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Preface 

The information corltai~led in this report was developed on research study 2-5- 
62-33 entitled "Piling Behavior" which is a cooperative research study sponsored 
jointly by the Texas Highway Department and the U. S. Department of Transporta- 
tion, Federal Highway Administration, Bureau of Public Roads. The broad objec- 
tive of this project is to fully develop the use of the computer solution of the wave 
equation so that it may be used to predict driving stresses in piling and also to esti- 
mate static load-carrying capacity of piling from driving resistance records. 

This report concerns itself with an instrumented field test pile used to investigate 
the failure mechanisms rthich are developed in clay soils subjected to pile driving 
and foundation loadings. The ultimate load response of the pile-soil system was 
evaluated for both dynamic and static loadings. A test pile instrumented with 
pressure transducers, strain gages, and accelerometers was driven into a saturated 
clay at a site in Beaumont, Texas. 

Measurements of strains and acceleration of the pile were taken during driving. 
Pore pressure measurements were made at the pile-soil interface for a continuous 
period of 30 days after driving. Strain measurements were made during static load 
tests at 13 days and 30 days after driving. Soil borings were made for the in-situ, 
remolded, and reconsolidated conditions and at specific radial distances from the 
pile. Conventional tests were conducted on the soil samples to measure the changes 
in engineering properties for the different conditions. 

The most important single result of this study has been the determination of the 
mode of failure developed when a steel pile is driven and loaded in a cohesive soil. 
Both static and dynamic load responses for the pile-soil system considered in this 
study are a function predominately of the soil properties within the region of local 
shear failure. The region of local shear failure is in turn a function of the pile 
diameter. 

The opinions, findings, and conclusions expressed in this report are those of 
the authors and not necessarily those of the Bureau of Public Roads. 
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9 Pile-Soil System Response in Clay as a Fuizction of Excess 
I Pore Water Pressure and Other Soil Properties 

CHAPTER I 
INTRODUCTION 

iVature of the Problem 

The response of soils to static load systems has been 
explored for some years primarily because such systems 
are encountered frequently in practice. On the other 
hand, response to dynamic loacl systems is becoming a 
pressing matter with the advance of technology. thus 
dictating attention. A typical example concerns the 
interaction of a pile during the driving operation and 
its supporting soil. Often ignored in the application of 
equations of applied mechanics to the description of soil 
failures is the complex nature of soil as an engineering 
material. Soils, as opposed to manufactured enpineer- 
ing materials, are subject to change in engineering prop- 
erties both with load application and time. This re- 
auires adiustment of the c o m ~ l e x  soil structure to the 
kew enviiorlment created by ;he applied load. Large 
discrei~ancies often occur between full scale load test 
capacities and those calculated by existing theories. This a i5 particularly true when the parameters for the theoreti- 

\ cal calculations are not well defined. Progress has been 
made in soil mechanics research and practice toward 
development of sampling and laborator!, test techniques 
for establishing engineering properties of soils in nature. 
It is considered that more effort should no)\ be made 
toward the determination of modes of soil response and 
ultimate failure mechanisms as a function of soil con- 
ditions ~ t h i c h  may vary with time and manner of load 
application. 

Prior Research 

Many authors have investigated the modes of soil 
response and ultimate failure mechanisms associated 
with dj-namic and static foundation loadings. Much of 
the pioneer work in this area was accomplished by 
Terzaphi (34) ,"  I+-ho proposed modes of soil response 
to vertical and horizontal static loading for foundations 
of various c1el)ths. The basic concepts of Terzaghi have 
heen extended by hleyerhof 120 1 to be t~e r  tlescril~e 
ol~served behavior in the field. Siniilarlv. efforts have 
been made to\\-ard in\ es t i~a t ion  of the d! narnic response 
of soils. Both Terzachi 13.21 and Timoshenko ( 3 7  I 
in~est igated the elastic response of soil subjected to 
periodic motions imposed by flat slabs. Analysis of the 
sanle case has been extended by Reissner ( 2 6  ) and Paul\- 
( 2 3  1 to include the effect of soil mass uuon this t v l~e  of 3 8 

response. Investigations into the elastic response of soils 
when subjectecl to various t!pes of pile loadings have 
been conducted b! Cliellis ( 7  and Barkan (1  ) .  Soil 
response during driving of a pile into a soil medium has 

been studied in relation to its effect upon the stresses 
developed in piling (13)  (27) (28) (15) (16) (34).  

Purpose and Scope oJ Research 

The purpose of this study was to present a general 
concept of the development of failure mechanism in soils 
*Numbers in parentheses indicate references listed near 
end of report. 

subjected to pile foundation loadings. The adequacy 
with ~vhich the theories of applied mechanics describe the 
failure mechanism developed in a pile-soil system was 
evaluated by measuring soil disturbances and mechanical 
responses of the pile. The ultimate load response of the 
pile-soil system developed within this failure mechanism 
was evaluated for both dynamic and static loadings. 

PICIII of Research 

In order to accomplish the objectives of this re- 
search, a test pile instrumented with pressure transducers, 
strain gapes, and accelerometers was driven into a satu- 
rated clay soil and instrument measurements were re- 
corded. Conventional static and a few newly developed 
djnamic soil tests were performed upon soil samples 
obtained at specific radial distances from the pile. The 
purpose of the conventional tests was to measure changes 
in the engineering properties of the soil when subjected 
to various states of disturbance. Direct observations of 
soil structure disturbance were obtained by means of 
X-ray absorption techniques. 

Since the number of borings was limited. due to 
their interference with other tests, indirect measurements 
of soil disturbances due to driving were obtained by 
measurement of pore water pressures at  the pile surface. 
The purpose of such measurements was to determine the 
mathematical model most accurately describing field 
pore ~ a t e r  pressure dissipation patterns as a function 
of various magnitudes and dimensional extents of soil 
disturhances due to driving. Pore pressure observations 
rtere also used as an indication of soil disturbances as- 
sociated a i t h  static loadinc to failure. 

hIeasuren~ents of strains and accelerations of the 
pile were made during driving. They were used in con- 
junction with a computer program simulating the ph!si- 
cal s!ste~n in order to obtain a measurement of the mag- 
nitude and distribution of the dynamic soil response 
during driving. Readings of strain were used during 
static load tests, performed approximately two and four 
~ t eeks  after driving, in order to evaluate the changes 
in magnitude and distribution of static soil response 

ith time. 

.PAGE O N E  



CHAPTER I1 
1'IIEOI~lES OF SOIL FAILURE 

Failure of soils is usually classified in tlie literature 
as falling into two categories: local shear and general 
shear failures ( 3 4 ) .  Individual cases of failure are 
classified according to total load transmitted, time rate 
of deformation occurring prior to failure. general type 
of foundation, and soil properties. A failure mode rang- 
ing from local to general shear failure is assumed for a 
specific case, and a theoretical load bearing capacity 
calculated according to the mathematical analysis of the 
assumed failure. The various mathematical analyses 
describing shear failures encompass varying dimensional 
extents of material involved in the ultimate load response 
of the foundation soil system. It is proposed in this 
report that the terms local and general shear failure be 
differentiated according to the effect produced by such 
failure upon the structure of the soil. It  is further pro- 
posed that, in general, complete failure of soils is a com- 
bination of these two t jpes of shear failure. The relative 
extent of each of these t \ \o  t j  pes of shear failure \tithin 
the complete failure mechanism is determined by the 
engineering properties of the soil. The over-all dimen- 
sional extent of the soil involved in the failure mecha- 
nism is intimately associated ~ i t h  the susceptibility of 
the particular soil involved to volume change during the 
time interval of load application. 

Soils may be classified into t ~ o  broad categories: 
cohesionless and cohesive (32 I .  Cohesionless soils, such 
as sands. exist in a state of direct particle contact. Co- 
hesive soils, such as clays, possess a layer of moisture 
about each particle that is bound to it by electrostatic 
charge of the particle. In the unconsolidated state the 
bound layers of water serve as the interparticle contacts 
of the randomly oriented clay particles. As consolida- 
tion progresses and free water is moved out, the particles 
displace the layers of bound water and bear more directly 
upon each other in a denser arrangement. These layers 
of bound moisture impart to clay soils many of their 
unique properties ( 5 )  12) (14 ) .  

Another factor which must be considered in the 
loading of saturated soils is the effect of free water con- 
tained in the voids between the soil particles. Due to 
the impermeable nature of clay soils and the short time 
duration of dynamic loadings, this free pore water is, 
during loading, trapped within the confines of its local 
void. Load transfer is then accomplished by the soil 
particle-pore water system. The response of a. saturated 
clay subjected to loading was first envisioned by Ter- 
zaglii ( 3 4 ) .  According to his consolidation theory. 
nhen a cia!- is initially loaded. practically all of the 
imposed load is trc~nsferred to tlie i~~compreesi l~le pore 
~ s t e r .  Thr  resultin; in the pore water causes 
flo~v a\\-a)- from the immediate regions of load applica- 
tion. Equalization of pressure \\.it11 the surrounding 
mediuln produces a miyration of a 1-olume of pore water 
from this r e ~ i o n .  The soil particle structure assumes a 
denser arrangement and supl)orts tlie inil)osed load. The 
time required for the attainment of this denser arrange- 
ment is a function of the permeability of the soil. Ter- 
zaghi referred to this process of slow change in soil 
structure and pore water dissipation as consolidation. 

I-le found a change in the engineering properties of the 
soil associated with this consolidation (32). 

This same process occurs within the short time 
intervals of dynamic load application. In such cases 
the soil may fail locally with large relative movements 
of particles resulting in a completely disrupted particle 
structure, or, it may yield as a mode of general displace- 
ment in the form of large translations of the undisturbed 
soil structure. The soil structure in this latter case moves 
as a unit with only minute relative movements between 
particles. Thus, a local shear failure would result in a 
new soil particle arrangement with greatly altered engi- 
neering properties. Soil involved in a general shear 
failure would experience little change in its engineering 
properties. 

I,ocal SIzear Failure 

The interaction of these two types of yield may be 
described analytically by the theories of elasticity and 
plasticity. The region of local shear failure developed 
immediately adjacent to the pile is the result of hori- 
zontal pressures and displacements due to the insertion 
of the pile into a position previously occupied by a soil 
volume. Further disturbance results from vertical shear 
and displaceme~it occurring as the pile moves through 
the soil with each hammer blow. It is visualized that 
a given region of soil is brought to a complete plastic 
failure by the horizontal forces, then displaced while in 
this condition by the vertical forces. The dimensional 
extent of these deformations away from the pile-soil 
interface is greater than could be explained by sliding 
friction alone. The conditions governing the dimen- 
sional extent of local plastic yield in the soil can be 
computed by applying the theories of elasticity and plas- 
ticity (37 )  (10) ( 2 2 ) .  The physical system is shown 
in Figure 2.1. The region undergoing local shear failure 

, PLASTIC REGION ,' 
\,, (LOCAL S H E A R I ~ , ~ '  -. 

'--,--,,--'* ELASTIC REGION 
(GENERAL SHEAR) 

SIDE VIEW 1 . . 
I 
I I PILE I PLASTIC ] ELASTIC 
I REGION ' REGION - 

Figure 2.1 Local shear system. 
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DISTANCE I N  RADI I  

Figure 2.2. Local slrear disturbance frorr~ Soderberg 
(31).  

corresponds to the region in the 111astic state as presented 
in applied mechanics texts. The region in general shear 
failure corresponds to the material in the elastic state. 
Nadai ( 2 2 )  has presented the analytic solution for the 
stresses develoued in such a system. In simi~lified form. 
(based on constant volume assumption) stresses devel- 
oped in the region of local shear failure r 5 a are: 

- M-here: cr, - yield stress in pure tension 
a, = radial stress 
at = tangentinal stress 
az = axial stress 
r = variable radial distance 
a = raclial extent of local shear 

disturbance 

Stresses in the elastic region, or the region of general 
shear failure r a are : 

SO1lerl~ers I 31 I \1;1$ ntiplit~~l l adn i ' s  solutiun to thy 
rase of local shear fnilurr i n  the soil arouncl n pile and 
determined the relative pressures ant1 radial extent of 
disturbance according to this theory to be as shown in 
Figure 2.2. 

Alternate approaches to the dimensional extent of 
soil disturbed in general shear failure under static load 

hale  been presented in tlie lite~ature. One approach is 
haset1 upon tlie Mohr shear strength theory (21 ) .  Ac- 
cording to this theory, failure occurs when the ultimate 
shear strength of the material in the vicinity of the pile 
surface is reached. Extensions of this theory increase 
the allowable ultimate bearing capacity by recognizing 
the effects of overburden pressure. One of the first true 
recognitions of general shear failure was presented by 
Terzaghi ( 3 4 ) .  He utilized the theory to describe a 
yield mechanism at the base of the foundation. Further, 
there was superimposed a surcharge upon this failure 
nlechanism equal to the weight of the overlying ma- 
terial as shown in Figure 2.3. More recently, Meyerhof 
( 2 0 )  has presented a mathematical extension o i  Terza- 
ghi's basic failure mechanism. The mode of failure 
envisioned by Meyerhof's approach is as shown in Figure 
2.4. A concept for a special circumstance of general 
shear failure has heen developed hy Thompson (36) for 
the case of extreme high speed penetration of missiles. 
The Thompson concept envisions a mode of failure as 
sho~vn in Figure 2.5. Mechanisms of failure have been 
observed in both model and full scale tests carried out 
by Thompson which tend to verify his theory in the case 
of high speed, frictionless, single stroke penetrations. 

It can be noted by careful examination of these vari- 
ous theories of general shear failure that the dimensional 
extent of the failure mechanism developed depends upon 
the susreptibility of the material to volume change dur- 
ing the period of load al)plication. The relation of the 
dimensional extent of the general shear failure as a 
function of the suscel~tihility of the material to volume 
loss permits a possible explanation for the very high 
11earing capacities of dense cohesioriless materials. If 
a greater volume is brought into the engineering response 
of the soil in the form of general shear failure than that 
envisioned by current theories, then a higher load carry- 
ing capacity may be developed than predicted by these 
theories. 

Proposed Failure Tlzeory Applicable to a Pile 

Ldr.ive~z Irzto a Cohesive Soil 

If all aspects of soil structure change and pore 
~zater  pressure response of a pile-soil system are con- 
sidered, a model of the failure mechanism can be formu- 
lated. I t  is proposed that the susceptibility of a satu- 
rated clay to volume change during short time interval? 

Figure 2.3 General shear Figure 2.4. General shear 
failure of Terzaghi. failure of Meyerhof. 
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Figzl7e 2.5. General shcjnr Figrrle 2.6 Generrtl s l~ear  
failure of rapid single jailrrre gerzernted by clriv- 
stroke perzetmtion. i ng  pile into satrrrated co- 

Ilesizw soil. 

of d j  rlamic load apl)lications encounteterl in pile cliiving 
\\ill result in  the development. ~ i t l t  each hammei 1 1 l o ~ .  
of a f a i l u ~ e  mechanism involving a certain 1 olunle of soil. 
The dimensional extent of shear failure ui l i  va r j  ~ i t h  
particular soils and rates of load aplllication. hut  ill 
develop in general according to Figure 2.6. While the 
shear failure mechanism thus developed results f rom 
point load application, a very important part of the load 
response of a pile driven into a clay t1evelol)s along the 
length of pile in the form of surface friction. 

As shown in Figure 2.7. the. greatest relative move- 
ment occurring in the soil along the length of a pile, as 
it is  driven into the ground. takes place a short distance 

'\froin the surface of the pile within the region of local 
shear failure. The  .soil is forced from its natural state. 
to  a denser arrangement in  the zone of local shear failure. 
This alteration is due initially to the disturbance aboul 
the passing tip and then from the lateral pressures -and 
displacement as the 'pi le  length moves into the region. 
There is a build up in pore pressure throughout the area 
of local shear failure. Accomllanying this process is a 
continuing r n o ~ ~ e m e n t  of t h e '  pile surface through the 
region. The failure zone close to, but not on, the pile 
surface associated with this movement liroduces a some- 
what less dense particle arrangement, while movement 
is still in progress. lowering locally within this failure 
mechanism, the excess pore water pressure produced by 
the initial ~ i e l d .  This tends to draw moisture from the 
surrounding soil to the failure zone and accelerates the 
yield process. Upon cessation of movement. pore water 
pressure near the ~ l i l e  surface rises for  a time as  this 
region of yield and movement assumes a denser arrange- 
ment until general equilil)rium exists in the entire region 
of local shear failure. I)issil)atio~l of r s c w s  porr  water 
],repsure occurs simultaneousl!- at 111e outer f r i n ~ e s  of 
the rrri , ,n of lot,al 5hr3r into the Ir5s distul.hed ?enera1 
shear re?ion. This 1,roress continues. allo\ving tllr soil 
s t r~~c- turc  to assrlmcx a clrnsrr a r ~ . a ~ l g c ~ m r ~ l t  in a consoIi- 
dat ior~ ~)rocess. the sl)eed of \\-hich is a func\tion of the 
soil structures ~ i t l ~ i n  the regions of shear failure as  \\-ell 
as  in the undistul~l)e(l soil. 

1-11011 static loadinr  to ultimate heal ing c a p a c i t ~  
and plunge. the same piocess is. to a lesser d e g ~ e e .  
repeated. T h e  failure rnechanisni a t  the point tletelops 
in this case according to the theor\ of Me)erhof. The  
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tlerlse soil sttuctuie in the immediate vicinity of the pile 
sur face ) ields ant1 relative movement occurs between 
soil palticlea. iesultinp. du l ins  movement. in a less dense 
*oil at ~arlgemt~nt .  I ' pon  (~e~sC1tion of ~ n o \ ~ e ~ n e n t .  the soil 
511 il('turc, ~ e t u l n s  to a clertqcr arlangenient. As shown in 
I.'igute 2.7, the region of l a ~ g e  relalive movements be- 
t\+een soil 1)aiticles slioul(l lle much more local for the 
case of failule due to static loading than for  the dynamic 
failures ~ h i c h  take place during driving. This  is at- 
tributed to the fact that contact between soil particles is 
much better develol)ed after the excess pore water pres- 
sures created d u ~ i n g  driving habe dissipated. Static 
failure of the soil structure assumes the form of a frac- 
ture pattern as  opposed to the dynamic flow pqttern 
develolletl during driving. As commonly observed in 
practice \\hen a pile is pulled f lom the soil, failure 
occurs within the soil rather than directly upon the pile 
surface. The  extensive palticle contact develol)ed by 
f l o ~ v  ancl pressure along the pile surface results in a 
higher adhesion at  the pile surface than that of the co- 
hesion in the soil a small radial distance from the pile 
surface. 

I t  is the conclusion of the authors, that location and 
dimensional extents of static and d jnamic  zones of fail- 
ure along the length of the pile are  as  shown in Figure 
2.7. The fracture and flow zone dimensions a re  based 
upon comparisons of the magnitudes and dissipation 
pdtlerns of excess pore water pressures resulting from 
the respective failures rather than a n  analytic analysis. 

Thus: pore pressures and soil structure combine to 
I)roduce a response which is an interaction of the two. 
Both static and dynamic load transfer is accomplished 
through a soil particle structure nh ich  is primarily a 
function of any unexpelled pore water pressures. 

LEXTENT OF L O C A L  
S H E A R  R E G I O N  

Figure 2.7. Soil failure adjacent t o  pile. 
e 



CHAPTER I11 
POItT: WATEIt l'I<ESSIIIEE FLIJCTlTATIONS ASSOCIATED 

WITH A PILE DRIVEN INTO A 
SATlTlZATED COHESIVE SOIL 

One of the most widel) observed wi hen omen on 
associated with various loadings of saturated cohesive 
soils is the fluctuation of pore 1zater pressure vith load 
application and time (34) .  Such has been the case also 
with the soil loadings associated with pile driving. The 
disruption of the saturated soil structure around the 
periphery of the pile results in a change in void ratio 
and subsequent change in pore water pressure of the 
relatively incompressible soil water. These changes in 
pressure then become involved in the already complex 
mechanism of load response of the pile-soil system. 
ITpon completion of loading, the differential between 
the pore water pressure in the immediate vicinity of the 
pile and that of the surrounding soil medium is reduced 
through a dissipation process. The magnitude and dura- 
tion of this differential is a function of the magnitude 
and dimensional extent of soil disturbance, as well as the 
permeability and diffusivity of the soil. 

Several authors have investigated the excess pore 
water pressures developed during pile driving and sought 
to correlate the dissipation of these pressures with the 
load-carrying capacity of the pile ( 9 )  (25) (31) .  

a Theory of Reese and Seed 

Reese and Seed 1251 noted that Terzaehi (34 )  had ' applied the equations of heat diffusion to' the problem 
of one dimensional consoliclation. and extended the 
analogy to the radial dissipation of excess hydrostatic 
pressure from the surface of a pile. The diffusion equa- 
tion is applicable to this case when expressed in the 
cylindrical coordinate system: 

where: u = excess hydrostatic pressure 
r = radial coordinate 
t = time 
E; = diffusivity constant 

Without going through the details of the solution. Reese 
and Seed used the solution for this equation as presented 
by Carslaw and Jaeger (4) : 

w 

where: A = J l ( v r l l  Y , , (vc~  - J, , (vc) Y I ( v ~ I )  
B = J l (vr l ' l  Y , , (v r )  - J , , (v r )  Yl(vr1) * u = excess h) drostatic pressure 

Q = strength of instantaneous surface 
source 

k: = diffusivity 
t = time 
v = dummy variable 
Jo = Bessel function of the first kind of 

order zero 
J l  = Bessel function of the first.kind of 

order one 
Y, = Bessel function of the second kind 

of order zero 
Y1 = Bessel function of the second kind 

' of order one 

In order to apply this solution, originally obtained 
for an instantaneous heat surface source acting over the 
surface r = c at t = 0 ,  to the problem of dissipation 
of excess pore water pressures, Reese and Seed were 
compelled to assume an instantaneous surface source of 
strength Q applied at the pile surface. Such an assump- 
tion was not illogical when the soil medium into which 
the pile was driven is assumed to behave as a viscous 
fluid. 

In order to obtain a practical relationship for the 
highly complex integral presented in the solution of 
Carslaw and Jaeger without resorting to involved numeri- 
cal procedures to accon~plish the integration, Reese and 
Seed performed certain mathematical simplifications. 
Noting that in order for the integral to have significant 
magnitude, v must be very small for large values of K t ,  
they ol~tained approximate evaluations of the involved 
Bessel functions applicable for the case of large values 
of time. Such relationships, which are reasonable for 
the values of time significant in the response of the pile- 
soil system, are as follows, for small x: 

2 
Yl (x)  Z - - 

7T X 

where: x = general variable 

Substitution of these simplifications into the integral 
allows the integration: 

- K v ' t  
u ere v d v  = - Q 

2 71. 47TI i t  

It may be noted that this solution is independent 
of the radius of the pile. Further, it  is assumed that all 
material exterior to the surface of the pile is of uniform 
diffusion characteristics. It is also based upon the 
assumption that the source of excess pore water pressure 
exists in the immediate area of the pile surface. 
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l'erhaps the most c o ~ r ~ ~ ) r e l ~ c ~ ~ i s i w  ar.tic.le to I)e found 
in the literature c*ollc.erniny the time effects of load 
response of the pile-soil s!-steln has been I)resented by 
Soderberg (31 ' ) .  I n  this article, Soclerberg has corre- 
lated a numerical solution to the I)roble~n of pore water 
pressure dissipation with the load response of several 
test piles reported in publications and private coinmuni- 
cations. Soderberg begins his approach with the basic 
theory of consolidation, as presented by Terzaghi ( 3 4 ) .  
Thus: the flow of water across a slnall finite element, 
bounded by radial dimensions, less the change i n  volume 
of water contained in the element, can be expressed as 
fo l lo~rs  : 

where: dV,, = volume of water contained by the 
element 

k = coefficient of permeability 
r = radius 
8 = angle 
y,, = unit weight of water 
u = hydrostatic excess pressure 

The  time derivative of the volume of water in the 
element is: 

where: e = void ratio of the soil 
Soderberg then substitutes ( a l , )  ( d u  1 for  de and defines 

and equates the tvo .  H e  notes that a t ,  is the horizontal 
coefficient of compressibility. Thus, the partial differ- 
ential equation becomes 

a u - -  
a t  - Cl, (2 + *) r d r  

This  solution requires that an average hoiizontal coeffi- 
cient of consolidation be assumed over the radial distance 
disturbed by driving. With this assumption, the above 
partial differential equation may be solved. Reese and 
Seed restricted their solution to one assumed initial 
excess pore pressure source. Soderberg, on the other 
hand, presents the dissipation curves to be expected 
according to two analyses of soil disturbances. These 
alternate analyses were derived from two l ~ a s i c  assump- 
tions of the behavior of soil as  an engineering material. 
One assumption is that the soil acts as  a p e ~ f e c t l ~  elastic- 
plastic ina te~ ia l .  The othel is that. at the instant of 
colnpletion of d r i ~  ing. the soil acts AS  n 1 iscous sul>stClnce 
~r l l i ch  \\il l  not ~ u p p o ~ t  tension. i.r.. ,I \ i s n u s  liquid. 

\\.ill1 l l ~ t x  t \ \  o ; I ~ I ~ ~ ~ I I ; I I ~ ~  i ~ l i l i t ~ l  1j01.c \ \  ; ~ l c r  
pressure distributions estilhlishecl. Soderherg duplicates 
the basic partial differential equation numericall!-: 

IT,, - 11,) 

u- - 2 u , ,  - U l  UL' - U 1  ( 3 . 7 )  
r 2 h,. 

where: TI,, = kjdrostatic excess pressure at  zero 
time 

h +  = chosen time interval 
u, = the h]drostatic excess pressure a t  @ 

t ime t 
h, = radial space increment referred to 

by subscripts 

Cl, ht If, in this equation, - is set a t  0.25 for  convenience 
hr" 

in  computation and plotting and radial distance r is 
replaced by the numerical nh,. where n refers to the space 
intervals f rom the point of consideration to the pile 
center, the equation reduces to: 

On the basis of this equation the curves shown in Figure 
3.1 as  presented by Soderberg may be  obtained: 

01 0.1 1.0 10 
r 2  

UNIT -!- 
Ch 

Figure 3.1. Inilia1 pore pressure patterns f rom Soder- 
berg (31). 

As Soderberg has  indicated, it is important to  note 
that, while the alternate curves differ with the initial 
disturbance assumed, since they are  both based upon 
Carslaw and Jaeger's mathematical solutions, they a re  

, where r l  refers to the radius of the a function of - 
4 C,, t 

pile. Thus, the lateral dimension of the pile along with 
the coefficient of consolidation of the soil determines the 
t ime required for  pore water pressure dissipation. 

The model d e s i ~ n e d  h!- Reese and Seed does not 
correspond sntisfac;orily to the recopized  ph!sical ori- 
gin of the excess pore water pressure :IS a function of 
~ h c  sizc of the pilr. The n ~ m ~ c r i c n l  ~nodc l  presented by 
Soderbery. on the other hand. incorporated the pile 
dimension as  \\-ell as an explanation of the ph!.sical 
origin of the excess pore water pressure. It  is considered 
to present the better description for long term dissipation 
patterns. Hobtever. it does not recognize the effect of 
the disruption of the existing soil structure in the region 
immediately surrounding the pile, which greatly influ- 
ences initial pore pressure dissipation patterns. On the 
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contralj.  it averages the soil properties of the various 
states of disturbance over tke eri;ire soi! medium. It is 
the intent of the authors at this point to propose a mathe- 
matical model uhich does take into account the radius 
of the pile and the soil permeabilit) and diffusion char- 
acteristics for the states of soil disturbance proposed in 
Chapter 11. Such a model will furnish a bet:er tlesc~ip- 
tion of initial pore plessure dissipations than the cur- 
renth available approaches. 

Immediately upon the completion of driving. there 
exists, within a radial distance of 4..5 radii from the pile 
center. a circumferential rezion of soil which has under- 
gone local shear failure and displacement. As presenter1 
in Chapter 11. this disturbance is due to the stresses 
imposed during driving. Within this region of disturb- 
ance. the disruptior~ and displacement of the existing soil 
structure results in an excess pore \\ater pressure. The 
region in which the soil has been subjected to general 
shear failure extends outward from a radial distance of 
4.5 radii from the pile center as shown in Figure 2.7. 
The soil structure uithin this region of general shear 
failure has remained essentiallj unaltered, and it is as- 
sumed for analvsis that the ~)ermeabilitv as  ell as tke 

1 

pore water pressure of this region remains, at this point. 
essentially unaltered. 

The differential equation describing this process is 
again, of course, the diffusion equation: 

where: u = excess hydrostatic pressure * K = diffusi~ it) constant 

The solution of this equation has been obtained 111 
Carsla~r and Jaeser ( 4 )  for the case of heat diffusion. 
The analysis is rather involved and will not be recapitu- 
lated here. In general terms, it involves applying a 
LaPlace transformation to the partial differential equa- 
tion for diffusion in order to ohtain an equation in 
terms of total derivatives. Then. simultaneous clifferen- 
tial equations can be written for the region o s r s a in 
vhich an excess h!drostatic pole uater  pressure ( o r  
initial temperature, in the original equation of Carslaw 
and Jaeger) exists, as well as for the outer regions r > a, 
where it is zero. 

Utilizing the existing boundary conditions, a solu- 
tion for these equations may be obtained. By use of an 
Inversion Theorem, as presented by Carslaw and Jaeger, 
this solution may be converted hack into terms of the 
original phj-sical parameters. The equations obtained, 
still in terms of heat transfer, are: 

where: the subscripted symbols are diffusion prop- 
erties of the two regions 
- 
3 .  

These expressions are obviously too complicated to 
il1us:rate the physical s ipif icance of the ~ a r i o u s ~ p a r a m e -  
ters. Following the same procedure as Seed and Reese, 
however. one may obtain a more simplified solution of 
these equations for the relatively large values of t of 
interest in this s:udy. Then for small values of u in 
the exljression, the approximations, with x as the general 
variable, are: 

Substituting these approximations into vl which corre- 
sponds to tke excess pore pressure within the local shear 
region, neglecting higher orders of small quantities, and 
simplifying the expression, the integral becomes: 

V K ,  - kl U" 

V l  =: - I e u d u  2 K2 I 

which may be integrated to obtain 

or in terms of previous expressions: 

where: Q = excess pore water pressure in region 
of local shear failure 

ul = excess pore water pressure in soil 
adjacent to the pile surface 

Kl = permeability of region of local shear 
failure 

K2 = permeability of region of general 
shear failure 

kl = diffusivity of region of local shear 
failure 

t = time 
a" radial dimension of repion of local 

shear failure 

An examination of this final exp~ession reveals that 
it involves the permeabilit! and diffusion properties of 
the soil in the regions of disturbance and the radial ex- 
tent of local shear failure. This is in itself a function of 
the lateral dimensions of the pile as well. as the plastic 
strength of the soil. as demonstrated in Chapter 11. As 
yreviouslp indicated. it is considered that the mathemati- 
cal model presented by Soderberg will adequately de- 
scribe long term pressure dissipations. The dissipation 
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p~ittt'rn dtascribed 1)) tliis linear rnall~etnatical rnodel does 
approach the semi-logarithmic patlern presented by 
Soderberg with time as high initial liressures decay and 
dissipation becomes a conventional corisolidation process. 
The linear pattern serles to slo\\ do~cn  initial pore pres- 
sure dissipations in order to d e s c ~ i l ~ r  the influence of 
change in soil pro1)erties due to disturbance in the region 
undergoing local shear failure. Such effects are most 
noticeable in cases involving large diameter piles since 
the region undergoing local shear failure becomes pro- 
gressively more significant with increase in pile diameter. 

Another area of interest in pore water pressure 
measurements concerns the fluctuations associated ~ i t h  
the deformation of the soil structure during static load- 
ing of the pile after the high pore pressures resulting 
from driving have dissipated. It is logical to expect the 
pore pressures within the dense soil particle arrangement 
adjacent to the pile surface to rise somewhat with in- 
creasing load on the pile as the soil strains elastically 
in supporting the applied load. If, h o ~ e v e r ,  the is 
loaded to its ultimate bearing capacity and actually 

plunges, the resulting downward movement could be 
expected to produce momentarily a less dense arrange- 
ment of particles and particle complexes, as they move 
relative to one another duling shear strain. Following 
cessation of shear strain, the particles can settle into an 
interlocking pattern to form a denser arrangement than 
could be achieved during movement of the pile. Such 
readjustment of the soil particles would be  .reflected by 
a slight increase in pore pressures during loading to 
ultimate capacity, a lowering of pressures while move- 
ment was actually taking place, and, finally, a rise again 
in pore pressures once the load was removed and down- 
ward movement of the pile ceased. This final rise in 
pore pressures would bring them to levels above which 
they stood prior to loading, providing a denser arrange- 
ment of soil particles resulted from their relative move- 
ments. According to the model of soil failure presented 
in Chapter I1 for static loading, however, the magnitude 
and duration of excess pore pressures resulting from 
such slow failures should be less significant than those 
observed for dynamic, or sudden failures, since a much 
smaller region of soil is subjected to disturbance. 

CHAPTER IV 
STATIC AND DYNAMIC RESPONSE TO 
LOADING O F  THE PILE-SOIL SYSTEM 

Investigations of the mechanical response of foun- 
dations subjected to djnainic loading have long attracted 
the attention of researchers ( 1 )  ( 2 3 )  (26)  ( 3 4 )  139). 

1 Several theoretical approaches to the specific problem 
of loadings associated ~vith pile driving have been pre- 
sented since it was first recognized that the dynamic 
response of the pile took the form of a longitudinal 
vibration described by the one dimensional wave equa- 
tion ( 7 )  ( 13) ( 17)  (29 1 (39 l .  The theory pertaining 
to this response has been used in the estimation of the 
ultimate bearing capacity of the pile by means of obser- 
vations taken at the time of driving (8) 1 11 ) . Interest 
in the dynamic response of piling during driving has 
been extended to problems concerning cracking of long 
concrete piles due to tensile forces (13) (17) .  

A computer program developed a t  Texas A&M Uni- 
versity utilizes the discrete element numerical approach 
f i ~ s t  proposed by Smith (30 )  in order to describe the 
dynamic response of the pile to a hammer blow. Such 
an approach facilitates detailed description of the forces 
acting on a given pile segment. The inteiaction of all 
p i k  segments in the sjstem fotms the response of the 
entile s! stem. Thr  in t e~  actioll C'III l ~ r  an,ll\ zed on a 
hiF1l $peed disital cntnpute~ u*ing Sn~itlt's finite time 
intt.11~11 trchniqur ( 2 8  I .  Field tt,~ts ha\ r suhstanti'ited 
the acculac) \lit11 \\l~i('li tlii4 m~~tliet~i;lli(~dI modrl ant1 
cwnl)utc>~ 1)rog1.1rtl (lul)lic.atr tllc. niccl~,~nic.al elei~le~lls 
of the pile-soil s\ stem ( 15) I 27 1 .  The initial resea~ch 
is bring extended. b! application of the computer p ~ o -  
gram. to estimation of the ultimate bearing capacity of 
the pile, as a function of the djnamic response of the 
pile-soil system duiing dliving (16 ) .  

Recent advances in the dynamic testing of soils now 
permit a more diversified approach to the problem of 

dynamic soil response ( 6 )  (24) .  Ultimately, this may 
lead to a better correlation of the dynamic response of the 
pile-soil system to the ultimate load bearing capacity 
of the system. 

ilixtul-e of Dyriumic Response 

The dynamic response of the pile-soil system de- 
velops in accordance with the failure mechanism pre- 
sented in Figure 2.7. The sequence of events involved 
in soil failure adjacent to an element of the pile is as 
follows : 

1. Initially, the soil deflects elastically until its full 
shear strength is exceeded. 

2. The soil yields plastically. 

3. Finally, the soil rebounds elastically to its perma- 
nent set. 

Previous studies have suggested that the magnitude 
of the dynamic soil deflection is of the order of one tenth 
of an inch (30). Such values are based upon observa- 
tions made during static load tests (7 ) .  It has been 
suggested from the previous studies that the energy 
required to deflecl the soil elastically to thr indicated 
e\trnt can 1)e expresseti b! considering thr soil as thick 
platrs upon elastic foundations t 10) ( 3 )  (12) (35). 
Then, that p a ~ t  of the energy apl~lied to the pile \\hich 
dors 1101 ~)t~oduccx l)ernlancant set, is consun~ecl it) causing 
the elastic deflection of the soil. The failure mechanism 
discussed previously includes relatively snlall radial di- 
mensions of soil. These dimensions dictate a much 
smaller magnitude of elastic deformation of the order 
of one hundredth of an inch, in order to mobilize the 
full shear strength of the soil. Laboratory tests upon 
model piles (24) indicate that this is the case. It is 
proposed in this study that these smaller elastic yields 
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are  at)l)licable for the time rntrs of d \ n n ~ n i c ~  loatlin; 
encountered in driving. and that prarticall) all energy 
imparted to the pile by the hammel, which is not utilized 
in  producing permanent set, is tlissipated from the area 
of loacling in the form of a coml~ression or  transverse 
wave (1) (10)  (19) (241.  

The  total dynamic response of a satu~ated-cohesive 
soil as  it undergoes plastic jield. is con~posecl of t \ \o  
components; a static friction force and viscous damping 
force. The  friction force is independent of the rate of 
loading and is  an indication of the effort requiled to  
overcome the soil friction to produce relative displace- 
ments. The magnitude of the viscous force is p r o l ~ o r -  
tional to the rate of loading. This force results f lom 
relative displacements across large regions of soil as  
s h o n n  in the dynamic flow zone of Figure 2.7, as  indi- 
vidual soil particles, soil particle complexes. and pore 
water a r e  caused to flow in a zone of failure. 

1lk1irtur-e of Static Response 

of fric.tion I,ilcs is. 111erefore. a function of the soil fric- 
tion. The  analysis of factors influencing the static load 
lesponse is in effect an analysis of factors influencing 
soil particle contacts. As indicated in Chapter 11, fo r  
the case of friction niles driven into saturated cohesive 
soil, the most important factor influencing the develop- 
ment of soil i~art ic le  contacts associated with a denser 
soil structure is the excess pore water pressure. The 
ultimate load bearing capacity, which a friction pile will 
develop is usually measured 11y load test only after 
excess pore water pressures have dissipated and the 
soil has attained its final consolidated structure. The  
load hearing capacity attained by a friction pile then 
becomes a function of the shear streneth of the dkturbed 

c r  

and reconsolidated soil along the length of the  pile and 
of any point load developed. 

The  slow rates of load application during static 
load tests result in  a less extensive shear failure mecha- 
nism than that developed by dynamic load application 
durinq clrivinq. T h e  dimensional extent of the failure 

Static loads are  applied to piles so s l o ~ t l y  that the mechanism developed during static loading closely ap- 
viscous component of response is negligible. The  ulti- proximates that presented by Meyerhof as  shown in 
mate bearing capacity, as determined hy static loading Figure 2.4. 

CHAPTER V 
PILE FABRICATION ANL) INSTRUMENTATION 

The Pile CIUCJ Its F(I b:-ic(ltio~l 

The  pile was a steel pipe .53 f t .  long, 16 in. in cliam- 
eter and :jk in. wall thickness (see Fisure 5.1 1 .  Dri\-iris 
was accomplished b!- a Standard Delmag D-12 diesel 
hammer I\-ithout a cushion block ( see Figure 5.2 I .  Driv- 
ing of the test pile \\.as accoml)lished by a contractor 
serl-in? the Texas High\\-a)- Department, District 20. 
The  pile used served as a test 11ile for  an overpass project 
in  Beaumont, Texas. Waterproof I~ulkheads of :!:I: in. 
steel plate v e r e  l ~ r o ~ ~ i c l e d  at  the top and approximately 
lli5 in. inside the Ilearing plate at the bottom of the pile. 
The hottom Ilearing plate was formed of yc: in. thick 
steel plate. A 3 , '16  in. thick open encl segment, approxi- 
matel!- one foot in length. was I\-elcled to the top of the 
test pile in order to adapt it to the driving cap of the 
hammer (see Figure 5 .3 ) .  

T h e  instruments \ \ere  located at approxilnately 1 0  
ft. intervals along the length of the pile as shown in 
Figure 5.4. The over-all 5 3  ft. length was obtained 
b j  joining one segment 3 3  ft. long ltith a shorter one 
20  ft. long. ill1 instrument wiring entered the sealed 
test pile a t  one location near the top of the pile (see 
Figule 5.5 1 .  Care was taken throughout the fabrication 
of the pile to insure that all nelds were waterproof. A 
6 in. sump was provided belo!! the instruments at  the 
tip to contain condensate and any leakage which might 
develop. Care was taken throughout the  design and 
fabrication to minimize distortions in order to reduce 
stress concentrations. Efforts were also made to main- 
tain uniform deformation characteristics between instru- 

Figure 5.1 Test pile. Figure 5.2. Diesel hammer. 
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Figure 5.3. Weld ing  open end segment.  

ment ir~stallations ancl the pile \.\all in order to reduce 
both stress concentrations and fatigue during the shock 
loads associated \\it11 driving. 

In order to accoml~lish the basic objectives of this 
research, the instrumentation \$as necessarily subjectecl 
to a more severe environment than would have been the 
case under conditions arb i t ra~i l )  chosen to protect the 
instrumeritation from d a m a ~ e .  Of primary concern in 

x STRAIN GAGE 

0 PRESSURE TRANSDUCER 

s ACCELEROMETER 

Figure 5.5 Ins trument  leacls. 

the iristallatiorl of the instrumentation was the rather 
se1ere shock and acceleration to which all instruments 
ancl wiring were subjected. All of the conditions nor- 
mally associated with pile driving were present and in- 
tensified by the steel to steel contact between the hammer 
and because of the elimination of the cushion block. 
Another consideration in the instrumentation and wiring 
iristallation \ \as the moisture environment to be expected 
and the length of time which the instruments would be 
required to operate. Most of the length of the pile was 
under the water table and the top of the pile could be 
expected to be subjected to rainfall and extremely wet 

C 
conditions during soil sampling. Furthermore, conden- 
sation of moisture within the interior of the pile could 
be expected. Difficulties were encountered in strain 
gage placement which required a controlled environment 
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Figure 5.7 Slrair~ gage learls and pressure ~ransrlrtcer 
installation. 

for the curing of the Epoxy Cement C-2 \+it11 ~ v l ~ i c h  the 
gapes were attached to the pile. Also. the steel of the 
pipe contained small flaws which interfered with strain 
gage placement. 

Excess pore water pressure nleasurelnents were ob- 
tained with Consolidated Electrodynanlics Corporation 
Type 4-326 pressure transducers. Important design fea- 
tures included corrosion resistant housings, 0-100 psi 
gage ranges, and ability to withstand a 1000 g half sine 
wave pulse for the duration of one millisecond without 
damage. The pressure transducers were mated to the 
pile wall as shown in Figure 5.6. The transducer sup- 
port \\-as necessarj- in order to .l)rotect the instrunlent 
from breakage through l~ending iluriny :-driving. The 
porous hronze plates prel-ented the entr!- of foreign 
material into the transducer dial)hragm chaml~er. In 
'orcler to lower the response time of the instrument, the 
pressure transducer \+as filled with water before the 
protective I I O ~ O U S  11ro:lze plates were fastened in posi- 
tion 1vit11 epoxy. The pile was transl~ortecl with the por- 
ous bronze plates oriented upward and covered to pre- 
clude loss of water from the transducer throuyh seepage 

/1L ancl evaporation. ITpon arri1-a1 at the test ~ i t e  the instal- 
lation was checked and the bronze i~lates moistened 
again as an added precaution. A thin layer of clay was 

applieil to the porous l~ronze plates to minimize loss of 
containecl water 1)y seepape, as the pile was hoisted to a 
vertical position ant1 driven. These precautions resulted 
in a lolzering of the response time of the instruments to 
the extent that pressure measurements recorded, other 
than those clue to shoi-k waves during driving, were con- 
sidered to be those existing in the soil. 

Stresses in the pile were rneasurecl by Mici-o-Meas- 
urements C6-121-R2TC strain gage rosettes that were 
cemented to the pile wall in pairs on opposite sides of 
the wall. Epoxy cement was used. The four active 
gages Mere wired in a full bridge to compensate for 
lateral deflection and temperature differentials ( w e  Fig- 
ures 5.7 and 5.8). 

Accelerometers were installed at  the top and battom 
of the pile in order to measure the acceleration of these 
 articular locations. The instruments were centrally 
mounted on 4 in. I-beams placed diametrically across 
the pipe and continuously welded at each end to produce 
a stiff joint (see Figure 5.8). This arrangement was 
designed to produce a very high natural frequency of 
the accelerometer mounting itself which could not be 
detectecl in the accelerometer readings. Two Statham 
accelerometers were mounted at  the bottom of the pile 
with respective ranges of 0-100 g's and 0-250 g's. An 
Endevco 2211 C accelerometer was placed at  the pile 
head in lieu of the intended Statham instrument when 

Figure 5.8. Accelerorneter installation. 
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Figure 5.9. Access porl. Figure 5.10. Locn/iorz of i l l s / rcc~~~e~l t s  nroccnd pile zucrll. 

the original instrument did not a r r i \ e  in time for the 
scheduled test. 

Instrumentation \ \ as  installed in [he pile. as  sho141i 
in Figure 5.9, through access polts which Mere later 
\telderl back in place arid fro111 the ends of the pile set- 
n ~ e n t s  before the! \+ere joined and the ends of the pile 
sealed. The  various types of instruments were arranged 
at  locations arouriil the pile \+all as  s h o ~ n  in Figure 5.10 
in order to plor ide enough clearawe for  leads and facili- 
tate installation. Asbestos 14 rapping I+ as  usecl to plotect 
lead cables as the pile I\ as \\elded tosether. 

All instlulnents l iere  connected to monitoring ile- 
\ices by means of Belilen 3404 cable. Excel~tions \ \ e re  
required onl! in the case of the plessure ~ransduce is  
\ \here  the small size of the mating cal>le connec to~s  sup- 
plied \ \ i t 11  tht. i r ~ ~ t ~ u m t - n t  ~ccllri~c,d 1 1 ~  of lirl(lt111 81:: !- 

100 leads \+hich \ te le  then splired tu the standard Belden 
:NO4 cal~le. All electrical connec~ions were waterproofed 
\ \ i th  Gagecoat 5 prior to sealing of the  pile to protect 
them against moisture inside the pile. 

Pile instruments were ~noni~orec l  during driving and 
su1)sequent static load test l ~ y  use of a Honeywell 150:: 
Visicortler oscil1ogral)h arid Horieq~rell 119 Carrier Am- 
plifier system. Pore water pressures nere  monitored by 
means of a Budcl digital strain indicator after d r iv ing  
This instrument was used also to monitor selected pres- 
sure transducers during static load tests in order to 
o l~ ta in  more sensitive readings than possible ~ i t h  auto- 
matic recording equipment. The  use of a digital indi- 
cator was possible during static load tests sirice the time 
rate of load aj~plication and subseque~it pore pressure 
I esponses \\ e r r  slo\\. enough to allo\\ balancing and read- 
ing of the instru~nt,nt. 

CHAPTER '\TI 
LABORA7'012Y r\KD FILL11 5011, TEST 

i1ND SARIPLE PROCED1:RES 

Soil Profile crncl Iclo~rlificr~tio~z Uc11c1 data. The  n ~ a t e ~ i a l  of  p ~ i ~ n e  i n t e ~ e s t  in the study of soil 
distu~h'lnce \ \ a s  the liighl) ~ ~ l a s t i c  claj o c c u ~ ~ i ~ i g  35 ft. 

T i e  f e d  1 i t  \ \  ' 1  d I 1 I s i c  f ])Plo\, SUlfacP. This 11 as due to tile fact that the C the Cit) of Beaumont. Te\,is. I\ soil I ) ~ o f i l e  of  the stud) fu r~d~unentn l  disturbar~ces u e l e  expected to be masked 
area is shown in Figure 6.1 along \\i111 soil itlentification in the shallo\c sulface strata. The highl) complex trans- 
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FIRM TO STIFF DARK 

Figrcre G.1. Soil profile. 
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Figure 6.2. llrill rig. 

\e l se  loatlings i ~ n ~ ~ o s e d  upon the soil at these shallow 
tlel)ths during driving would logically result in an erratic 
pattern o f  soil disturbances. 

The soil sampling techniques and test procedures 
usecl were designed to measure the soil properties im- 
portant to the load response o i  the pile-soil system with 
the least disturbance to the system possible. In  order t o  
accoml)lish these objecti17es, it was necessary to obtain 
soil samples under various states of disturbance and, in 
the case of the region subjected to local shear failure, 
before and after pore water pressure dissipation: Of 
primary concern in planning the soil sampling was the 
effect of such sampling upon the excess pore water pres- 
sures. It was determined prior to driving that careful 
location of soil borings ~vould minimize such effects. 
This was verified by continuous pore pressure observa- 
tions cluring drilling and sampling. 

Soil samples used in this research were recovered 
with standard thin walled Shelby-tube samplers from 
borings made with the mobile drilling rig of District 20, 
Texas High~ia j -  Department (see Figure 6.2). As previ- 
o u s l ~  indicated. the number and location of b o r i n ~ s  were 
chosen to yield the maximum amount of soil information 
consistent with the least possible disturbance of excess 

Figure 6.3. I 'erforn~i~lg v a i e  shear test at field site. 
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pore ~ a t e r  pressure dissipation. With these considera- 
tions in mind, it was decided to make fpur separate bor- 
ings. One boring v a s  made before the pile J\ as driven 
at a distance of appro~in1ate1.i 20 ft. from the planned ' pile location. This boring I Loring-D I yielded soil sam- 
ples of the material in its natural condition. Prior soil 
exploration performed by the Texas Highway Depart- 
ment indicated that soil conditions in the vicinity mere 
uniform enough to allow use of samples at this distance 
to determine soil properties in the natural state in the 
immediate area of the pile. Diilling at this distance left 
the soil in the future pile location undisturbed prior to 
driving. The next soil borings were performed immedi- 
ately upon completion of pile driving. One boring was 
made very close to the pile surface, approximately 170" 
radially from the pore pressure transducer locations. The 
other boring was 2.5 ft. from the pile surface along a 
radius approximately 30" radially from the previaus 
boring, or 160" from the pressure transducer locations 
(borings A and B, Figure 2.7). These borings were 
intended to sample the soil in its initial disturbed condi- 
tion prior to excess pore pressure dissipation in regions 
of local shear failure and general shear failure. A final 
soil boring was made immediately adjacent to the pile 
surface upon completion of excess pore uater pressure 
dissipation and after all pile load tests hacl been accom- 
plished 33 days after driving. This boring was made 
approximately 30' radially from the pore pressure trans- 
ducer location (boring C, Figure 2.7). and was made 
in order to obtain soil samples from which changes in 
soil properties due to pore 13 ater pressure dissipation 
could be measured. 

Lclboratory Test Proccdures 

The soil test program consisted of a series of con- 
ventional soil tests and n e \ \ l ~  developed d ~ n a i n i c  soil 
tests, all of which nere correlated with miniature vane 
shear tests performed at the time of sampling. Minia- 
ture vane shear tests were performecl on soil samples 
immediately upon their removal from the boring by 
personnel of the Texas ABM University Soils Laboratory 
(see Figure 6.3).  This was adopted in order 
to h a ~ e  a measurement of soil shear strength as near as 
possible to that which existed at the time of driving. By 
perforxing vane shear tests on soil samples prior to tests 
in the laboratory, properties as measured in the labora- 
tory cmld be better related to field condilions. Minia- 
ture vane shear tests were performed on soils at the 
time oE laboratory extrusion from the samplers in the 
cases of samples without time dependent soil properties. 
With the exception of this procedure, all conventional 
soil tests were performed according to currently accepted 
practice. 

Dynamic soil tests were perfornled according to 
techniques and procedures recently developed at Texas 
ASM Vnijersity. The test procedures used for determi- 
nation of elastic soil deflection uncler dynamic load were 
developed by Raba at Texas ASM University and are 
described in detail in reference 24. It is considered that 
this particular dynamic test best duplicates field response 
of soil acting in fliction along a pile surface in that the 
test effectively reproduces. on a reduced scale, the soil 
disturbance and mode of failure in the region of local 
&ear failure immediatel) adjacent to the pile surface. 

\ CHAPTER VII 
OBSERVATIONS OF SOIL DISTURBANCES 

Pore Pressure Mensur-emen ts Relc~tecl 
to Soil Disturbance 

The field observation of soil disturbance can be 
approached in two ways: through indirect observa- 
tion by means of pore pressure measurements cor- 

10 I 

- 

-A- ELASTIC-PLASTIC THEORY 
OF DISTURBANCE 

TIME I UNIT = 3 = 965 HRS 
Ch 

Figure 7.1. In i t id  pore pressure dissipafion-50' depth. 

related with a theoretical j)redictiori of this particular 
response according to assumed modes of deformation; 
or, through direct observation by means of tests and 
measurements of soil samples obtained at various radial 
distances from the pile. As shown in Figure 7.1, the 
excess pore water dissipation, notecl in field measure- 
ments. corresponds \\ell uith those to be expected ac- 
cording to the ideally elastic-plastic concept of disturb- 
ance. as presented by Soderberg. The consolidation 
characteristics used in this comparison were those deter- 
mined for soil failed in local shear. It should be noted 
that this method of observation permits an analytic 
determination of the extent of local shear failure, since 
this region corresponds to the region of plastic yield 
according to the theory of Nadai as applied to soils by 
Soderberg and presented in Figure 2.2. 

Soil Prop~r.1~. ,IXecisrrrements 

Related to  Soil Disturbance 

In general. it uill be sho\\n that results of the soil 
property measurements support the theoretical predic- 
tions of soil disturbances, as presented in Chapter 11. 
The results of the tests for soil shear strengths. by means 
of miniature vane shear procedure, are presented in 
Figure 7.2 ancl Table A-1. Appendix A. As shown by 
the lines connecting strengths of undisturbed soil (bor- 
ing D)  and soil failed in local shear (boring A ) ,  the 
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I S A N D  
I- 

SAND 
0 U N D I S T U R B E D  
0 LOCAL SHEAR ( L A B )  

LEGEND 

LOCAL SHEAR 
CONSOLIDATED 

GENERAL S H E A R  
U N D I S T U R B E D  

- G E N E R A L  S H E A R  (LAB)  
A LOCAL S H E A R  

CONSOLIDATED 

LOCAL SHEAR (FIELD)  
+ GENERAL SHEAR (FIELD) 

V A N E  S H E A R  STRENGTH ( P S F )  

clj namic loading of the s h a l l o ~  strata during cllivinW 
resulted in a more erratic patter11 of soil shear strengths 
than that which existed prior to driving. At depths of 
about 10 feet, i t  may be  noted that the tendency \$as for 
the soil to increase in shear strength in the zone of local 
shear. On the other hand, patterns of vane shear 
strengths determined for  the materials underlying the 
sand stratum inclicate definite patterns of clhanges in soil 
shear strength as  a function of soil disturbance and 
reconsolidation. Local shear values are  less than undis- 
turbed. and local shear consolidated kalues have increased 
to closer agreement with undisturl~ed values. 

DRY UNIT WEIGHT (PCF) 

Figure 7.4. Dry unit weights. 

than corresponding values of undisturbed soil. These 
respective values a r e  connected by lines to facilitate 
comparison. T h e  only erratic plots of vane shear 
strengths of soil failed in local shear occur at  a depth of 
about 40 ft. At depths greater than 40 ft. an increase 
in shear strength is noted by the dot-dash line connect- 
ing values obtained after the soil failed in local shear 
consolidates with dissipation of excess pore water pres- 
sures. 

Values of shear strength determined in the field for  
soil subjected to local shear failure a r e  generally lower 

The  results show that soil subjected to  general shear 
(boring B )  is not altered greatly in shear strength from 

- G E N E R A L  S H E A R  
0' UNDISTURBED 
A LOCAL S H E A R  

CONSOLIDATED 
I I 

SAND 

SAND 

X LOCAL SHEAR 
CONSOLIDATED 

A G E N E R A L  S H E A R  

1000 2 0 0 0  3 0 0 0  4 0 0 0  

UNCONFINED SHEAR STRENGTH (PSF) 

Figure 7.3. Uncorlfirzed shear s~rengtlis. 

MOISTURE CONTENT % 

Figure 7.5. Moisture contents. 
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the undisturbed state. Changes due to time involved in 
transportation of sanq~les to laboratory facilities are 
indicated in soil subjected to local and general shear 
failure. These effects are more pronounced in the case 
of material failed in local shear. # 

Values obtained by unconfirietl shear strength tests 
are presented in Figure 7.3 and Table A-2, Appendix A. 
As was the case in vane sheal determinations: an erratic 
pattern of shear stlengths in shallow strata developed for 
the case of local shear. Values obtained for soil sub- 
jected to local shear failure are connected by lines to 
facilitate comparison with similar values determined for 
undisturbed soil. Unconfined shear strength determi- 
nations were requiled for soil in all clay strata in order 
to  obtain the distribution of the dynamic load response 
during driving as presented in Chapter IX. 

Data from samples taken below the 40 ft. level indi- 
cate patterns of the same fluctuations in shear strength 
with disturbance and reconsolidation as those deter- 
mined for vane shear strength measurements. The re- 
sults show a loss in shear strength in the soil from that 
of undisturbed samples when subjected to local shear 
failure. With the exception of strata just below the 
sand, an increase in shear strength is noted in similar 
soil stratum after reconsolidation from the dot-dash line 
connectins values determined for the soil in this state. 
This increase results in a shear strength of approximately 
the same value as that for undisturbed soil. 

I I 10 50 

PRESSURE (TSF) 
llry unit weights are presented in Figure 7.4 and 

Table A-3, Appendix A. Soil subjected to local shear 
Figure 7.6. Coi~solic~atiolz czcrves-40' (Zeplh. failure has a unit dry %eight which is about the same as 

Local shear Gc~1lc.r rcl shear Undisturbed 

Figure 7.7. Rnd iogra~n-40 '  depth. 
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) that of unc1isturl)ed soil. Exceptions ma) 11e noted h! 
co11111aring traces of lines con~lertirlg values o l~ ta inrd  for 
these r e s p e c t i ~ e  soil conclitions iri shallow st la ta  and the 
stratum just helo\\ the sand in ~ j h i c h  erratic values of 
other properties h a l e  heen notecl. A d i f fe~ence  does 
exist I~et \ teen dl! unit \ \eights of soil distu111ed 11) local 
shear failure as  deteln~ined b e f o ~ e  ancl after consolida- 
tion in deep material such as at  the 49 ft. level. The  
xariation in this p r o l ~ e r t ~  at  this d e l ~ t h  indicates that 
l a ~ g e  1101 e I\ atel 111 P S S U I ~  changes ma\  have  occur^ ed. 
C o m l ~ a ~ i s o n  of \ d u e s  obtained at  the same time lapse 
in shallow depths. such as those at  10 ft. \+here pore 
pressures \ \ere  small. indicate very little change in this 
propel ty. 

l Iois ture contents a re  ~)resente(l in Fi?ure 7.3 and 
Table A-4. Al)l~eritli.\; A. These values s h o ~ < -  \-el.!- little 
\-ariation )\-it11 differerit states of soil distur1)anc.e in shal- 
lo\\- strata. I t  is difficult to make cwml)arisons at yreatet. 
depths clue to the Inrye fluctuations o l  values ?\.en in 
urtdistur1)ed soil. as intliratrd 11) thtl line connec.tins 
tl~c,ze \ ~ l u e s .  It is c~cmsitltv.t.tl tll;lt  tht, :llurs ol>tai'nrtl 
. ~ t  dq'ths of  1.i f t .  .lrlt-l lo\\t.r iri~lic.~te the vnri:ltion to lw 
~s l ) rc~ te t l  \\ it11 clistu~.l)al~c<e. 

( : o ~ ~ s o l i t l a t i o ~ ~  (.urvtss for sa1r1l)lt.s ft.orn II I ( .  c l i f f c , t . c & r ~ t  
s tyions of dis tu~ .b i~nc~r  a r e  prerentrd in 1"ipure 7.6. 'Silice 
sliclit \ i~ r ia t ions  i l l  del) t l~ of s ~ ~ n ~ p l i r i y  I ~ I L I \  prcducr  l ~ ~ r y e  
t l i f f r r~nres  in \oicl satio of the s n ~ n l ~ l r .  it is c*onsidrred 
that the 1110st 1.alua11le iriclications ma!- he ol~tainecl fro111 

/1 the shape of these curves rather than from direct void 
ratio-pressure relatiorisliil~s. The carves de~-elo~)ecl for 
the uridisturbed soil ancl that subjec~tetl t o  general shear 

failure indicate a material ~ i ' h  a well developed natural 
structure, while the curve developed for the soil under- 
going local shear failure indicates a remolded condition. 
The  local shear curve is flatter and displaced to the left 
of the undisturbed curve. 

Obsercatio~r of Soil Structure Disturbrrr~ce 
by iMearrs of -Y-r-cly Absorption Tecltriigues 

Direct observation of soil disturbance was also 
accomplisl-,ed by means of X-ray absorption techniques 
beins currently developed by Dr. A. H. Bouma of the 
Texas ABM TTniversity 0ceanogral)hy Department. 
Ratlioyrams were taken of samples obtained from re- 
gions of local shear failure, senera1 shear failure, and 
undisturl~ed soil. The results of these analyses a re  
shown in Figures 7.7 ancl 7.8. These prints show visually 
the extensive effects of local shear failure upon the soil 
structure ill the case of tl:e samples on the left and the 
pwera l  shear failure to \\hic*h the center sa~nples  were 
su1)jected. Saml>les from undisturl~ed material a re  shown 
on the right for I)ut.l)oses of coml.)ariso~i. 

1-11(' esnc-1 ~ . i ~ ( l i ; ~ l  (xst( '~~t of 111e various clistu~.l,a~lres 
c.:ulc~ot I)(. estnl)lishrtl i l l  this stictl! 1)) t1irtac.t o b s e r v a t i o ~ ~  
of soil samples due to the fact that the 11~11111)er of 110ri11gs 
\ \ a s  limited in orcler to least affect excess pore 11-ater 
pressure measurements. H o \ \ e ~ e r ,  direct olservat ior~ by 
measurement of soil properties ancl X-ray absorptiorl 
techniques indicates clearly the existence of the types of 
disturbances proposed in Chapter I1 within the re,' vions 
where they a r e  to be  expected. 
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CHAPTER VIII 
PORE WATER PRESSURE FLUCTUATIONS 

ASSOCIATED WITH SOIL FAILURE 

The pore water pressure measuremerlts, required LO 

verifl- the proposed new theor! presented in Clial)ter 111 
of this studj-, \\-ere obtained by a continuous  non nil or of 
pore pressure transtlucers during driving ant1 initial rise 
of pore pressures subsequent to driving. The dissipation 
process of the excess hyclrosiatic pore water pressure 
\\-as recorded by means of a digital strain indicator over 
a period of approximate1~- four neeks. A continuous 
record was a!so made of pore pressure changes during 
static load tests. Good data were ohtained froin three 
pressure transducers sho~c-ing pore pressure fluctuations 
folio\\-ing driving and follo\\irig static load tests to ihe 
ultimate hearin? capacity of the pile. These pressure 
transducers \\-ere located at  del)ths of thirty, forty, and 
fifty feet. Although a response car1 be noted in pore 
pressure transducer traces during driving. the trace dis- 
placements cannot be interl,leted as true pressule read- 
ings. since the!. correlate nit11 the ma~ni tu t le  of the stress 
I\ a\ e rather than it11 an j  measurements of pore pressure 
indications to be logically expected. The clynamic re- 
sponse of the transducer is attlibutecl to the sensitivity 
of the pressure diaphragm to transverse vibrations. 

Pore pressure ol~servations taken after driving are 
shown in Figures 8.1. 8.2, and 8.3. and in Tables 6-1, 
B-2, and B-3: Appendix B. As sho\in in Figures 8.1 
and 8.2, the pore pressure fluctuations in clay strata are 
as to be expected according to the envisioned soil dis- 
turbances presented in Figure 2.17. A rapid initial rise 
in pore pressures is noted upor1 coml)letion of driving 
as pressures come to equilil~rium n-ithin the region of 
local shear failure. It is considered that instrument 
readings during this time period may lag behind the true 
pressure fluctuatioris t a k i n ~  place alval- from the surface 
of the pile. This is logical since an!- 1-ariations in pore 
pressures nlust be accompanied bj- a finite volume change 
through the dense soil structure immecliatel!- adjacent to 
the pile surface in order to $1-e an inclica~ed transducer 
reading. A sharl) drop in r e a d i n ~ s  is indicated in clay 
at  the 50 ft. level as shown in Figure 8.1 approximately 

ELAPSED TlME (HRS) 

Figure 8.1. Pore pressure rnrnsrtrements i17 clay slrclturn 
-50' depth. 

k L 1 - U L . L L  LL - -.,..-L-J.>JL-,A 
10 100 1000 

ELAPSED TlME IHRS)  

Figure 8.2. Pore pressure measurernenls i n  clay stratum 
40' depth. 

eight hours after completion of driving. The same pat- 
tern is repeated at a greatly reduced magnitude at the 
40 ft. depth as presented in Figure 8.2. This apparently 
erratic drop in pore pressures may be attributed to some 
lateral relaxation of the soil because of borings taken 
during this time period. It is possible that an increase 
of all subsequent readings of pressure at the 50 ft. level 
by approximately 10  psi would present a better pattern 
of pressures to be expected had no borings been taken. 
Indicated pressures had peaked at the 50 ft. level prior 
to this erratic drop. It is felt that the maximum pres- 
sures observed in this study should be taken as indica- 
tive of the true maximum pressures reached, despite the 
effect of taking the soil borings. 

The rise in pressure in Figures 8.1 and 8.2 at an 
elapsed time of approximately 310 hours are the effects 
of static load tests. A comparison of these peaks and 
subsequent dissipation patterns with the complete curve 
gives an insight into the relative magnitudes of soil dis- 
turbance associated with failures produced by dynamic 

ELAPSED TlME (HRS) 

Figure 8.3. I'ore pressure measuren~ents in sand stratum 
30' depth. 
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Figure 8.4. Initial pore pressure clissipation. in clay 
stratunt-50' depth. 

and static loadings. Such comparisons lead to the as- 
sumed relative extents of soil disturbance presented in 
Figure 2.7 produced by failures due to static and dynamic 
loadings. 

Figure 8.3 presents an interesting comparison of 
pressure fluctuations in sand stratum as opposed to 'clay. 
The over-all pattern of the curve in this case is a slow 
rise after driving with values approaching the hydro- 
static head for this particular depth. A drop in values 
during the static load test is noted in this case. 

Dissipation curves obsen-ed in clay strata are pre- 
sented in the form of alithnletic plots in Figures 8.4 and 
8.5 for the period of 10 to 20 hours. The plot of values 
ohserled at a depth of 50 ft. s h o ~ r i  in Figure 2.4 has 
the steeper slope of the two as is to be expected according 
to Equation 3.14 with the greater pore pressures ob- 
s ened  at this level. I t  may be noted that the values 
obtained at a depth of 40 ft. (Figure 2.5) produce a bet- 

) ter straight line plot over a longer time interval than 
those obtained at 50 ft. In fact, the over-all pattern of 
the curve obtained at 50 ft. corresponds to values to be 
expected according to Soderberg's analysis. This is to 
be expected, since at this particular depth, a very small 
length of the pile has moved through the region of local 
shear failure. At the 40-ft. depth, on the other hand, a 
significant length of the pile has moved t h ~ o u g h  this 
region and has produced a . i d 1  developed flow pattern. 
Thus. the field observations of this study, in general, 
validate Soderberg's numerical analysis when conditions 
exist such that the ph>-sical model en\ isioned by Soder- 
berg is reproduced. However, for the actual conditions 
along the length of the pile, observed pressures substanti- 
ate the proposed failure theory of soil disturbance as 
presented in Chapter I1 and of pore pressure fluctuations 
as presented in Chapter 111. 

la 
ELAPSED TlME (HRS) 

Figure 8.5. Iriitinl pore pressure dissipnliorl in clay 
s t r a t r i r r ~ 4 '  depth. 
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ELAPSED TlME ( M I N I  

Figure 8.6. Excess pore water pressure due to static 
load test #1-50' depth. 

Measurenlents Taken After Stntic Lorrcl Tests 

Pore pressure fluctuations associated with the 13th 
day static load tests are presented in Figures 8.6 through 
3.9, and Tables B-4, B-5, Appendix B. The 13th day test 
consisted of four loading cycles. Pore pressure meas- 
urements were made at the 50 foot depth during cycles 
No. 1 and 2, and at the %foot depth during cycles 3 
and 4. I t  may be noted in the case of a clay stratum 
150 ft. depth) as shown in Figures 8.6 and 2.7 that pore 
pressures rise with increased load until the pile plunges. 
Upon failure, the pore pressures drop until load is re- 
leased. Then. as shown in F i p r e  G.6, after load release, 
pressures rise to a level higher than that which existed 

APPLIED LOAD Li 

I 
10 20 30 40 

ELAPSED TlME (MIN) 

Figure 8.7. Excess pore water pressure due 10 static 
load test #2-50' depth. 
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Figure 8.8. Excess pore ruccter pressure due to static 
load test #3-30' depth. 

prior to failure. A variation of pressures cluring load 
application as a function of prior disturbance through 
static failure may be noted from comparison of Figures 
8.6 and 8.7. The excess pore pressures just prior to fail- 
ure during the first load test are approximately 1.5 psi. 
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Figure 8.9. E.z-cess pore zcaler pressure t l u ~  to s/n/ic 
load test #4-30' depth. 
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Figzwe 8.10. Peak pore pressures reached after static 
load tests. 

Corresponding values attained during the second load 
test amount to only 0.3 psi. A sharp peak of pressures 
prior to yield in the first test compared to a slow rise 
during the second test may also be noted. These mag- 
nitudes and patterns of pore pressure rise prior to failure 
indicate that the first load test produced a fracture in 
the soil along the length of the pile. Subsequent load 
tests result in continuing movement in the disturbed soil 
along the same fracture pattern. 

Pore pressure observations were made in sand strata 
(30-ft. depth) for static load tests during cycles 3 and 4 
for purposes of comparison, and are presented in Figures 
8.8 and 8.9. No rise is noted in pressures prior to fail- 

- r 

Figure 8.11. Pore pressure dissipation in  clay stratum 
after load test-50' depth. 

ELAPSED TlME (HRS) 

Figure 8.12. Pore pressure dissipation in  clay stratum 
after load test-&' depth. 
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ure. \v11e11 pore pressures exhibit a i.ery sharp tlrol). This Figures 8.11 and 8.12 ant] Table 13-7, Al)l)endix B, 
develol~ment of negative pore ~)ressurc.s may 1x3 attril~utetl irttlicate the excess pore pressure clissipation patterns for 
to volume espc~nsior~ tluring shcar rai1;l.e ill the santl. t11e periotl between the 13th clay t e s ~  and the 30th day 

test. It can be noted that these curl-rs approximate a 
Fisure 8.10 and Table G-6. : Ipp r~~d i s  l3 presents a straight line semi-logarithmic plot. This indicates that 

comparison of highest excess pressures reachetl after the the excess pore pressures generated by static failures fall 
:-loth (lay static. load test for various tlrl)ths. 'I'he curves into the general dissipation patterns applicable to pres- 
ol,tair~rtl at SO FI. nr~tl 4,0 ft. \ \e r r  i l l  c,lc~!s \vhile the sures rc:sulting from the dynamic failures occurrir~g dur- 
30 f t .  depth .\\as ill a sand stratuln. ing driving. 

CHAPTER IX 
RESPONSE OF T I E  PILE-SOIL SYSTEM TO STATIC 

AND DYNAMIC LOADING 

Total Response Durirlg Drivirtg 

The ultimate load response developed by a pile-soil 
system as it yields in a failure mechanism is of both 
theoretical and practical importance. The concepts pre- 
sented in Chapters I1 and IV of this study concerning 
the response of the pile-soil system were developed by 
measurements from an instrumented pile. These meas- 
urements included strain gage and accelerometer read- 
ings from the instrumented pile and a field total perma- 
nent set measurement for the pile with each hammer 
blow-. These data l%ere related to total soil response 
during driving by means of an existing computer pro- 
gram based upon the one dimensional wave equation. 

As presented in Chapter 11. the failure lnechanisn~ 
associated with a wile driven into a cohesive clav is 
considered to be cbmposed of t no  components: ~ o c a l  
Shear Failure and General Shear Failure as sho~vn in 
Figure 2.7. The ultimate load response associated with 

) the development of the general shear failure mechanism 
is transmitted to the pile in the form of point load. This 
com~orient of the total reswonse of the soil svstem could 
be measured directlj by means of the strain gage bridge 
located just ahole the tip of the pile. Strain gage read- 
ings at a penetration of the 50 f t .  indicated a maximum 
point load during driving of '72.000 lb. 

In order to obtain a measure of the dynamic load 
response along the length of the pile. minor adaptations 
\\ere made to the existing computer program in order to 
ol~tain computed d u e s  of accelerations at the tip. Then 
computed values of accelerations and stresses T\ere com- 
pared to those measured in the field b! accelerometer 
trace as corrected by observations of permanent set for 
each hammer blow. 

The elastic deformation, or quake, of the soil along 
the l en~ t l i  of the pile and at tlie pile point l vas ' t ake~~  as 
.01 in. for the computcXr solution. This value \\-as d e ~ r r -  
mined 1,) (1) tlnmic. poi1 tepts \\ it11 frivti011 1)ile ~nodt%ls 
upon r e p r e ~ e ~ ~ t n t i \ . ~  u~~d i$ t i~ r l~e t I  sa111p1es taken at the 
site. The value of damping used in this particular anal!-- 
sis \+-as arbitrarilj- set at 0.0 for 'both side friction and 
point hearing. Therefore. the computer pl-intout obtained 
silnulates r-alues of the total d!-namic response with no 
damping in the SJ-stem. The clistribution of tlie side 
friction of the soil system is based upon the unconfined 
shear strengths of soil strata corresponding to the .5 ft. a segments used in the computer simulation of the me- 
chanical elements of the pile-soil system. The distri- 
bution of the total soil resistance was proportioned to 

Figlire 9.1. Field measuremenis of acceleration inte- 
grated lo displacemenls. 
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Figure 9.2. Corrected measurements oof acceleration inte- 
grated to displacements. 

obtain a point load response approximately equal to that 
measured by strain gages at the pile tip. 

The acceleration readings chosen as al~propriate for 
comparison ~ r i t h  computed values were obtained froin 
the 360 cycle 'sec. accelerometer. It \\-as deternlined 
that the response time of this t! pe accelerometer \\-as 
too s10\\- to record the peak accrlrrations associated \\-it11 
the \-rr!- hiyh displncrment \ \ a \  r t rlocitica ~rl leratr t l  
l)?- tlle steel on ztrel cc)ntacts of the me~~lu:lrlit.cll pile dri\-- 
inp systrnu. Thta fast rtXsponrc ;uc*et~lt~~.ornt~tttr rrc.ord~tl 
fic%ltl \.nlrlc,s of ac,cc.lc~.:~~ ion of 300 ?'a. C o ~ u ~ ~ u t c r  c:lI- 
culations indicate that the total soil response duriny drit - 
ins  corresponding to these t-alues of acceleration was 
850,000 Ibs. Stress magnitudes ol>tainecl 1))- this co111- 
puler simulation were lnuch g r e a t e r  than measuretl 
values. 

If these values of acceleration are integrated numeri- 
cally to obtain values of velocity which can be similarly 

used to obtain d i ~ ~ ~ l a c e n ~ e n t s ,  they would indicate a per- 
manent set of 0.0 as shotvn in Figure 9.1. Since the 
values of set measured during the last blows of driving 
\ \ere on the order of .43 in.. it is considered that the 
very rapid initial positive accelerations of the mechani- 
cal elements of the system were slightly faster than the 
instrument was capable of recording. The sharp peak 
of the tlace tends to substantiate this conclusion. The 
rounded peak of the curve in the negative railge of the 
first cycle indicates that the instrument recorded a value 
fairly close to the true peak. Readings follouing the 
seconcl positive peak are considered to be vibrational 
response of the mechanical elements of the installation. 
If the initial positive peak is increased such th,at aagree- 
inent is obtained with the observed permanent set due 
to each hammer blow, a value of approximately 575 g's 
is obtained for the initial positive acceleration as indi- 
cated in Figure 9.2. It is considered that this is close 
to the true acceleration existing in the field and the 
value which should be compared with computed values. 

The total soil response during driving inclicated by 
computer calculations which corresponds to a positive 
acceleration of approximately 575 g's and stresses re- 
corded in the field is 650.000 lb. distributed according 
to Figure 9.3. The complete computer printout is pre- 
sented in Appendix D. Since the computer printout 
indicates a permanent set of only .12 in., the value of 
damping existing in the field was some significant value 
rather than the value of zero used to obtain the simu- 
lated total dynamic response by computer calculation. 
This substantiates the hypothesis that the true total soil 
response during driving has a viscous friction com- 
ponent as tlell as a Coulomb friction component. A 
lower Coulomb friction component and some significant 
viscous friction component would give a greater set for 
the same total load response corresponcling to the values 
of acceleration obtained. Such a rheological model has 
been proposed by Smith 130). 

S O I L  RESISTANCE ( 1 0 0 0  L B . )  

_" I 
POINT 7 2 0 0 0  LB. 

Figurc 9.3. Ma.xitnnm dynamic soil resistance upon each 
5-ft.  segment. 
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Figure 9.4. Slatic load lest equiplnelz~. 
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Figure 9.6. Load transfer curves 13 days after driving 
-test #2. 

Strrtic Load Resporlse Cltunges with Time 

Static load tests were conducted to determine ulti- 
mate bearing capacity of the test pile. Procedures and 
load test equipment (see Figure 9.4) were in keeping 
with standard Texas Highway Department practice. 
llltimate bearing capacity, as. determined by static load 
tests. was used in this study to evaluate changes in soil 
response with time and to obtain a measure of the load 
carrying capacity of the various strata along the length 
of the pile. Information from these tests can be used 
in relating the various laboratory measurements of soil 
properties to the static field response of the system. By 
using load test results in this manner, the effects of core 
sampling upon the study of the load response of the 
system is considered to 11e minimized. Since soil con- 
ditior~s in the area a l e  relatively uniform, two other loacl 
tests I ) C I  fortne(1 on the project were also used in investi- 
g.1ti11: thrst, e f f r r t~ .  

I,o:ltl trnnsfrr data drveloprd l ) \  lo:id tes!s are 
S I I O \ \ I I  i n  1~ ig~r l . e~  0.5 to O.!: ilnd 'I'nbles C-1. C-2. C-3. and 
C-4. Appendix C. Values recorded electronically have 
been adjusted to lilatcll load indications of the calibrated 
hydraulic loading jack. The ultimate bearing capacity 
\vhicli could he expected accoiding to soil 'tests indicates 
that a significant lo\vering in bearing capacities resulted 
from taking a boring adjacent to the test pile (see Figure 
2.7. I~or inp  A and C ) .  A similar conclusion is indicated 
by coml)arison with results obtained from other load 
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Figure 9.7. Load transfer curves .?O days after driving 
)-test # I .  

tests conducted on the same project. Other test piles 
driven to depths of 46  and 47.5 ft. penetration developed 
ultimate loads of 220.000 Ib. and 260.000 lb.? respectively. 
Simple skin friction computed from values obtained in 
unconfined shear strength determinations indicated an 
ultimate bearing capacity of approximately 300,000 Ib. 
Despite the decrease in over-all load bearing capacity, 
the load transfer curves demonstrate the increase of 
static load carrying capacity with time. An ultimate 
bearing capacity of 170,000 lb. was recorded 30 days 
after driving as compared to only 124,000 lb. recorded 
13  days after driving. This increase occurs with time 
as consolidation and thixotropic hardening of the dis- 
rupted soil structure takes place. 

A maximum point load of approximately 20,000 Ib. 
was developed during static failure as compared with 

Figure 9.8. Load transfer curves 30 days after driving 
test #2. 

@ 

72,000 lb. during driving. Since the load response of 
the general shear failure mechanism is transmitted to the 
pile as point load, this comparison indicates the greater 
dimensional extent of soil involved in the mechanism 
developed by dynamic loading as  opposed to static load- 
ing. The dynamic point load includes some inertial 
effects of the soil mass which would result in a higher 
point load than developed by a static yield of the same 
dimensional extent of soil. This relative increase in the 
dynamic point load may be lowered somewhat due to 
the fact that the soil is in a disturbed condition during 
driving compared to its condition at the time static load 
tests were performed. However, these comparative values 
substantiate qualitatively the theory as presented in Chap- 
ter 11. Amlication of load to the same material at a 

1 1  

slower rate of loading results in a less extensive general 
shear failure mechanism. 

CHAPTER X 
CONCLITSIONS 

Reiterating the conclusions of the different tjpes of deteimination of soil properties of samples taken from 
observations: bolings. and from plots of initial excess pore water 

1. The soil distulbances meaeuled in this stud) pressure dissipation. The behavior of cohesive soil sub- 
correepond to those ~ \ h i c h  could he elpected to d e ~  clop jected to loads associated !\ itli pile dri\ ing in this study 
according to the failure mechanisms plesented in Chapter approached the ideal elastic-plastic model as indicated 
11. This conclusion is based on direct observations, by Figures 3.1 and 7.1. 
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2. Obser~ed pole plessure measulements at the pile 
s u ~ f a c e  verify the coricel)ts plesented in the prol~osed 
neH theory of Chapter 111. After the in'itial pore pres- 

'R\ sure lise, as pressures equalize \ t i~Lin the region of local 
*heal failure. tlissil)ation takes the f o ~ m  of a s t~aight  lirie 
1)lot as \z aler rnovement occurs I ) I  ctlominantl) f i  om the 
region of local shear failure to that of general shear 
f a i lu r~ .  The~eafter, dissipation pattelns approach a 
semilogaritkmic plot resembling a consolidation curie. 

3. Load response is presented in Chapter IV. Both 
static and dynamic load responses for the pile-soil system 
considered in this study are a function predominantly of 
the soil properties within the region of local shear failure. 

I t  can be  concluded that the dimensional extent of 
soil involved in the failure mechanism developed by pile 
foundation loadings is a function of the susceptibility of 
the soil to volume change during the duration of load 
al~plication. Conversely, measurements of the magni- 
tude. duration, and dissipation patterns of excess pore 
water pressures can be  used to indicate the magnitude 
and dimensior~al extent of soil disturbance ilr failure 
mechanism studies of saturated soils. Finally, the pro- 
cedures presented in this study have been shown to be 
appropriate in establishing the failure mechanism devel- 
oped for static and dynamic loading of a pile driven in 
a saturated cohesive soil. 

CHAPTER XI 
RECOMME NDATlONS 

Practical Applic-ations of Sturljr Results r 
- < 4.5 
v- 

(11.2) 
In the opinion of the authors, the most important 

single result of this study has been the development of 
a mode of failure for a cohesive soil involved in the 
load response of a pile-soil system. This failure mecha- 
nism has been described by an anal>tic approach and 
substantiated by the correlation of results obtained I n  
various field measurements. The formulation of such 
a failure mechanism should contribute to future research 
b j  giving direction to investigations in'o various single 
aspects of the total response of the pile-soil system. 
Some conclusions of this stud\ .  h o ~ t  el er. offer immedi- 
ate practical application. Considelation should 1)e ziren 
to the fact that the climensio+lal exGerlt of soil distulbance 
~ ~ h i c h  governs the n lapi tude  and duration of excess 
pore pressures is a function of the square of the radius. 
This leads to the conclusion that revisions of some as- 
pects of current load test procedures might well be con- 
sidered. Specifications currently require that load tests 
performed in order to establish ultimate bearing capaci- 
ties for pilins clesinn be accoml)lished after a giver1 
number of days. These should possibly be altered to 
recognize the fact that laree diameter piles require a 
much longer ~ ~ e r i o d  in order to attain their ultimate 
bearinz capacit! than small piles clriven into similar 
soil. On the basis of Equation 3.14, for similar soil 
conditions. the time required for piles of different radii 
to attain comparable percentages of their ultimate bear- 
ing capacity is expressed by the dimensionless ratio: 

where: r ,  = radius of pile 1 

r2 - - radius of pile 2 

TI = time for pile 1 to attain a stated 
percentage of ultimate load capacity 

T2 = time for pile 2 to attain same per- 
centage 

Verification of the elastic-plastic model as the most 
al)prolxiate (1escril)tion of the l,eha\rior of the soil con- 
sidered in this stud\ indicates that the soil disturbxnces 
associated nit11 local shear failure a le  limited to a dis- 
tance from the center of the pile expressed 1)) the di- 
mensionless ratio : 

I 1  

where: r = radial distance from pile center 
rl = radius of pile 

The dissipation of excess pore water pressures from 
around lsrge piles has been determined by this study to 
11e a mole complex process than that piesented by pre- 
vious mathematical models. The fact that an exponen- 
tial increase in bearing capacity of large piles does not 
start immediately upon cessation of driving should be 
considered in construction loadine. It stould be recog- 
nized that the disparit) between these findings and those 
pre\~iously obtained for small piles is due to the fact 
that the dimensional effects of local shear failure are 
masked in small diameter piles since a negligible volume 
of soil is subjected to local shear failure. 

Suggestions for Future Research 

This study has indicated several areas requiring 
future research. It is first su~gested that comparable 
field tests be performed in similar soils in order to estab- 
lish the reliability and generality of the results obtained 
in this study. It is s u ~ ~ e s t e d  that such investigations 
he performed upon specific areas covered in this study 
rather than duplicate the entire spectrum of response 
with whirh this research was concerned. Such proce- 
dures will eliminate the interference, for example, of 
soil borings with measurements of ultimate bearing 
capacities. 

One area requiring research is in the field of model 
studies and the correlation of static and dynamic model 
tests with the field response of full scale piles. Refine- 
ment of such techniques \+auld greatly enhance the over- 
all research effort in this area b! enabling in\estiqators 
to 01,tairi more information from each costly field test. 
The futule requirement of full scale field tests. hotlever, 
to sul~stantiate laboratory work is not to be minimized. 

It should be recognized in dealing with this prob- 
lem that a static response as determined by any analysis 
of d l  namic response is developed according to a dynamic 
mode of failure. This failure mechanism' 'is essentially 
different from the mode of failure developed during the 
slolter static failure. It is suggested that more research 
be accomplished in order to correlate these two failure 
mechanisms by means of pore pressure measurements. 
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Appendix A 
' SOIL PKOPEliTY DATA 

1 
Table A - 1 

VANE SHEAR - FIG. 7.2 

Boring - D Boring - A Boring - B Boring - C Boring - A B o ~ i n g  - B 
Undisturbed Local Shear General Shear Local Shear Local Shear General Shear 

Depth Lab Lab Consolidated Field Field 
( f t )  (ps f )  (ps f )  (psf)  (psf)  (psf)  (psf) 

25-32.5 Sand Sand 
1650 
1200 
1000 

1750 
3090 
1340 
Sand 

1120 

1100 

1700 
1550 
1700 
1800 

2600 

Sand 
1590 
1820 
1300 

2350 
2800 
1070 
1700 

800 

2500 
Sand 

1620 
1200 

1910 

islo 

3080 

Sand 

1720 

Table A - 2 
UNCONFINED SHEAR STRENGTH - FIG. 7.3 

Boring - C Boring - B Boring - D 
Local General Undis- 

Boring - A Shear Shear turbed 
Local Consoli- 

Depth Shear dated 
( f t )  (psf)  (ps f )  (psf)  (psf)  

20-22.5 2550 
22.5-25 4000 
25-273 
27.5-32.5 Sand 
32.5-35 1500 
35-37.5 lG00 
37.5-40 1550 

1150 1500 
Sand Sand Sand 

950 2270 
1500 1650 1850 
1020 2230 
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Table A - 3 
DRY UNIT WEIGHT - FIG. 7.4 

Table A - 4  
RIOISTURE CONTENT - FIG. 7.5 

Boring - A Boring - C Boring - B Boring - D 
Local Local General Undis- 
Shear Shear Shear turbed 

Consoli- 
Depth dated 

( f t )  ( % )  ( % )  ( % I  (%) 

Boring - A Boring - C Boring - B Boring - D 
Local Local General Undis- 
Shear Shear Shear turbed 

Consoli- 
Ilepth dated 
( f t )  (pcf)  (pcf)  (pcf) f pcf) 

32.5 
22.0 
23.0 

Sand 
45.0 
51.0 
57.0 
67.5 
63.5 
54.0 

20.0 
25.0 

Sand 
18.0 

Sand Sand 

Appendix B 
POKE PRESSURE DATA 

Table B - 1 
PORE PRESSURE DATA - 50-FOOT DEPTH 

(Fig. 8.1) - 
Elapsed Pore Elapsed Pore Elapsed Pore 

Time Pres- Tlme Pres- Time Pres- 
sure sure sure 

(hrs.) (psi) (hrs.) (psi) (hrs.) (psi) 

Table B - 2 
PORE PRESSURE DATA - 40-FOOT DEPTH 

- -- 

Elapsed Pore Elapsed Pore Elapsed Pore 
Time Pres- Time Pres- Time Pres- 

sure sure sure 
(hrs.) (psi)  (hrs.) (psi) (hrs.) (psi) 
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Table B - 3 
PORE PRESSURE DATA - 30-FOOT DEPTH 

(Fig. 8.3) 

Elapsed Pore Elapsed Pore Elapsed Pore 
Time Pres- Time Pres- Time Pres- 

sure sure sure 
(hrs.) (psi) (hrs.) (psi)  (hrs.) (psi)  

Table B - 4 
PORE PRESSURE DATA-STATIC TEST (13th DAY) 

50-Foot Depth 
TEST NO. 1 (Fig. 8.6) TEST NO. 2 (Fig. 8.7) 

Elapsed Applied Pore Elapsed Applied Pore 
Time Load Pres- Time Load Pres- 

sure sure 
(min) (tons) (psi) (min) (tons) (psi) 

Table B - 7 
PORE PRESSURE DATA-TIRIE PERIOD (13th DAY 

TO 30th DAY) 
(Fig. 8.11 and Fig. 8.12) Q 

Elapsed 40-Ft. Deuth 50-Ft. Depth 
Time Pore Pore 

Pressure Pressure 
(hrs.) (psi) (ps i ) .  

Table R - 5 
POKE I'RESSITIIE DATA-STATIC TEST (13th DAY) 

30-Foot Depth 

TEST NO. 3 (Fig. 8.8) TEST NO. 4 (Fig. 8.9) 

Applied Pore Elapsed Pore 
Elapsed Load Pres- Time Applied Pres- 

Time sure Load sure 
(min) (tons) (psi) (min) (tons) (psi) 

Table B - 6 
PORE PRESSURE DATA-AFTER 30th DAY STATIC 

TEST (Fig. 8.10) 

Elapsed 
Time 

30-Ft. Depth 40-Ft. Deuth 50-Ft. Deuth 
Pore Pore Pore 

Pressure Pressure Pressure 
(min) (psi) (psi)  (psi) 
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Appendix C 
LOAD TRANSFER DATA 

Table C - 1 
LOAD TIZAXSFER l)ArI'A-FIG. 9.5 

13th DAY STATIC LOAD TEST NO. 1 

Table C - 2 
LOAI) TRANSFER DATA-FIG. 9.6 

13th DAY STATIC LOAD TEST NO. 2 
- -- 

Depth Depth 
Below Below 

Ground Ground 
Surface Load Load Load Load Load Load Load Surface Load Load Load Load Load Load Load 

( f t . )  (kips) (kips)  (kips) (kips) (kips) (kips) (kips)  (ft .)  (kips) (kips) (kips) (kips) (kips) (kips) (kips) 

0 20.0 40.0 60.0 80.0 100.0 120.0 125.0 0 20.0 40.0 60.0 80.0 100.0 120.0 ' 125.0 
10 15.0 30.0 45.0 61.0 85.0 97.0 110.0 10 15.0 30.0 45.0 60.0 75.0 87.0 100.0 
20 10.0 25.0 30.0 42.0 71.0 73.0 05.0 20 10.0 20.0 29.5 41.0 50.5 63.5 72.5 

5.0 8.0 11.0 17.0 24.0 30.0 38.0 30 5.0 9.5 14.5 21.0 28.0 35.5 50.0 
30 40 3.0 5.5 7.0 12.5 15.0 20.0 25.5 40 2.5 5.0 4.5 12.0 17.0 24.0 26.0 
50 2.0 2.0 3.0 4.5 7.0 10.0 18.0. 50 0.5 2.0 3.5 6.0 9.5 12.0 15.0 

Table C - 3 
LOAD TRANSFER DATA-FIG. 9.7 

30th DAY STATIC LOAD TEST NO. 1 

'2 Depth Below ) Ground Surface Load Load Load Load Load Load Load Load Load 
(ft.1 (kips) (kips) (kips) (kips) (kips) (kips) (kips) (kips) (kips) 

TaMe C - 4 
1.0.iI) ' r l<- iSSFEIt  D-iT-i-l?IG. 9.S 

30th  I>-iI- 8'T.iTIC' LO.iD TEST SO. 2 

I)c.pt11 1:c>1o\\ 
Ground Surface Load Load Load Load Load Load Load Load Load 

( f t . )  (kips) (kips)  (kips)  (kips) (kips)  (kips) (kips) (kips) (kips) 
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Appendix b 

R E C O K L ) ~  OF PILE TEST LOADING AND DRIVING 

Table D - 1 
RECORD O F  I'ILE TEST LOADING 

13th Day Static Load Test No. 1 
Quick Test Load Method 

County-Jefferson; Control-200-14-22; Project-U 1043(18) PD 974; Highway No.-US 69, etc.; Structure-S.H. 347 
Overpass N. Bound Lane, # 86; Bent No.--.?; Test Load Pile No.+; Sta.-345+80.42; Rt.-12; Pile Size & Type-16" 
Metal Shell; Total Length-53'; Pile Tip Elevation-30.85; Design Load-45.7; Dynamic Resistance-25.1; Hammer 
Type & Size-Delmag-12; Time Test Began-12:45; Date-Dec. 20, 1966; S. W. Copp, Resident Engineer. 

- 

Total Time Load Total Extensolneter Increase in Gross 
Readings Settlement - Inches 

Total 
Elapsed Interval Added .Load Gross 

Time Dial 1 Dial 2 Dial 1 Dial 2 Average Settlement 
Min. Min. Tons Tons Increase Inches 

2.5 10 GO 1.713 
0 1.706 
2.5 10 70 1.684 
0 1.646 
1.5 Hold 70 1.097 
2.5 Hold 61 1.083 

Table D - 2 
RECORD O F  PILE TEST LOADING 

13th Day Static Load Test No. 2 
Quick Test Load Method 

County-Jefferson; Control-200-14-22; Project-U 1043(18) E tc  PD 974; Highway No.-US 69 etc. Structure-S.H. 
347 Overpass N Bound Lane, # 86; Bent No.-3; Test Load Pile No.-3; Sta.-345+80.42; Rt.-12; Pile Size & Type 
-16" Metal Shell; Total Length-53; Pile Tip Elevation-30.5; Design Load-45.7; Dynamic Resistance-25.9; Ham- 
mer Type & Size-Dellnag 12; Time Test Began-3:19; Date-Dec. 20, 1966; S. W. Copp, Resident Engineer. 

Total Time Load Total Extensometer Increase in  Gross 
Readings Total 

Elapsed Interval Added Load Settlement - Inches Gross 
Time Dial 1 Dial 2 Dial 1 Dial 2 Average Settlement 
Min. Min. Tons Tons Increase Inches 

Hold 
Hold 
Hold 
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Table I) - 3 
RECORD O F  I'ILE 'VEST LOA1)lNG 

* 30th DAY STATIC LOAD TEST NO. 1 

) Load North Gage South Gage Total Gross 
Tons Inches Inches Settlement 

Average 
Inches 

Table 1) - 4 
IIECORD O F  PILE TEST LOADING 

30th DAY STATIC LOAD TEST NO. 2 

Load North Gage 
Tons Inches 

South Gage Total Gross 
Inches Settlement 

Average 
Inches 

0 0 
.008 .008 
.020 .0195 

Note: The load dropped down to 80 tons, then af ter  tha t  
brought to  85 tons. The dial started moving very 
fas t ;  no reading could be taken. 

Note: Tilxe interval betxeen each load increment was 
2.5 minutes. 

Table D - 5 
TEST PILE DRIVING DATA 

County-Jefferson; Project-U 1043(18) etc; Highway No.-U.S. 69; Control-200-14-22 PD 974; Structure or Stream 
-SH 347 N. Bound Lane; Sta.-345-180.42; Rt. L. 12 Ft . ;  Design Brg. Resist.-45.7 Tons; Length-53 Ft. Steel Pile 
Size-16"; Ground Elevation-20.4; Weight of Hammer-2,750 Lbs.; Size and Make of Single Acting Power Hammer- 
Delmag 12; Stirling W. Copp, Resident Engineer. Date-Dec. 7, 1966. 

Pile Tip Depth of 
Elevation Pile in 

(Ft . )  Ground 

Speed & Stroke Number Total 
or Energy of of Penetration 

Hammer Blows (Inches) 

Average 
Penetration 

(Inches) 
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TEST PILE DRIVING DATA (Cont.) 

Pile Tip Depth of * Speed & Stroke Number Total Average 
Elevation Pile in o r  Energy of of Penetration Penetration 

( F t . )  Ground Hammer Blows (Inches) (Inches) 
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TEST PILE DRIVING DATA (Cont.) - 
Pile Tip 

E 1 ; d o n  
Depth of 

Pile in 
Ground 

Speed & Stroke Number Total Average 
or  Energy of of Penetration Penetration 

Hammer Blows (Inches) (Inches) 

Appendix E 
COMPUTER SIMULATION 

EXP. PRESSURE 
93700. 

TIME INTERVAL N = 1ACC. O F  M, 
SEGMENT M STRESS(M) F ( M )  

ENERGY HAMMER EFFICIENCY RU(TOTAL) 
22600.00 0.47 650000.0 

Q(PO1NT) Q(S1DE) J(PO1NT) J(S1DE) 
0.01 0.01 0. 0. 

OPTIONS 1 2 3 4 11 12 13 14 15 
2 2 1 1  2 3 0 1 2  

SLACTi(M) ERES(M) VSTART(M) KPKIME(M) TIME INTERVAL N = 11ACC. O F  M,P) = -1.0 G 
1000.000 1.00 15.77 - 0. SEGMENT M STRESS(M) F ( M )  R(M)  V(M) 
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TIME INTERVAL N = 21ACC. O F  M,P) = -1.0 G 
SEGMENT M STRESS(M) F ( M )  R(M)  V ( M )  

TIME INTERVAL N = GlACC. O F  M,P) = 3.3 G 
SEGMENT M STRESS(M) F ( M )  R(M)  V(M) 

TIME INTERVAL N = 31ACC. O F  M,P) = -1.0 G 
SEGMENT M STRESS(M) F ( M )  R ( M )  V(M)  

TIME INTERVAL N = 71ACC. O F  M,P) 25.9 G 
SEGMENT M STRESS(M) F ( M )  R(M)  V(M) 

1 860. 93700. 0. 4.856364 
2 1099. 283531. -0. -0.679822 
3 9871. 212237. -0. 0.795673 
4 15105. 285479. -0. 0.124192 
5 16313. 308311. -0. 0.174662 
6 16546. 312720. 105300. 0.972102 

TIME INTERVAL N = 41ACC. O F  
SEGMENT M STRESS(M) F ( M )  

TIME INTERVAL N = 81ACC. O F  M,P) = 92.6 G 
SEGMENT M STRESS(M) F ( M )  R ( M )  V(M)  

TIME INTERVAL N = 5lACC. O F  
SEGRIENT RI STI?ESS(RI) F ( J I )  

TIME INTERVAL N = 91ACC. O F  M,P) = 
SEGMENT hI STRESS(R1) F(h1)  R(A1) 
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TIME INTERVAL N = 101ACC. O F  RI,I') := 

SEGMENT M STIIESS(M) F(M) 11(M) 
576.9 G SEGMENT 
V(W) 1 

-0.385146 2 

AREA 
109.000 
258.000 

21.500 
18.900 
18.900 
18.900 
18.900 
18.900 
18.900 
18.900 
18.900 
18.900 
18.900 
18.900 

TIME 
9 

18 

MAX C STRESS 
12952.. 

2475. 
30853. 
35285. 
38889. 
35368. 
32679. 
31491. 
26780. 

TIME IXTERVAL N -- 111ACC. O F  
SEGMENT M STRESS(M) F(M) 

TIME N 
387 
387 
387 

MAX T STRESS 
- 0. 
- 0. 
- 0. 

DMAX ( M )  
0.310567 
0.311323 

10 3717. 70243 .  -4012. -1.790226 125 6470. 0.148422 
11 7431. 140454. 3381. 1.269688 110 5531. 0.145772 
12 -5463. - 103258. -20007. 2.01-5619 115 16343. 0.139935 
13 -11284. -213271. 44850, 0.926835 374 - 0. 0.138240 
14 3817. 72150. 44850. 9.215815 PERMANENT SET O F  PILE = 0.12824012 INCHES 
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Fig. 9 - Orientation o f  jack u p  r ig  and jacket. 



ULTIMATE STATIC PlLE CAPACIN,  Q,, KIPS 
,RESISTANCE TO DRIVING, R, r KIPS 

1000 2000 3000 LOO0 

PLA,TFORM A 

48-INCH DIA. PIPE PILE Calcareous Clayey Sand 

- --I- 
Stiff Organic Clay _ _ _  

Firm Calcareous Silty Clay - - - -  
Calcarews Silty Sand 

Stiff CalcarewsSilty Clay ',- -- - 
Stiff Silty Clay 

I 

.z Very Stiff Organic Clay 

250 
- - 

350 
1. Estimated Resistance to Driving, $,based on 50% skin friction in ,-lay, 

100% skin friction in sand and no end bearing, 
2 .  Estimated Resistance to Driving,R,, based on 50% Jtin friction in clay, 

100% skin friction and end bearing in sand. 
3. Ultinate Static Pile Capacity, Qu. 

FIG, 7 - INTERPRETATION OF PILE DRIVABILITY. 



HAMMER PARAMETERS 
Hammer Properttes Vulcan 020 Vulcan OLO Vulcan 560 

Rated Energy. f t -b  M).OOO 12O.MO 300.000 

We~ght of Ram. Ib 20,000 ~.~ 62.500 
Drop. 11 3 3 5 

Efftc~ency, % 75 75 75 
Weight of Pile Cap. ib 5,000 27,800 48,000 

Cushion 2 pieces asbestos 114-in. thick alternating 
with 1 piece stpel plate 114-in. thick 

Cushion Spring Cmstant, lb/i'n 3 . 4 ~ 1 0 ~  2 . 7 8 ~ 1 0 ~  L 1 4 x l 0 ~  

Coefficient of Restitution: 
Cush~on 0 .6  0.6 0. G 
P~le Cap 0 9 0 9 0.9 

Pile Properties 
PILE PARAMETERS 

Penetration, Ft 
261 - 315 

Total Pile Length. t t  586 586 

Pilo Diameter, h. L 8  48 

Wall Thickness See F l q  5 See Fag 5 

Modulus of Elast~city, psi 2 9 . 6 ~  lo6 29.6 x lo6 

SOIL PARAMETERS 
Soil Properties 

Quake. in. 
Side 

Tip 

Dampmg, sec/ft 
Side 

Tip 

Penetralion, Ft 
261 315 

MAXIMUM COMPRESSIVE STRESS. 
K I P 5  / 5 0  INCH 

FIG, 4 - 4~~~ EQUATION PARWETERS FOR PLATFORM A .  

- 2'  - 

FIG. 5 - PILE MAKE-UP AND COMPUTED MAXIMUM COMPRESSIVE STRESS. 

- 

3500 
PLATFORM-A 

Lo-INCH DIA. PIPE PILE 

RATE OF PENETRATION N, BLOWS PER FOOT 

FIG. 6 - RESULTS OF WAVE EQUATION ANALYSIS. 

k ll 
PILE MAKE-UP 

I* - 



BOMBAY @ 
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INDIA 

( NOT TO SCALE 

FIG, 1 - SITE L O C A T I O N  OF BOMBAY HIGH FIELD 

LOCATION - 

D 
WELL -4.  

PLATFORM r 

31' 

36' 

3 5' 

PLATFORM 

G a 

3 3' 

FIG. 2 - ~ L A T F O R M S  L A Y O U T .  
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