more i n  the lower h a l f  o f  the p i l e .  Figure 48 composes the t y p i c a l  

contact  element force, again showing the increase i n  f r i c t i o n  w i t h  each 

cycle. Figures 49 and 50 show the s t ress beneath the p i l e  t i p .  Both 

drop o f f  w i t h  each cycle; however, the two-way load ing does so a t  a 

f a s t e r  ra te .  Figure 5 1  shows the p i l e  settlements f o r  both cases. Note 

t h a t  the change i n  sett lement between the f i r s t  and f i f t h  cyc le  i s  over 

fou r  times greater f o r  the two-way loading. Figure 52 shows the de- 

formed mesh f o r  the one-way loading; the mesh would be s i m i l a r  f o r  the 

two-way 1 oadi ng. 

The load ing was increased t o  80% o f  p i l e  capacity, and the one-way 

load ing case was t r i e d .  This load exceeds the f r i c t i o n  capaci ty by 

i t s e l f ,  so two-way loading could not  be used. Figure 53 shows the  

s t ress beneath the p i l e  t i p ,  and Figure 54 shows the deformed mesh. 

Fa i l u re  occurs between steps 70 and 80. Figure 55 shows the shear 

stress contours around the p i l e  a t  steps 10 and 70. More s t ress  i s  

t rans fe r red  from t i p  end bear ing t o  s ide f r i c t i o n .  



Pile Load (kg) 
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----- Cyclic load, 1st cycle - Cyclic load, 0 to 150 kg, 5th cycle 

- - Cyclic load, -150 to 150 kg, 5th 
- 

Figure 47. D i s t r i b u t i o n  o f  fo rce w i t h i n  
p i l e ,  f i r s t  and f i f t h  c y c l i c  
1 oads . 

Load Step 

Figure 48. F r i c t i o n  force i n  p i l e  i n  s o i l  f i e l d  w i t h  c y c l i c  loads o f  
0 t o  150 and -150 t o  150 kg. 



I 1 --- -- -..,- t-.~ 
Load Step 

--+ 4 ----- + 
[ X 10 11 

f -------+ + ;I 

Figure 49. Pile in soi l  f i e l d  - cycl ic  load, 0 to  150 kg (so i l  
element beneath p i l e  t ip ) .  
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Figure 50. pile in soil  f ie ld  - cyclic load, -150 to 150 kg (soil  
element beneath pile  t ip) .  
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Figure 51. P i l e  i n  s o i l  f i e l d  - cyc l ic  load ( p i l e  settlement). 



Scale factor = 1.25 

(a) Step  10. 

Scale factor = 0.25 

( b )  Step 20. 

'Scale factor = 1.25 kale  factor = 0.25 

( c )  Step 30. (d)  Step 40. 

Figure 52. Deformed mesh - cycl ic  toad, 0 t o  50 kg. 



Load Step 

Figure 53. P i l e  i n  s o i l  f i e l d  - cyc l ic  load, 0 t o  300 kg (so i l  element 
beneath p i l e  t i p ) .  



Scale factor = 7.05 

(a)  Step 10. 

Scale factor = 1.13 

(b) Step 20. 

Scale factor = 7.36 

( c )  Step 30. 

Scale factor = 1.33 

(d)  Step 40. 

Figure 54. Deformed mesh - c y c l i c  load, 0 t o  300 kg. 



'Scale factor = 7.58 Scale factor = 1.52 

(e) Step 50. ( f )  Step 60. 
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Figure 54. Continued. 





The c y c l i c  r e s u l t s  c l e a r l y  show the degradation o f  the p i l e  under 

c y c l i c  loading. Results show the  two-way loading causes more degrada- 

t i on ,  as expected. The model appears t o  be performing we l l  i n  predic-  

t i n g  the q u a l i t a t i v e  p i l e  behavior, p a r t i c u l a r l y  the sett lements 

(Figures 37 and 51). 

The p i l e  problems were repeated f o r  the undrained case i n  which the 

water t ab le  was a t  the surface. Figure 56 shows the load sett lement 

curve. The o r i g i n a l  load increment used i n  the drained problem above 

was too coarse f o r  the undrained problem and produced an i n s t a b i l i t y  a t  

y ie ld ing .  The load step was reduced, and the so lu t i on  proceeded i n  a 

sa t i s f ac to r y  manner. The p i l e  capaci ty was about 250 kg, lower than the 

350 kg i n  the drained case. The loading was cycled i n  one-way and 

two-way condit ions. Figure 57 presents the d i s t r i b u t i o n  o f  force w i t h i n  

the p i l e ,  showing the increase i n  f r i c t i o n  w i t h  cyc l ing,  as w i t h  the 

drained case. F r i c t i o n  i s  s l i g h t l y  greater  i n  t h i s  case. Figures 58 

and 59 show the s o i l  s t ress beneath the p i l e .  The end bear ing s t ress 

drops o f f  w i t h  cyc l ing,  showing the s h i f t  t o  f r i c t i o n .  The two-way 

loading has a f as te r  degradation, as c l e a r l y  shown i n  Figure 60, which 

shows the settlement. The two-way load ing produces a more permanent 

sett lement d i f f e r e n t i a l  a f t e r  the f i f t h  cycle. Figure 6 1  shows the pore 

pressure i n  the s o i l  beneath the p i l e  t i p .  The pore pressure r i s e s  t o  

about three-quarters o f  the cont inuing s t ress and then drops o f f  as the 

load i s  s h i f t e d  t o  f r i c t i o n  on the sides. Figure 62 shows the f r i c t i o n  

force. Note the degradation e f f e c t s  w i t h  cyc l i ng  as load drops o f f  w i t h  

each cycle. 





Load Step I x 10 11 

Load Step 
( X 10 1) 

Figure 58. P i l e  i n  s o i l  f i e l d  - c y c l i c  load,  0 t o  150 kg ( s o i l  element 
beneath p i l e  t i p )  (wi th  water t ab le ) .  



Figure 59. Pile in soi l  f i e ld  - cyclic load, -150 to  150 kg ( so i l  
element beneath pi le  t i p )  (with water table). 
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Figure 60. Pile in so i l  f i e ld  - cyclic load (pi le  settlement) (with 
water table). 
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Figure 61. Pile in soil field - cyclic load (soil element beneath pile 
tip) (with water table). 
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Figure 62. P i l e  i n  s o i l  f i e l d  - f r i c t i o n  force i n  p i l e  (w i th  water 
tab1 e). 

CONCLUSION 

I n  t h i s  work the accuracy and a b i l i t y  o f  the Prevost s o i l  model has 

been compared t o  laboratory  t e s t  data. Results show favorable agree- 

ment. The model has been implemented i n t o  a f i n i t e  element code o f  

considerable s igni f icance. The f i n i t e  element formula t ion al lows f o r  

computation o f  e f f e c t i v e  stresses, pore pressures, and f l u i d  f l ow under 

s t a t i c  and t r ans ien t  loadings. The mater ia l  proper t ies  requ i red t o  

u t i l i z e  the Prevost s o i l  model are determined by conventional s t a t i c  

t r i a x i a l  compression and extension tes ts .  Once these t e s t  data have 

been obtained, the formulat ions o f  requ i red i npu t  parameters t o  quan t i f y  

the proper t ies  o f  the s o i l  are determined by an automated procedure. 

Several demonstration problems i l l u s t r a t i n g  the c y c l i c  degradation 

c a p a b i l i t y  o f  the s o i l  model have been performed w i t h  successful re-  

su l t s .  A t  t h i s  p o i n t  the model has been shown t o  agree reasonably we l l  

w i t h  laboratory  t e s t s  which impose known simple load ing states. Actual 

data o f  f i e l d  behavior i s  very l im i ted .  The demonstration cases show 

the model performs cons is ten t l y  w i t h  f i e l d  experience; however, more 



quan t i t a t i ve  data comparison i s  required. The s o i l  p roper t ies  are 

dependent upon the s t ress-s ta te  ex is t ing ,  which i s  a func t ion  o f  the 

type o f  loading condi t ion o r  s t ruc tu re  constructed a t  a s i t e .  Thus, 

actual  case studies must have the complexity o f  eva luat ing mater ia l  

proper t ies  c o r r e c t l y  before evaluat ion o f  response under load can be 

evaluated. I n  addi t ion,  v e r i f i c a t i o n  o f  the model under more complex 

stress s ta tes i n  which drainage occurs i s  required. 

It i s  recommended t h a t  t h i s  procedure be t r i e d  i n  a f i e l d  study 

where actual  f i e l d  data can be obtained and u t i l i z e d  i n  a demonstration 

boundary value case study. Va l ida t ion  o f  the model and code i n  a quan- 

t i f i e d  environment should be performed. A su i tab le  bench mark must be 

obtained upon which ana l y t i ca l  r esu l t s  can be compared. 
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