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load values and develop conservative allowable bear­
ing pressures for compacted fill and natural over­
burden materials. 

3. The consideration for inundation of shallow 
spread footings was addressed in the program with 
the e s tablishment of noninundated conditions to 
apply to all footings embedded 4 ft or more below 
final constructed grade. Inundated conditions apply 
to all footings embedded less than 4 ft below final 
constructed grade. 

4. The proposed allowable bearing pressures 
developed from the load test program were higher 
than the locally accepted values. Providing these 
allowable bearing pressures as design criteria to 
the project design consultants is expected to result 
in more uniformity in foundation design and con­
siderable cost savings to this project. 
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Prediction of Axial Capacity of Single Piles in Clay 

Using Effective Stress Analyses 

ANDREW G. HEYDINGER and CARL EALY 

ABSTRACT 

This paper contains a description of research conducted on piles in clay. A 
finite element program was used to compute the state of stress in the soil 
around piles. The formulation accounts for the effects of pile installation and 
soil consolidation, updating the effective stresses continuously in a step-wise 
manner. The results of an approximate elastic solution were compared with the 
finite element solution. The two solutions were used to derive expressions for 
the effective radial stress after consolidation. A predictive procedure was 
developed that uses the effective radial stress to calculate the side resistance 
of piles in clay. 

Investigators have attempted to determine the state 
of stress around piles in clay in order to estimate 
side frictional capacity <!.-l.!.l. To this end, the 
state of stress in the soil is updated from the in 
situ condition to the conditions immediately follow­
ing pile installation and soil consolidation, and at 
pile failure. The purpose of this paper is to de­
scribe the results of two computer solutions tor the 
effects of pile installation, and to propose a design 
procedure for axially loaded piles in saturated 
clays for bridge foundations and other structures. 

CAMFE is an acronym for Cambridge finite element, 
a program developed at the University of Cambridge 

(12). It uses a o ne-d i mensional finite element 
formulation to determine the pore pressure and 
stress changes that occur during pile installation 
and soil consolidation. For this investigation, an 
elasto-plastic model was used to represent the soil. 
The results obtained from CAMFE for the pore pres­
sure and stress changes resulting from installation 
~re s imilar to those obtained from a cylindrical 
cavity e xpans ion the o r y (13) for an elastic, per­
fectly plastic ma terial. The consolidation phase of 
the formulation is completed assuming that water 
flows outward only radially. Thus, as with the cavity 
expansion procedure, plane stress conditions exist. 
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The other solution that was used is referred to 
as VECONS (5). It uses cylindrical cavity expansion 
theory to model pile installation and and an ap­
proximate elastic solution to model consolidation. 
For th-= consolidation proces s, it is assumed that 
the soil modulus varies from the pile surface to a 
predetermined distance from the pile. Thus, it is an 
acronym for Variable-E-Consolidation. The solution--a 
modification of a solution proposed by others (14)-­
allows a nis otropic soil s tiffness to be inputfor 
the radial and circumferential stiffnesses to better 
physically represent the effects of pile instal­
lation. 

To develop the predictive procedure, compar ii;um; 
were made between the two analyses. On completion of 
the comparisons, a parametric study was conducted 
using the two programs to predict the state of stress 
in the soil after consolidation for a number of 
conditions. The results of the analyses are shown as 
the radial effective stress after consolidation 
normalized by the undrained shear strength. The 
radial effective stress after consolidation is then 
used to predict side capacity using the correlations 
between radial stress and side capacity (15-16). 

DESCRIPTION OF CAMFE AND VECONS 

As already mentioned, CAMFE is a one-dimensional 
finite element program that uses an elasto-plastic 
soil model. The elasto- plastic soil model use s a 
volumetric work-hardening plasticity formulation to 
represent the soil behavior during yielding. Plastic 
yielding cccur e when the yie ld crite rion is met. The 
yield criterion, which is referred to as the modi­
fied Cam-clay soil model <ll, specifies an elliptical 
yield surface when plotting the deviator stress 
versus the mean normal stress. 

Pile installation is modeled assuming that soil 
is expanded radially from a finite radius to a larger 
radius. The authors of th1> p r ogr am ha•re shown that 
the stresses and excess pore pressures after expan­
sion are equivalent to those obtained from cylindri­
cal cavity expansion, when the initial radius is 
doubled (£). At the end of installation, there is a 
zone of soil around the pile that has failed in 
shear, which then reaches a state referred to as the 
critical state <..!ll. The resulting stresses and 
excess pore pressure after installation then become 
the initial conditions for the consolidation process. 

Consolidation occurs when the excess pore pres­
sures around the pile dissipate. The assumption that 
radial consolidation occurs results in conditions in 
which the radial stress is the maximum principal 
stress and the vertical and circumferential stresses 
are the minimum principal stresses. At the end of 
cuui;ullcJatlun, the ratio between the vertical and 
circumferential stresses and the radial stress is 
equivalent to the at-rest lateral earth pressure 
coefficient for normally consolidated soil. Thus, 
the soil yielding that occurs during installation 
causes the soil to behave as a normally consolidated 
soil. After consolidation, the soil is not at the 
critical state. 

VECONS was written for use in modeling pile in­
stallation effects (5). Plane strain cylindrical 
cavity expansion the~y is used to determine the 
pore pressure and stresses immediately after instal­
lation. For cylindrical cavity theory, it is assumed 
that the soil behaves as an elastic, perfectly plas­
tic material. After shearing occurs, it is assumed 
that the soil reaches and remains at the critical 
state for further deformations so that the effective 
stresses remain constant. There is a zone of soil 
around the pile at the critical state. Soil outside 
the critical state zone deforms elastically. 
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An appr oximate solution pr oposed by others (14) 
was modif i e d in order to compute the state of stress 
in the soil after consolidation. It is assumed that 
the soil modulus varies logarithmically as a down­
ward-fac;ing parabola from the pile surface to the 
outside boundary of the critical state zone. A value 
of the ratio of the r adial soil modulus Er i at the 
pile surface t o the r a d ial soil mod ul us (Ero> at 
the outside boundary equal to 0.1, a nd a dr a ined 
Poisson's ratio equal to 0.3 were used. To obtain a 
set of equations that could be used to solve the 
stress changes during consolidation, the constitu­
tive equations were substituted into the equation of 
~4uilibrium or total stress. The resulting equations 
were then solved by dividing the yielded zone into a 
number of subzones and writing the boundary condi­
tions for the boundaries of the subzones. 

The major modification to the published solution 
was the use of an anisotropic formulation for the 
soil modulus. It was assumed that the soil modulus 
in the circumferent ial direction, E6 , was grea ter 
than t he modulus in t h e r a d i a l d irection, Er (Ee/ Er = 
2 was u s ed). This e ffect ively caused the s o i l to 
stiffen in the circumferential direction, which then 
reduced the radial stress changes. Thus, the radial 
stresses after consolidation, and the inferred side 
resistance that could be developed, were reduced to 
values that agreed with measured capacities (5). 

The computed states of stress after soil c onsoli­
dation from VECONS were input into AXIPLN, an axisyrn­
metric finite element progr am plan (18), which was 
then used to model pile loading. Good-agreement was 
obtained between measured and computed values of 
shear s tress along t he p i le and load i n the p i le for 
three well-instrumented pile load tests. This veri­
fies that VECONS can be used to predict the state of 
stress in the soil for at least the zone of soil 
immediately adjacent to the pile. 

CO!>l_FAR!SONS BET!-!EEN Cl'-M.FE A1'lD VECONS 

Comparisons between CAMFE and VECONS for five dif­
ferent soils t hat have been we ll documented are 
given. Information on the first two sites was ob­
tained from the investigators working at Cambridge 
who developed CAMFE. This includes Boston Blue Clay 
with overconsolidation ratios (OCR) of l and 8 (10) 
and London Clay with an OCR of 8 (11). The other 
three soils include Beaumont Clay at the University 
of Houston test site (19) , San Francisco Bay Mud at 
the Hamilton Air Forcel3ase site (~, and Champlain 
clay at the St. Alban test site near Quebec, Canada 
(21,££). The results are shown as plots of stress or 
pore pressure normalized by the initial undrained 
shear strength that was obtained from the CAMFE 
analyses, versus the natural logarithm ot the radial 
distance from the pile surface. Figure 1 shows the 
results obtained for Boston Blue Clay with an OCR of 
l (10), and Figure 2 shows results obtained for 
London Clay with an OCR of 8 (11). 

A summary of the results o~the analyses is given 
in Tables 1 and 2. Tables l and 2 also give the 
normalized stress changes that occur immediately 
after pile installation and after consolidation for 
the CAMFE and the VECONS analyses. The in situ un­
drained shear strength was used in all cases to 
normalize the stresses. For both solutions, it was 
necessary to model the stresses at a radial distance 
greater than at the pile surface, r > r 0 • It was 
determined that representative results could be 
obtained by using r values of 1.10 r 0 for VECONS 
and 1.15 r 

0 
for the CAMFE analyses. Based on the 

comparisons, it was determined that the normalized 
stresses from both analytical models should be used 
to represent stresses acting on piles. 
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FIGURE I Comparison of results of CAMFE 
and VECONS on Boston Blue Clay (OCR=l) 
(10) . 

Computational difficulties arise when modeling 
normally or lightly overconsolidated soils with 
CAMFE. Indications of the difficulties include nega­
tive values of the void ratio and the pore pressure, 
and values of the stresses that are obviously er­
roneous. In addition, the solution may encounter a 
step requiring that the square root or logarithm of 
a negative number be taken. The difficulties can be 
avoided if large values of K and A (critical state 
parameters for Cam-clay) that are not repre- senta­
tive of the actual soil conditions are input. Because 
of the difficulties, CAMFE was only used to model 
overconsolidated soils in the subsequent analyses. 

PARAMETRIC STUDY OF CAMFE AND VECONS 

Parametric studies were conducted to determine de­
pende nce of soil properties and stress his t o r y on 
the results obtained f rom CAMFE and VECONS . S i milar 
studies reported by Wroth et al. (11) indicate that 
the results from CAMFE depend only on two parameters, 
Mand A, where M is a function of the peak effective 
angle of internal friction [6 sin ~ '/(3-sin ~')],and 

A is the compression index using a plot of the nat­
ural logarithm of the vertical effective stress . The 
effects of soil stress histo r y were determined for 
this investigation by characterizing soils with dif­
ferent values of OCR with representative values of 
K0 and the ratio of the undrained s hear strength to 
the means effective overburden pressure, su/P'o• 

Conclusions from the parametric study with CAMFE 
and VECONS are similar to those frorr. the previous 
study with CAMFE. The normalized effective radial 
stress is not affected by the effective vertical 
overburden pressure (depth) and the in situ soil 
modulus, Eu• The final effective radial stress de­
pends on ~ · (equivalent to M for the CAMFE input) and 
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su· The most sign ifican t changes oc curred when 1' 

and M we r e var ied. The r a tio su/P 'o has a l esser ef­
fec t t ha n M and 1.. However , it was u t ilize d in this 
study to investigate the effects of soil stress his­
tory. Because the results of the two solutions are 
similar, analyses with both CAMFE and VECONS were con 
conducted by varying Mor ,., A (CAMFE only) and the 
OCR (as characterized by typical values of su/P'o and 
Kol· 

ANALYSES FOR THE EFFECTS OF PILE INSTALLATION 

The results of the analyses were obtained from a 
pa r ametric study using t he CAMFE and VECONS s olu­
t i ons. The ob j e c tive o f the analyses was to de ter­
mine the effective radial s tress a fter soil consoli­
dation in terms of known soil properties to predict 
the maximum side resistance along piles in clay. The 
results are presented in terms of the normalized ef­
fective radial stress, a 'rc/su. 

A plot of the final radial effective stress nor­
malized by Su versus M is shown in Figure 3. The 
curves showing the results of the CAMFE analyses are 
for va l ues of s 4/ p' 0 = 0. 8 and 1 . 0 f o r A = O.l; and 
a = 0 . 3 , a nd su/ P ' o = 1 . 2 fo r 1' = 0. 5 . The curves 
represen t th e upper (a = 0. 1 , su/P ' o = 0 . 8) and lower 
( 1' = 0 . 5 , Su/ P ' o = 1 . 2 ) r a nge of values t hat occur . 
Va lues o f su / P 'o t hat a r e less t han 0. 8 could not be 
used because o f the c omputational difficulties pre­
viously de s cribed . A r a tio o f K/ 1' = 0 . 2 was us e d 
throughou t . The p r e v ious analyse s i ndicated t hat 
cr' clsu wuuld increa se by app r ox imat ely 5 percent if 
K/1' was inc rea sed fr om 0. 2 t o 0. 385 . Simi lar ly , 
a'r/su would be lower if K/1' was less than 0 .2. The 
curves showing the results of VECONS are s hown for 
values of Su/P 'o from 0.42 to 1.2. 

Some conclusions to the parametric study are as 
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TABLE 1 Results of CAMFE Analyses 

Immediately After Installation 
After Consolidation 

Su s,.(oo) 
Soil (kips/ft2

) p/su a;/su a'ofsu U~/SiJ u0 /s0 (kips/ft2 ) P 'cons /su U~c/Su a'oc/Su a'zcfSu 6p'/su 6p'/u0 6a;c/u0 

BBC! 0.750 1.53 2.58 0.47 1.53 3.88 1.143 3.62 4.73 3.04 3. iO 2.10 0.54 0.55 
BBC8 0. 881 1.79 3.03 0.55 1.79 3.28 1.224 3.84 5.08 3. 17 3.26 2.05 0.63 0.63 
LC8 3.657 2.56 3.64 1.4 7 2.56 2.95 4.890 4.60 5.69 4.02 4.09 2.04 0.69 0.69 
UHCC 1.436 2.23 3.33 1.14 2.24 3.83 2.218 4.68 5.83 4.08 4.13 2.45 0.64 0.65 
SFBM 0.346 1.48 2.53 0.43 1.48 40.5 0.456 3.20 4.19 2.71 2.71 1.72 0.42 0.4 1 
St. Alban 0.206 1.66 2.71 0.60 1.66 4.31 0.268 3.49 4.48 2.99 2.99 1.83 0.42 0.41 

TABLE 2 Results of VECONS Analyses 

Immediately After Driving After Consolidation 

Soil Pf Su a;Jsu a'ofsu a'z/Su u0 /su P
1

cons/Su a~cfsu a'ocfsu O~c/Su 6p'/su 6p'/u
0 6a;c/u0 

BBC! 1.61 2.62 0.62 1.62 
BBC8 1.62 2.62 0.62 1.62 
LC8 2.34 3.32 1.35 2.34 
UHCC 2.36 3.36 1.36 2.36 
SFBM 1.62 2.62 0.62 1.62 
St. Alban 1.62 2.62 0.62 1.62 

.A =0 .1 
Su/Po =0.8 

7 . \~0. 3 
Su/ Po =O.a 

6 ,\ =0.5 ' "' .,..,~ 
su; P0 =1.2 ';;[~ "'-. 

S · " O ' 

'~ ---~-~~--_ _,,,,,...~ --. 
~nd 

CAM FE 

------ YECOkS 
• Su/ Po - CAMFE ~ECOllS 

0.42 0 

0.60 0 

0.80 
1.00 • 0 
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M 

FIGURE 3 Final radial effective stress next to 
pile from CAMFE VECONS. 

3.73 2.89 
3.49 2.85 
2.8 7 3.42 
3.55 3.59 
4.79 3.04 
6.08 3.95 

presented here. For both the CAMFE and the VECONS 
audly:;..,:;, Lilt! lJLt!llluLt!ll vdlu"' ur u 'rf:;u Ut!1Jt!nll:; u11 
the parameter M. To express the variation in quanti­
tative terms, for ). = 0.3, a'rlsu varies from ap­
proximately 4.2 to 6.0 and for M from 1.5 to 0.6, or 
cr'r/su varies by 40 percent. The variation of cr'r/su 
with a given value of M for ). ranging from 0.1 to 
0.5 would be approximately 20 percent. 

The values of a 'r/Su obtained from the VECONS 
analyses fall in the lower one-half of the range of 
values obtained from the CAMFE analyses. The effect 
of overconsolidation, as indicated by the different 
ratios of su/P'o• is minimal. This result could be 
expected as both analyses predict that the soil 
reaches the critical state during pile installation, 
which then infers that the soil will no longer re­
flect previous overconsolidation. 

For the analyses, representative values of su/P'o 
were chosen as a function of OCR. The purpose of this 
was not only to estimate su for the analyses but also 
to estimate conservative values of Su for use with 

4.12 2.04 2.50 1.28 0.34 0.40 
4.08 1.99 2.47 1.23 0.35 0.42 
4.57 2.61 3.09 1. 08 0.38 0.43 
4.52 2.73 3.2 1 l.23 0.35 0.33 
4.3 1 2.21 2.61 1.42 0.30 0.35 
5.40 3.22 3.23 2.33 0.38 0.46 

Figure 3 in determining a'rc· Thus , the recommenda­
tion is to use the following table (inter polate for 
other values of OCR) to obtain su/P'o• to estimate 
the in situ su• (Note that values of su/P'o greater 
than 1.2 are not recommended.) 

OCR su/P'o 

1 o.42 
2 0.60 
4 0.80 
B 1.0 

16 1.2 

ANALYSES OF DATA 

The data that were obtained in the parametric study 
were ana lyzed to derive expressions for o 'rcfsu• A 
linear equa t i on results when a ' r cfsu i s expressed as 
a f unct i on of log M. These equations were computed 
by using l i nea r regression for ). = 0 . 3 a nd s u/P' = 
0.8, 1,0, and 1 .2. The intercept values of o 'rc:Js u 
(the values t aken at M = 1.0) were then a na l yzed a s 
a function of su/P'o• and an average value of the 
slopes of the linear regression lines was calculated. 
Equation 1, then, is the equation for a'rcfsu for ). = 
0.3. 

cr'rc/Su - ~-1~ - 0.24(,;u/l''ol - 4.83 lug M (1) 

A similar equation that includes the variation ob­
tained was derived for cr'rc/su in terms of :i., su/P'o• 
and M. The data for :i. = 0.1 and ). = 0.5 did not 
include different values of su/P'o• so it was assumed 
that the variation of the regression lines (-0.24 
su/P'ol would be the same as for ). = 0,3. The inter­
cept values were then expressed as a linear function 
of )., and the slopes of the regression lines (a'rcfsu 
versus log M) were averaged to obtain the following 
equation: 

cr'rc/Su 5.71 - 2.23().) - 0.24(su/P' 0 ) 

- 4.59 log M (2) 

A similar appr oach was used to analyze t he data 
from the VECONS analyses and a final equa tion wa s 
derived to represent the res ul ts for both solutions . 
Linear regression l ines were computed for su/ P ' o = 



Heydinger and Ealy 

0.42, 0.6, and 1.2 . Equation 3 gives the relationship 
for a' re/ Su . 

a'rclsu = 4.91 - 0.3l(su/p' 0 ) - 3.94 log M (3) 

The final equation was derived by using a linear re­
gression of all the data. 

a'rc/ su = 4.80 - 4 . 57 log M (4) 

The correlation coefficient computed results for 
Equation 4 is -0.929 and the standard deviation is 
0.67. Equation 1 can be used if the respective values 
of A and Su/P'o can be estimated. The equations indi­
cate the dependence of a 'rclsu on the parameters. 

ANALYSES FOR NONDISPLACEMENT PILES 

Additional analyses were conducted to investigate 
the stress changes on piles that do not fully dis­
place the soil. Such piles include unplugged, open­
ended, pipe piles and ideal H-piles. [In some cases, 
soil can block off the ends of open-ended pipe piles 
or the sides (between the flanges) of H-piles, caus­
ing them to act as full displacement piles for fur­
ther penetrations. It is not within the scope of this 
paper to predict whether soil would block off a pile 
and, if so, the depth where the soil plug would 
form.] For H-piles, it would be necessary to assume 
a circular cross-section with the same area as the 
H-pile as an approximation. 

Analyses were conducted for partial displacement 
piles with displacement ratios of 0.05, 0.10, and 
0.20. The displacement ratio is defined as the ratio 
of the cross-sectional area of steel of the piles to 
the gross cross-sectional area. Both of the computer 
solutions were programmed so that nondisplacement 
piles could be analyzed. According to the solutions, 
the soil reaches the er i tical state i consequently, 
stress changes during installation are the same as 
displacement piles except that the pore pressure is 
not as large. The critical state zone, the zone of 
soil at the critical state, is not as large for a 
nondisplacement pile. 

To analyze the effects of nondisplacement piles 
quantitatively, a number of the cases that were used 
in the previous parametric study were analyzed using 
different displacement ratios. Based on the results 
of the analyses, it was concluded that the reductions 
in a'rc/Su for a displacement pile c a n be ex pressed 
in terms of the displacement r atio i ndependent of M 
or su/P'o· The reduc tion in a'rclsu, is expressed in 
terms of the value ob t a ined for a full displacement 
pile. The recommendation is to reduce a'rclsu com­
puted for full displacement piles by multiplying by 
factors of 0.80, 0.85, and 0.90, respectively, for 
displacement ratios equal to 0.05, 0.10, and 0.20, 
respectively. 

PREDICTION OF ULTIMATE SIDE FRICTION 

For rapid pile loading, undrained conditions with no 
soil consolidation are assumed. For undrained load­
ing, excess pore pressure can be generated, causing 
changes in the effective stresses. The excess pore 
pressures ar e a f raction of the shear s tresses in 
the s o il tha t -are c a us ed by pile load i ng <1 >. There 
are also some changes in the soil stresses as a 
result of applied shear stress. The orientation of 
the major pr incipal stress rotat es around from the 
radial direct i on toward the ver t i cal direction. To 
determine the state of stress at failure, it is 
necessary to determine both the effective stress 
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changes caused by pile loading and the reorientation 
of the principal stress directions. 

The results of finite element analyses on piles 
in clay (~) indicate that the total radial stress 
(excluding the hydrostatic pore pressure) acting on 
piles remains nearly constant dur i ng pile loading. 
The total radial stress at pile failure is approxi­
mately 2 to 4 percent greater than the total radial 
stress after consolidation except for soil near the 
ground surface and near the pile tip. The total 
radial stress increases by as much as 20 percent 
within approximately 5 pile radii of the ground 
surface. The total radial stress decreases near the 
pile tip. Thus, the effective radial stress after 
consolidation, equivalent to the total radial stress, 
can be used to predict the side friction capacity 
for the major part of the pile shaft. 

The authors recommend computing the side friction 
capacity by using the effective radial stress after 
consolidation a'rc• and a friction parameter. The 
friction parameter is the peak total friction angle 
between the pile and soil, $ss• Equation 5 can 
then be used to compute the side friction, fs as 
follows: 

fs = a 'rc tan $ss (5) 

The determina tion of $ss can be made from undrained 
direct s hear , direct simple shear , or rod shear 
tests. 

The findings from two rod shear testing programs 
are used to estimate the friction parameter (15,16). 
The results that are presented here are in termsof 
the peak interface friction, fs, and the initial 
effective confining (radial) pressure, a'ci• Figure 4 
(J&) shows a plot offs versus a'ci showing computed 
·friction angles, tan $ss = (fs/a' ci>. The range of 
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FIGURE 4 Peak interface resistance versus 
initial effective confining pressure (1 6). 

values of $ss for the undrained t e s ts was from 12 to 
16.5. Figure 5 (16) shows the relationship between 
fs/ a 'ci and the plastic ity i ndex. Ratios of fs/a'ci 
between 0.2 and 0. 3 , or ~ ss be twee n 11 and 16 are 
recommended. The major conc lusion from the two in­
vestigations is that there is no limit to the side 
friction that can be obtained. This is in contrast 
to the concept of limiting side friction used by the 
American Petroleum Institute (23). 

The procedure to compute the ultimate side fric­
tion capacity is complete. Any one of Equations 1 
through 4 can be used to es tima t e a' r clsu. The ef­
fective radial st.rP.ss after consolidation is equiva­
lent to a'ci that was obtained in the laboratory rod 
shear tests. The ultimate side friction is computed 
at a number of depths using either Figure 4 or 5 to 
estimate $ss and Equation 5. (Some computation exam­
ples are presented later in this paper.) 
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SOIL SOFTENING EFFECTS 

Soil softening occurs in many clays after the peak 
side resistance is attained. A noticeable reduction 
in side resistance can be observed after the peak 
side friction occurs. The problem with designing for 
pile capacity is that the peak side resistancf> is 
reached in soil near the pile top and the pile tip 
before the ultimate pile load is applied so the 
maximum side resistance does not occur simultaneously 
a long the entire length of the pile. Therefore, it 
is necessary to account for pile softening effects. 

An evaluation of the effects of soil softening by 
Kraft et al. (§.l is tentatively recommended. The 
average unit side resistance at pile failure, fav• 
can be estimated by using Figure 6 (8). According to 
the figure, the mobilized resistanc;- at failure de­
pends on the pile length (L) , diameter (D) , stiffness 
(AE), and on the average maximum unit side resistance 
of the soil (fmaxl and three other parameters. The 
variable u* is the relative [>He-soil movement at 
fmax• µ is a number defining the rate that f s is de­
creased, and ~ is a factor expressing the reduc­
tion in fmax• The variables u*, µ, and ~ are esti­
mated averages for the pile length or the values at 
the midpoint of the pile. The curves that are shown 
were obtained from finite element analyses of 
isotropic, homogeneous soils. According to the in-
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vestigators, the reduction in capacity is not sensi­
tive to fmax and u* • 

COMPUTATION OF PILE CAPACITY 

The following equations can be used to compute the 
pile capacity. The side capacity, Qs, can be com­
puted by using Equation 6 assuming that there is no 
strain softening. To determine Qs for piles with 
strain~softening effects, multiply the ratio favl fmax 
determined from Figure 6 by Equation 6. 

Qs ='r fs [ILi) 11 D i=l 
I 

(6) 

The tip capacity is computed for cylindrical piles 
according to Equation 7 using Ne = 9 and su at 
the pile tip. 

(7) 

(Note that the pile capacity Qult is the sum of 
Qs and Qp.J 

CONCLUSIONS AND RECOMMENDATIONS FOR USE 

The parametric studies required a large number of 
analyses leading to the following conclusions that 
are true for both the CAMFE and VECONS analyses: 

l. 'l'he ratio o'rcfsu is not dependent on Eu (or 
G) and the in situ stress (depth). 

2. The ratio a 'rcls u, to a lesser extent, depends 
on the OCR, characterized by r e[>resentative values 
of su/P'o• (An explanation for this is that the soil 
is remolded during installation, removing the effects 
of overconsolidation.) 

3. Th~ vai:' iablc; u' rc/5u i.s 
the parameter M (or <1>) • 

4. Computed values of o 're/Su 
er for the CAMFE solution. 

t....:-\...,.. ..:J----..:1--.L --
U.L~ll..L.f UCt"CllU.Cll\.. VU 

are generally high-

Specific conclusions regarding the predictive pro­
cedure are as follows: 

1. It is necessary to make a conservative esti­
mate of Su· The value of Su should not exceed the Su 
value obtained by using the table previously dis­
cussed. (See "Parametric Study of CAMFE and VECONS" 
elsewhere in this paper.) Normally, there is a large 
amount of data scatter as well as significant differ­
ences in predicted values of Sur depending on the 
type of test that is used. 

2. M should be computed using M = 6 sin <I>'/ 
(3-sin <1>') • 

3. Equations 1 through 4 should be used to deter­
mine a' re/Su. 

4. The friction parameter <l>ss is probably between 
11 and 16. The higher values correspond to soils with 
low plasticity indices. Ultimate capacities are com­
puted using Equations 5 through 7. 

NEED FOR RESEARCH 

There is a need for further research. It is difficult 
to determine appropriate values of Su· The research 
should be directed at determining appropriate test 
procedures, either laboratory or in situ, that can 
be used. Correlations between soil properties (liquid 
limit, plasticity index, or liquidity index) and 
<I>' would be useful and further studies on the 
friction parameter, ass, are necessary. It is 
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probable that other solutions for the effects of 
pile installation will be developed, and, when this 
happens, similar studies should be conducted. More 
full-scale field tests on piles are necessary, how­
ever, to verify any predictive procedure. Design 
charts for different soil and pile conditions could 
be developed using the predictive procedure. 

The recommended predictive procedure was compared 
to the findings of other investigations and field 
test data. There are some conditions that the recom­
mended procedure has not verified experimentally. The 
validity of the solutions for permeable piles (con­
crete or timber) is questioned. The pile-soil adhe­
sion is higher for timber piles. For nondisplacement 
piles (open-ended pile or H-piles) , the solutions 
have not been verified. The strain-softening effects 
need to be investigated further. The solutions may 
not be valid for tapered (straight-sided or step­
tapered) piles. The predictive procedure was devel­
oped from analytical solutions and load tests on 
single piles. It would not apply to piles in groups 
where the group effects of pile installation and 
loading would be significant. 

Discussion 
Michael W. O'Neill* 

The authors describe a method to reduce average 
shaft resistance for flexible piles. They speculate 
that strain softening occurs in clay soils following 
the development of peak shaft resistance in driven 
piles. This phenomenon purportedly explains the 
well-known effect that average unit shaft resistance 
along a pile at plunging decreases with increasing 
pile length in relatively uniform soils. Because 
progressive failure occurs along the shaft, the 
average unit shaft resistance at plunging failure 
consists of contributions of peak resistances at 
some levels (presumably at lower levels) a nd post­
peak (teduced) resistances at o·thet (higher) levels. 
The more flexible the pile, the larger would be the 
post-peak reduction in unit shaft friction along the 
upper part of the pile; consequently, the smaller 
would be the average unit shaft resistance. 

This writer would like to offer an alternative 
explanation of this phenomenon, based on full-scale 
and model tests that he has conducted on driven 
piles in clay. 

Figure 7 shows a set of f-z curves for a 10. 75-
in.-outer diameter x 0.365-in.-wall, steel pipe pile 
driven to a depth of 43 ft in stiff, saturated, 
fairly uniform, overconsolidated clay with an OCR 
between 4 and 8 (~,~·Strain softening is observed 
to be almost nonexistent in the upper one-half of 
the pile but to increase markedly with depth. In the 
notation of the authors' F i gure 6, !; at a dis­
placement of ~u*" 0 . 6 in. (3 to 10 times the 
displacement at yield), is shown i.n parentheses for 
each level. The test pile was moderately rigid. Had 
it been perfectly rigid, the conditions producing 
the largest avei:age side resistance, fmax, are 
shown by the solid dots. The value of this average 
fmax is 8.97 psi. 

Had the pile been much more flexible (wall thick­
ness of 0.25 in. corresponding to a stiffness ratio 
uf 6, u,;ing the defin.ition in Figure 6), the aver<ige 
fmax corresponding to a tip deflection of 3 per­
cent of the pile diameter (top deflection of 5 per-

*University of Houston, Houston, Texas 77004. 
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cent of the pile diame-ter), which would tesult in 
plunging failure of the pile, would be derived from 
the points represented by the open circles. The 
value of the resulting average fmax for such a 
flexible pile is 8. 41 psi, or 6. 2 percent less than 
the value for the rigid pile. Although the effect of 
pile-soil flexibility is demonstrable in this soil, 
it is not as significant in reducing average maximum 
load transfer as at least one other phenomenon, 
discussed below. 

The results of Figure 7 have been replotted in 
Figure 8 in the form of E; (at 0.6 in.) versus A, 
the normalized vertical distance bet1'1een the pile 
tip and a generic depth i.n the soil. The vat iable 
E: is approximately constant at 0.90-0.95 for A 
exceeding 15 diameters. For A less than 15 diam­
eters, l; decreases sharply to approximately 0.70 
at A = 2 diameters. This behavior suggests that 
the fai:ther the pile travels past a given depth of 
s oil during installation, the greater the degree of 
soil destructuring at the pile-soil interface and 
the higher the value of i; . If such is the case, 
the average fmax decreases with increasing pile 
penetration because the angle of soil-to-pile fr ic­
tion ~ss decreases at a given depth as the ·pene­
tration increases, assuming the correctness of the 

1.0 

10 20 30 40 

t:.(DIAMETERS) 

FIGURE 8 ~versus to for field 
test. 
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assertion of the authors that lateral effective 
stress is generally independent of depth in a uni­
form soil . (The fric tion angle may only a ppe ar to 
decrease if lateral movements during driving , not 
accounted tor by existing effective stress methods, 
produce permanent strain in the soil.) 

If ~ ss decreases at a g iven soil depth with 
increasing pile pene tration, the average value of 
fmq.x should reduce in any given pile in uniform 
soil as it is driven deeper , even if the soil does 
not possess strain-softening characteristics. Figure 
9 shows the results of model tests on an instrumented 
1-in.-diameter, steel pipe pile driven in saturated, 
uni!orm medium-s till , nonstrain-softening, low­
plasticity clay (~. When the pile penetration 
increases from 40 diameters to, say, 80 diameters, 
the average fmax decreases by 32 percent, pri­
marily because of severe reduct ions in local fmax 
at soil depth s above 45-pile diameters wi th i ncreas­
ing tip penetration. The degree of average load 
transfer reduction resulting from this phenomenen 
(32 percent) is significant compared to the reduc-

........ 
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FIGURE 9 Maximum load transfer versus tip 
penetration for model test. 

tion caused by pile flexibility (6. 2 percent in the 
case described). 

It is hoped that future theoretical effective 
stress studies by the authors or by others will 
address this issue. 
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Large Observation Borings 1n Subsurface 
Investigation Programs 
GAY D. JONES 

ABSTRACT 

The West Papago/I-10 Inner Loop Freeway alignment in Phoenix, Arizona is under­
lain by up to ±20 ft of surficial silty clay, sandy clay, clayey sand over­
burden, and ±200 ft of dense sand-gravel-cobbles (S-G-C) with occasional 
±18-in boulders. Conventional, small-diameter borings are used for disturbed 
and undisturbed sampling in the overburden. Atterberg Limits, mechanical analy­
ses, consolidation, collapse-potential, direct shear, and triaxial compression 
tests are performed on the overburden material. Refusal to helical-auger pene­
tration usually occurs at or near the top of the S-G-C deposit. Local practice 
is to utilize percussion drilling to penetrate the S-G-C deposit. This procedure 
does not produce representative specimens of the foundation material and labo­
ratory testing is not attempted. This paper contains a description of the com­
position of the subsurface materials, current drilling-sampling techniques for 
the S-G-C deposit, and the use of large observation borings as a supplementary 
means for conducting visual examination of the S-G-C material. This examination 
a ids in the assessment of the S-G-C material as a foundation material for 
bridges and retaining walls, as a tunneling medium, and in the slopes of a 
depressed roadway. 

The final link of Interstate 10 (I-10) is under 
design and construction by the Arizona Department of 
Transportation. This ±9 mi segment of the West 
Papago/I-10 Inner-Loop Freeway through downtown 
Phoenix will involve major multi-level interchanges, 
a <ll:!pressed r-10 roadway in highly developed areas 
with multi-level buildings, and historic properties 
immediately adjacent to the alignment. The depressed 
roadway will intercept the surface drainage of the 
Phoenix Basin and separate the watershed into two 
regions. Storm runoff collected from the northern 
half of the drainage area must be conveyed through 

tunnels to its natural outlet at the Salt River. 
Subsoils through which the tunnels must be driven, 
and that will support structure foundations and form 
the depressed section side slopes, have been exten­
sively investigated. The primary exploration method 
has been conventional, small-diameter drill holes 
with limited in-hole testing and, where feasible, 
acquisition of samples for use in laboratory testing. 

The variation of particle sizes from clay to 
boulders, and material desiccation and cementation, 
prevents acquisition of samples suitable for labora­
tory testing. The absence of suitable test informa-




