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COMPARATIVE MODELING OF VERTICAL PILE GROUPS
M. W. 0'Neill, M. ASCE! and HoBoo Ha, A.M. ASCE?

Abstract

The recent development of mathematical models for synthesizing load-
deformation behavior of pile groups suggests the need for calibrating
such models to field behavior. Two generic models described herein are

used to model vertical load-deformation characteristics of five full-

- scale compression tests of pile groups in a variety of clay soils.  Val-

ues of input parameters necessary to achieve reasonable compatibility
with measurements are different in the two models. Those differences
are explainable in terms of model mechanics. An extension of compression

behavior to load-uplift behavior is described.

Introduction

Existing and proposed concepts for offshore platforms reqﬁire founda-
tion support in the form of pile groups subjected to both compression
and uplift loading. Mathematical models for synthesizing group behavior
generally fall into three categories: (a) finite element models (13),
(b) elastic solid models (1, 14, 16), and (c¢) "hybrid" models (3, 4, 10,
19). Finite element models, while providing the most rational represen-
tation of the pile—soil system, are expensive to execute, require some
empirical inputs, énd must still be considered research tools. The elas~
tic solid and hybrid models are simpler, although approximate, and have
found their way into design use. They are the subject of this paper.

The principal pile group effects are (a) installation effects, in
which the installation of a group of piles may prbgressivély densify or
destructure the mass of soil surrounding the piles, relieve residual
stresses, and/or inhibit dissipation of excess pore pressures, and (b)

mechanical effects, in which the effect of loading the piles influences
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‘response of neighboring piles. The former effect at present can be con-

sidered only empirically in the models, while the latter effect is handled -
in a rational way. '

The structural designer‘is interested in (a) the stiffnessvof‘the
pile group, which is of importance in static and dynamic stress analysis,
and (b) the distribution of loads to the various piles in the group in
order to determine the most advantageous geometric positions for the piles.
These parameters are outputs of the two subject models. A third factor
of importance, group efficiency, isnot directly obtainable with either
of the models and so must be detefmined externally.

The elastic solid and hybrid models are based on somewhat different
premiseé, so that different inputs are required to obtain optimum out-
put accuracy. Two computer programs representative of the models,

DEFPIG (14, elastic solid) and PILGPl (12, hybrid), have been used to
conduct a comparative study of the two models. The methodology followed
was to model the 1oad—set£lement behavior of five well-documented mono-
tonic compression load tests on -full-sized vertical pileigroups by first
modeling the response charactefistics of an isolated pile at each test
site, inputting the resulting single pile characterizations into the pro-
grams, and‘then varying soil stiffness inputs to obtain the ouﬁput most

nearly simulating measured group behavior.

Model Description

Although the principles of both models have been described elsewhere
(8; 9, 10, 11, 14), a brief comparative description using consistent no-
tation is given below. Both models permit consideration of a depthwise
variable soil modulus. Both can consider lateral pile response and multi-
directional loading. DEFPIG treats cap-soil interéction; PILGPl does not.
Only those features pertaining to vertical behavior of vertical piles
whoée cap does not contact the soil are.considered here. Schematic des-
criotions of the two models are shown in Fig. 1.

DEFPIG. In DEFPIG, a two-pile, pile-head interaction factor is de-
fined:

= — T
T (1)

where GZ§ settlement of the head (discrete element i) of pile I
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Fig. 1. Comparison of Models Studied

(a generic pile) when pile I and a single neighboring pile

J are loaded equally,

7 = settlement of pile I acting as an isolated pile under the
same load as above.

In principle, for a soil characterized by a uniform Young's modulus:
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and 3 e
pile diameter, L = pile length, |
Young's modulus of soil,

number of discrete increments in a pile,

(n-+l) plle compression stiffness coeff1c1ent matrix (8),
axial relative stiffness = (E /E ) (4AP/Hd ), where E, =

"~ Young's modulus of pile materlal and AP ‘cross-sectional .

(7]

[1]
{¥}

zly =

I, 2
()=

area of pile material,

(n-l-l)2 matrix of interaction terms describing effect of
soii stiffness on influence of load transferred from each
élement along pile I to soil displacements at all elements
along same pile. Mindlin's equations of elasticity are

used to derive terms (8),

same as above, except describing the influence of load trans-
ferred from elements along nelghborlng pile J,

(n-kl) identity matrix,

(n+1) null vector, éxcept v, = Pn/Nd, where P is load at
head of pile I (may be unity for elastic analysis),

(n+1) vector of displacements along pile I acting as isola-
ted pile, |

(n-kl) vector of displacements along pile I acting in two-

pile group.

For a group with a rigid cap,

[A] {P} =

where [A] =
a,, =1
ii
a . =1
mj
{pr} =
{r =

The pile-head

The terms

2 SRR ('

(m+l)2 matrix, where m = number of piles in group and

G#m; ay =05 a (1434, 57w =0, (=e
(m# 3); a jm = -1 (3 #m,

JI) b

(m+1) vector, first m terms are plle-head loads; (m+1)st
term is group settlement ratio (settlement of group/settle-
ment of isolated pile under group load Q/m),

(m+ 1) load vector, where q; = 0, i # m, and = Q, the
applied group load.

settlements are computed from the settlement ratio.

to the right of the dots in Egs. 2 and 3 represent the vec-

tor of side shear, f, and end bearing, qy» stresses for the various ele-

‘ments. When any term exceeds a preset limiting value, such as <,



(adhesive strength), the term may be fixed at the limit and the calcula-
tions repeated until no computed pile-soil transfer stress exceeds the
limit or until mathematical instability (indicating physical failure) is
reached. In this way, DEFPIG can produce a nonlinear load-settlement
curve,'although nonlinearity does not begin until adhesive failure begins
to progress along one or more piles. '

PILGPl. PILGPl assumes that isolated pile behavior is defined com-.
ple;ely by the pile flexibility and by uncoupled unit load transfer
curves, termed f-z and q,=z curves, which are generally\non—lineag. Such
curves must be obtained from load tests on isolated piles or from appro-
priate criteria. See Refs. 2, 6, 17, 20.

PILGPI employs the following basic flexibility equation:

2hy - [ II]-l{Y}’. RPN ¢

where {Z } and {Y} are as defined before and [P I ] is a banded pile-soil

interaction matrix for an 1solated pile I of the form

(k1 + sl) -8, 0 c e e e e e 0
2, I -
s, -( kz + 232) s, 0. ...... 0
2, I
0 s -( k3 + 253) Sq e e 0

In the above equation

-8, I '
ki = secant to f-z or q, =2 curve for element i on Pile I for in-

crement 2,

e N
TR

For an arbitrary initial load increment, each k vélue is assumed to be
equal to the initial slope of the f-z or g~z curve for element i, and
the displacements are computed at all elements along the pile. Adjust-
ments are made to k if displacement incompatability is found, and the
solution is repeated until closure is achieved.

The load increment is then increased, the process is.répeated,”and
a nonlinear load-settlement curve is generated. A load-settlement curve
is synthesized for every structurally dissimilar pile in the group and/or

for every pile having dissimilar f-z and 9y, ~2 curves. Then, for an



applied group load Q, the pile~head load distribution is obtained from
)\ .
) = 2 (B o e e e e e e e e 2 (8)
=1 : :

-1 (2

where {(*P} = [B] £QF o v e N ¢

In the above equation A is the number of load increments for Q (1 for a

linear solution). Also, [B] is an (m4-l) flexibility matrix in which
L]

b =1/%t (1+mw; b_ =0

ii mm
bij =0 (1 # j), except bmj =1 (m# 3); bjm =-1(j #mw
2.1

where “C~ is the secant modulus to the first quadrant load-settlement
curve for pile I for load increment Z. {RP} is the vector of incremental
pile head forces for load increment X. {QQ} is the incremental load vec-
tor, where 94 = 0 except for i=m+ 1, where q, = Q/Ax.

Equation 6 yields the distribution of loads to the pile heads, assum-
ing no mechanical pile-soil-pile interaction. For each pile I in the
system, Eq. 5 is then solved with the appropriate load boundary condi-’
tions, and deflections along each pile are computed. From the element
deflections the f and 4y values along the piles are cbtained. Mindlin's
equatlons of elasticity are then used to compute the soil displacement at

each element along every pile J in the group due to the distributed forces
along every pile I (J # I) The entire set of f-z and 4, =2 curves for all

piles is then reformulated such that at all values of stress
z

z=uc+%yi.............f.........x&
where ¢ refers to the value computed from Eq. 6, e refers to the elastic
displacements computed from Mindlin's equations, and o refers to the
original value for the isolated pile. v
The entire process, beginning with Eq. 5, is repeated three times in
PILGPL, although.more repetitions may improve the solution, particularly
where z, lies in highly nonlinear portions of the unit load transfer

curves. .The resulting loads and displacements constitute the grouyp sol-

'ution, equivalent to Eq. 4 for DEFPIG.

Pr1nc1pal Differences

The principal differences in the models, in terms of their practical



effects on output, can be summarized as follous:

1. In DEFPIG the elastic modulué controls both the single pile load~
settlement behavior and mechanical pile-soil-pile interaction. In PILGP1
the elastic modulus controls only the latter effect, so that the modulus
can be adjusted to account for pile reinforcement of the soil, provided
proper "calibration" tests are available. The same adjustments can be
made in DEFPIG, but doing so has a more significant effect on distribution
of loads to the piles than in PILGPl.

2. At relatively low loads (before the first pile-soil slio occurs),
PILGP1 should give a more uniform distribution of loads among pile loads
than DEFPIG because the general nonlinear form of the unit load transfer
curves permits the piles which attract the most load in an otherwise lin-
ear elastic analysis (e.g., corner piles in a square group) to relax and
shed load back to the other piles. At loads approaching failure bath
models may underpredict settlement because the implied premise that the
soil transmitting stresses between piles is elastic may no longer be valid.

3. Intuitively, load transfer curves (PILGPl) should represent soil
response better than elastic-plastic relationships (DEFPIG), since they
are predicated on a data base of load tests on instrumented piles and
thereby include such effects as soil disturbance in the near field around
a pile, residual driving stresses, effects of driving through stratified
soils on the smear zone around piles, and soil compaction. The complex
nature of these curves, however, restricts the advantage of PILGPl énd,
in instances where such curves are improperly formulated, PILGPl can pro-
duce misleading results.

V 4, Both models may be less effective in soils where installation of
group piles produces general density changes or destructuring in the far
field soil mass between and surrounding the group piles (as for pile
groups in loose sands) than in soils where such changes do not occur.

Neither model is inherently superior to the other. Both have fea-
tures which can be manipulated'by the user to defeat some of the problems
described. For example, the soil below the pile tips can be assigned a
s0il modulus independent of the modulus within the pile zone in DEFPIG.
Increasing that modulus results in an increasing uniformity of pile-head
loads. PILGPl permits the same type of manipulation by varying the f-z

and q -z curves. In the calibrations described below, however, a protocol
: b



was established whereby, for friction pile groups in clay, only uniform
or uniformly varying moduli were permitted for both models and whereby
only the unit load transfer curves measured on reference piles at the

various test sites were used in PILGPl.

Model Comparisons

Traditional physical model tests do not simulate the effective stress
states of soil in situ or at the soil-pile interface. Therefore, full-
scale tests were chosen for the calibration process. Calibrations are
limited to monotonic loading of pile groups in clay.  Of the several sets
of existing data for full-scale group tests in clay, five were chosen for
this study. The five sets represent groupings of 3 to 9 floating piles,
spacings of 3 té 4,5 diameters, and -soils ranging from insensitive to
sensitive and from lightly to heavily ovefconsolidated. Further, each
group test had an associated instrumented isolated pile test and reliable
data on distribution of loads émong piles in the group. The various .
tests are depicted schematically on Fig. 2 (5, 12, 15, 18). 1In the Uni-~
versity of Houston (UH) test series, two tests were conducted; first, on
the entire 9-pile group and, second, on the 4-pile group indicated with-
in the 9-pile grouﬁ. Load. test procedures varied among the tests, but in
each case the isolated reference piles were tested aécording to the scheme
used to test the group. ' |

Each of the tests was modeled with DEFPIG and PILGPl using the fol-
-lowing -methodology. Unit load transfer curves and uniform soil moduli
appropriate for modeiing single piles were obtained from tests on the
isolated piles, See Fig. 3 . The site-specific curves were used as in-
puts for PILGPl in lieu of curves obtained from published.criteria S0 as
to provide a positive check on the model. Trial soil moduli inputs for
DEFPIG were estiﬁated from hand solutions. For éach test two modulus
variations were investigated with both models (1) uniform and (2) lin-

early increasing from zero at the soil surface'with depth. Two or more

‘numerical values were then modeled for each pattern of variationm.

Poisson's ratio was assumed to be 0.5 throughout.

‘'With respect to -the linearly increasing modulus pattern, the two
models assume differént conditions beneath the pile tips. DEFPIG as-
sumes that the soil modulus beneath the tips (base modulus) is constant

and independent of the modulus along the shafts. Side friction inter-
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action is influenced by the value of base modulus as well as by the varia-
tion of modulus along the shafts. Forpurposes of this study; which modeled
floating pile groups underlain at some depth by stiffer soils, the soil
modulus was varied from'zero at the surface linearly to some value at the

pile tips. Below that depth, the base modulus was assumed to equal the

‘extrapolated linear modulus at a depth of 1.25 pile lengths. Below 1.5

lengths the soil was modeled as rigid. PILGPl on the other hand, computes
modifications of unit load transfer curves by using directly the average
modulus between points Ii and Jj .(Fig. 1);.so that the pattern of modulus
variatioh beneath thé pile tips has no physical meaning and does not in-
fluence the solution.

The number of discrete elements was kept equal for both DEFPIG and
PILGPl. Depending on pile length, 10 to 18 elements were used'in‘every
case. From 3 to 5 load values were applied to produce each load-settle-
ment curve and related outputs. | ‘

The numerical results of the study are presented synoptically in

Figs. 4 and 5 and in Table 1. Where measured settlement ratios fell be-

tween computed values, results were interpolated for purposes of making

“entries in Table 1.

The sum of CPU and I1/0 times for PILGPl was about half of that for
DEFPIG. However, preliminary runs had to be made with PILGP1 in thié
study to calibrate the unit load transfer curves given in Fig. 3 for sin-
gle pile behavior, so that the overall computational effort with PILGPl
exceeded that for DEFPIG.

DEFPIG does not output distribution of loads along piles; PILGPI does.
Figure 6 éompares distribution of load along piles in the UH 9-pile test
computgd from PILGPl with measured values for a load apprbximating a stat-
ic working load, usingE values from Table 1. The comparison shown in Fig.
6 is typical of all tests modeled with the exception of the Koizumi and
Ito test, where PILGPl overpredicted rate of load transfer, especially in
the center pile. The simultaneous close comparison of settlement ratio,
distribution of load to pile heads, and distribution of load along piles
suggests that PILGPl is modeling the physical problem approximately cor-
rectly in the class of soil profiles considered here.

In the Koizumi and Ito tests, in which a completely rigid pile cap

was used and where the piles were driven into a very sensitive clay,

11
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UNFORM E=I000 Clavg - 4PILES

INCLUDES SETTS. UNDER- WEIGHT OF CAP

Curves; PILGPl
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TABLE 1. TYPICAL RESULTS AT WORKING LOAD (l k = 4.45 kN)

. . SETTLEMENT | AVG. PILE-HEAD LOADS (k)
TEST/ LOAD BEST - FIT RATIO '
MODEL (k) MODULUS CENTER EDGE CORNER
(X c) M1 C2
u M C M C M C
SCHLITT 545
DEFPIG U; 600* 2.3 1 2.3 74 29 65 53 | 64 76
V; 400 2.3 2.3 74 37 65 55 64 71
PILGP! U; 850 2.3 | 2.3 74 57 65 59 64 | 63
V; 2000 2.3 2.4 74 57 65 60 | 64 [ 62
KOIZUMI-ITO 123
DEFPIG. ' U; 400 3.3 3.8 7 4 14 11 19 18
- _ V; 500 3.3 3.3 7 8 14 12 19 17
PILGP1 U; 500 3.3 3.2 7 12 14 13 19 14
©V; 900 3.3 3.3 7 12 14 13 19 14
BRE 26
DEFPIG U; 1200 1.1 1.1 8 7 - - S 9
V; 1500 1.1 1.1 8 8 - - 9| 9
PILGPI U; 2000 1.1 1.1 . 8 8 - - 9 9
V; 4000 1.1 1.1 8 8 - - 9 9
UH 9-PILE 581
-DEFPIG U; 700 1.7 1.7 60 35 64 58 66 78
V; 350 1.7 1.8] 60 | 44 64 60 66 74
PILGP1 U; 1400 1.7 1.7 60 62 64 | 64 66 66
V; 2000 1.7 1.7 60 | 62 64 | 64 66 66
UH 4-PILE| 288
DEFPIG u; 700 1.2 1.2 - - - - 72 72.
V; 300 1.2 1.2 - - - - 72 72
PILGP! U; 1600 1.2 1.2 - - - - 72 72
Vv; 1800 1.2 1.2 - - - - 72 72 -
1 MEASURED 2 COMPUTED *U: uniform; V: variable; numerical value =

appropriate E/cu (avg: U; pile tips: V)
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DEFPIG gave superior results at working load. The response of the piles

at the BRE and UH sites was very stiff, so that relatively minor flexi-
bility in the caps could have produced more uniform pile~head loads than
would have occurred in softer soils, resulting in an apparent practical
(bﬁt not theoretical) adﬁantage for PILGPl. The Schlitt test cap was semi-
flexible, although the mode of loading (use of ballast beams) should have
increased its rigidity. The pile response was also relatively stiff in
the Schitt test, which was a test conducted after an initial cycle of .
load was applied. '

The soil moduli from Table 1 can be expressed as follows for steel

piles, as functions of measured undrained cohesion:

DEFPIG: ‘
E/c (avg) = 3600 (Ap/Ag)Of"(cu(tip)/cu(avg))o'25 e ()
E/c_ (tip) = 2300 {cos (1000 AP/Ag)}'3(L/d)'°'25 ... (10)
PILGPL:
E/c (avg) = 8100 (A /a)%"7(c (tip)/e (ave)) > . . . . . (1)
u p s’ u u .
E/c (tip) = 4800 (Ap/As)o"‘(L/d)o'2 S € ¥

where Ap = cross-sectional area of pile materiai in the group (éverage
for tapered piles); AS = area of soil enclosed within perimeter of group;
‘and Ag = total area (including piles) enclosed within perimeter of group.

The argument of the cosine term is in degrees. The average and maximum

(in parentheses) errors in the above equations in % are 10 (19), 18 (24),

6 (11), and 15 (25), respectively.

When applying these equations to future analyses, it should be rea-
lized that they are highly dependent on the measured undrained cohesion
values and the manner in which those values are obtained. In each of the
tests modeled the practical test method judged most likely to approximate
in situ shear strength was adopted: UU triaxial testsAon thin-walled
tube samples in all cases except Koizumi and Ito and UH. Quasi-static
cone values were used for Koizumi and Ito's test in very sensitive clay

and normalized parameters (12) were used for the UH tests. 1In an off-

_shore environment sampling disturbance may lead to lower indicated

strengths, and the ratios in Eqs. 9-12 may need to be increased.
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The range of E/cu values for both algorithms is within that often
assumed for undisturbed soils, suggesting that group behavior is control-
led largely by behavior of minimally disturbed soil outside (below and

laterélly beyond) the immediate volume of the'piles and enclosed soil,

Particular attention needs to be paid, thereforé, to the effects of the

stiffness of the soil below the pile tips. These effects are handled in
a rational way in DEFPIG, but‘they must be considered by artificially_
raising the modulus if necessary in the depth range of the piles in PILGPI.
Furthermore, the soil modulus in PILGPl is used only to model group act-
ion, not individual pile behavidr,as is also necessary in DEFPIG, so that
the modulus more strongly reflects the reinforcement (stiffening) of the
soil by_the piles in PILGPI. These two effects combine to require con-
siderably higher moduli in PILGPL. = \

In all tests evidence exists that the in situ soil modulus increased
with depﬁh, in an approximately linear fashion. Somewhat closer. correla-
tions with pile-head load distributions were obtained with DEFPIG when

the depthwise variable modulus was used, as might be expected in such

.soils. No major differences could be observed in distributions of loads

to piles in PILGPl with respect to the depthwise variation of the soil
modulus, which reflects the inability of PILGPl to model directly the
stiffness of the soil below the pile tips. As seen in Fig. 6, however,
use of the linearly variable modulus did improve prediction of load dis-
tribution along the piles. |

In all but three cases the magnitude of the best-fit E/cu at the
tip for the variable modulus form was higher than- the corresponding mag--
nitude for the uniform modulus form. Inithree‘qases for DEFPIG the oppo-
site effect occufred (Schlitt and both UH tests). In each of these cases
the pile tips were in soil that was considerably stiffer than the over-
lying soil, so that stronger control of the settlement came froﬁ soil at
or beneath the pile tips. Where such a condition occurs, the pile tips
carry more load and the settlement ratio tends to be lower that when pile
tips carry neglible loads, as when the group floats in a completely uni-
form soil (7).

Uplift Behavior

Little experimental data are available on pile groups under uplift

loading. The topic is of inecreasing importance, however, because new
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offshore. structure concepts use pile groups in tension. Both algorithms
described can treat load-uplift behavior. Experimental unit load trans-
fer curves are available in uplift from the reference piles for the UH
tests (Fig. 7) so both models were used to synthesize load-uplift behavi-
or of the UH 9-pile group. No physical uplift test was actually per- |
formed on that group.

The unit load transfer curves in Fig. 7 differ from those in Fig. 3 be-

cause of residual stress effects. Inboth figures, the curves are "apparent"

.relationships, in that a zero stress conditionwas assumed after installation

in order to generate the curves. Thebase resistance curve in Fig. 7 represents
arelease of residual load that must be included in PILGPl. The reference
piles had been failed in compression before uplift testing, so that the

residual stresses may have been higher than had monotonic uplift testing

- been conducted directly after driving (12). Also, installation gfoup ef-

fects exist with respect to residual stresses. In general, residual
stresses are reduced in piles placed in groups (12), indicating that use
of the post-compfession—test unit load transfer curves from single, ref-
erence piles in PILGPl with best-fit soil moduli from compression tests
may overpredict pile rebound and thus yield a limiting (high displacement)
condition for group load-uplift behavior. On the other hand, application
of the best-fit moduli for compression testing directly to uplift loading
in DEFPIG yields load-uplift curves that essentially mirror the load-

settlement curves and may thus produce an opposite limit. Synthesized

‘group load-uplift c¢urves from both models are shown in Fig. 8. Consid-

ering the preceding comments, it appears that use of the variable modulus

_ form with either model may produce the most realistic load-uplift curves

for this site}

Conclusions ‘

1. DEFPIG and PILGPl require different soil modulus inputs to a-
chieve reasonable compatability with measured lbad—settlement relation-
ships for full-scale compression tests in clay. |

2. Appropriate correlations for moduli are given in Egs. 9-12 for
the undrained 1oadiﬁg condition. | o B

" '3. DEFPIG modeled load distribution among piles better in relative-
ly éoft, sensitive soil where a massive cap was used. In stiff soils

where a small degree of either soil nonlinearity or cap flexibility
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existed, PILGPl yielded better load distribution.

4. In modeling load-uplift behavior, unit load transfer curves from
single pile uplift tests combined with soil moduli appropriate for model-
ing compression behavior may result in an overestimation of uplift magni-
tude with PILGPl. DEFPIG may underestimate uplift magnitudekwhen moduli

from compression calibrations are used.
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