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SUMMARY The paper describes a number of case studies in which the deformation behaviour of single piles or

pile groups has been calculated theoretically and compared with the cbserved behaviour.

The cases include:

(a) the settlement of two grout-injected test piles in sand, for which "Class A" (before the event) pre-

dictions were made, (b)
ing of clay overlying dense sand, (c)
on pressuremeter data, (d)

soil parameters is also discussed.

the settlement of steel pipe piles and step-taper piles in a soil profile consist-
the lateral response of two test piles, the predictions being based
the lateral load-deflection behaviocur of pile groups tested in Rumania, (e)

the settlement of a large office block founded on rock-socketted piles.
of tests on single piles have been used to predict group behaviour.
calculaticns is based on elastic theory and is outlined briefly in the paper.

In the last two cases, the results
The theoretical approach used for the
The selection of the required

It is concluded that the theory used can give quite acceptable estimates

of pile performance, particularly if used in conjunction with test pile data.

1 INTRODUCTION

The past decade has seen considerable advances in
the development of theoretical methods for predicting
the behaviour of single piles and pile groups sub-
jected to axial and lateral loads. Several tech-
niques have been employed, ranging from simplified
closed form solutions (Randolph and Wroth, 1978) and
boundary element methods of varying degrees of com-
plexity (e.g. Poulos and Davis, 1968}; Mattes and
Poules, 1969; Butterfield and Banerjee, 1971; Poulos,
1971; Banerjee, 1978} to finite element analyses (e.
g, Ellison et al, 1971; Desai, 1974; Valiliappan et
al, 1974; Balaam et al, 1973). A number of compari-~
sons have been made between the theoretical and ob-
served behaviour of piles (Poulos, 1974; Butterfield
and Ghosh, 1977; Bancrjee and Davies, 1979) and these
have generally demonstrated the applicability of the
theory to both model and full-scale piles. Never=-
theless, further comparisons are desirahle in order
to gain a better appreciation of the capabilities
and limitations of the theoretical approaches, and
alsoc to gain further experience in selecting soil
parameters to use with the theory.

The present paper describes six case studies of com-
parisons between theoretical and observed behaviour
of single piles and pile groups. In all cases, the
theoretical behaviour has been derived from an analy-
sis.which employs elastic theory but allows for non-
linear behaviour at the pile-soil interface, A
brief review of the theory is given and then each
casc is described in detail, with particular atten-
tion being paid to the method of sclection of the
requisite so0il parameters. Two of the cases invelve
"Class A" predictions, in the terminology of Lambe
(1973) i.e. made before the measurements were taken,
while the remainder involve "Class C" predictions,
made after the test results were known.

2 BRIEF REVIEW OF THEORY

2.1 Single Piles

The analyses used in this paper are all derived from
the theory of elasticity, using a simplified formof

the boundary clement wethod, The wanalysis of asing-
le axially loaded pile using this approach has becn
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. interaction stress.

described by Poulos (1977) and involves the disecre-
tization of the pile inte a series of shaft and base
elements, each acted upon by an unknown pile-soil

An expression for the axial
deflection of each eclement of the pile cun be writt-
en in terms of thesc interaction stresscs by assum-
ing the pile to deform as an axially loaded cylinder,
A corresponding expression for the axial deflection
of the scil adjacent to each element can be obtained
by integration of the appropriate Mindlin elastic
equation for vertical subsurface loading. The ex-
pressions for soil and pile deflections can be
equated and sclved to give the distribution of inter-
action stress, and hence deflection, along the pile.
To allow for the possibility of pile-soil slip,
limiting values of the interaction stress can be
specified at each element. An interative analysis
may then be performed to evaluate the load-settle-
ment behaviour of the pile to failure. By introduc-
ing simplifying assumptions, it is also possible to
consider, with reasonable accuracy, piles in nen-
homogeneous soils {Poulos, 1979a).

Single laterally loaded piles may be treuted in a
similar fashion, The pile is idealized as a thin
beam, with the horizontal pile deflections being
evaluated from beam bending theory and the soil de-
flections from integration of the Mindlin clastic
equation for horizental subsurface loading (Poulos,
1971). Again, by specifying limiting values of
lateral pile-soil interactien stresses at cach cle-
ment, non-linearity of the lateral response of the
pile can be reproduced.

For hand calculations, parametric solutions have been
presented for the settlement and lateral deflection
of a single pile (Poulos and Davis, 1980}, For more
detailed computations and cases not readily covered
by these parametric solutions, computer programs have
been developed (TAPILE for axial amalysis, PULL for
lateral analysis).

2,2 Pile Groups

For pile groups subjected to axial loading, a sim-
plified analysis has been developed which ‘invelves
the superposition of “interuction factors' for two
piles {Poulos, 1968). ‘These interaction fuctors



represent the relative increase in displacement of
a pile due to an identical loaded pile, and depend
on pile spacing, geometry and stiffness rclative to
the soil, This analysis enables a2 sclution to be
obtained for the distribution of lcad and settlement
within a group of piles and provides a theoretical
relationship between the group scttlement and the
settlement of an isolated single pile., Such an ap-
proach is very useful from a practical point of view
in that it enables the results of a load test oa a
single pile to be used to predict the behaviour of
a pile group.

A similar approach has been developed for laterally
loaded pile groups except that consideration needs
to be given to interaction factors for both pile
head deflection and rotation due to lateral loadand
moment. Furthermore, depending on the head condi-
tions imposed by the pile cap, it may be necessary
to consider both the lateral and axial response of
the piles.

While it is possible to obtain parametric solutions
for the axial and lateral behaviour of pile groups,
the range of variables which can be covered is
necessarily limited, and hence more frequent resort
must be made to a computer analysis tham is the case
for single piles. A program called DEFPIG has been
developed for this purpose.

2,3 Scil Parameters

The major problem in the application of the above
theories (or indeed any theory} to practice, is the
selection of appropriate soil parameters. It has
been found that conventional laboratory tests are of
little direct value for predicting pilie performance.
While in-situ tests may provide a more reasonable
basis for parameter selection, their utility still
remains to be fully investigated. The most reliable
means of making predictions is considered to be to
interpret the results of a load test on a single
pile in terms of the theory, and then to use the
values of s0il modulus and limiting pile-soil stress
so derived to predict the behaviour of the proto-
type piles or pile groups, In the absence of pile
test results, a number of empirical correlations
have been developed for preliminary estimates of
piles in clay or sand. For clay, these correlations
relate the soil modulus to undrained cohesion while
for sand, the soil modulus is related approximately
to the relative density of the soil {Poulos, 1974).
Values of limiting skin adhesion and lateral pile-
soil pressure can be estimated from conventional
theories of ultimate pile resistance,

3 SETTLEMENT OF GROUT-INJECTED PILE AT SURFERS
PARADISE, QUEENSLAND

In 1977, a load test was performed on a grout-inject-
ed pile in Surfer's Paradise, Queensland, at the site
of a new residential development, The details of
the pile aad the subscil profile are summarized in
Fig.l. Prior to the load rest results being reveal-
ed, a '"Class A" prediction was made of the load-
settlement behaviour of the pile. The only quant-
itative information on the subsoil properties con-
sisted of SPT values, and on the basis of these
values, the soil profile was classified as being very
dense sand. Based on the suggestions of the SAA
Piting Code (1978), o constant soil modulus of 100
MPa was assumed, while the correspomrding distribu-
tion of ultimate skin friction is shown in Fig.l.
The ultimate base resistance was calgulated using

a value of the bearing capacity factor, Ny, of 180.
The lead-settlement prediction was made using the
program TAPILE.
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Figure 1 Predicted and measured settlements

of grouted pile-Surfer's Parad. =

The predicted load-settlement curve is shown in Fig.
1 together with the measured curve. The agreement
is good up to a load of about 500 kN (the working
load on the pile was to be about 550 kN). P:yond
500 kN load, the theory overestimates the settlement
somewhat and predicts that full shaft slip occurs
and that any additional lead is carried by the base,
The predicted 1 1timate load was 1460 kN whereas the
actual pile carried a load of 2300 kN with a settle-
ment in excess of 80 mm, Even if the failure load
is defined as that to cause a settlement of 10% of
the base diameter, it would be found to be about
2000 kN, still considerably in excess of the pre-
dicted value, The difference is believed to result
primarily from an underestimate of the base bearing
capacity, as the average soil modulus and ultimate
skin friction values appear to have been chosenwith
reasonable (if fortuitous) accuracy.

Nevertheless, it may be said that, for a '"Class A"
prediction, based on very limited soil data, the
theory provided excellent agreement with the measur-
ed behaviour up to and beyond the proposed working
load,

4 SETTLEMENT OF TEST PILE IN HAMILTON, N.S5.W.

In November, 1978, a load test was carried out on
an instrumented grout-injected test pile inHamilton,
N.S.W. The soil profile consisted of layers of
clay and sand to 6 m depth overlying an 8§ m thick
sandy clay layer which was in turn underiain by very
stiff shaley clay (see Fig.2). The pile was 12 m
tong, 0.45 m diameter, and was reinforced with a
helical spiral steel cage 11.8 m long. It alsocon-
tained a central pipe to which resistance wire
strain gauges were cemented at nine locations in
order to deduce the load distribution along the
shaft.

Prior to the load test, a "Class A" prediction was
made of the load-settiement curve to failure and
the load distribution in the pile at various load
levels. Load-settlement predictions were made both
by using a hand calculation precedure proposed by
Poulos {1972), and also by use of the program



TAPILE, The latter program alsc produced the icad
distribution along the pile shaft, From the average
vaiue of undrained cohesion deduced from the cone
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Figure 2 Geotechnical data for Hamilton site

resistance data {taking cu=conc resistunce/15), a
constant soii modulus Eg of 70 MPa was seclected for
the hand calcuiations, based on the correlations of
Poulos (1972). For the computer predicticns, a
value of Eg varying linearly with depth along the
shaft from 40 MPa to 80 MPa was chosen. The ulti-
mate skin friction T was estimated on a total
stress basis from the deduced cy values, and was
taken to be 40 kPa to a depth of 6 m, increasing
linearly to 65 kPa at pile tip level. For the ulti-
mate base vesistance, a value of 9 cu(»1660 kPa) was
taken, The pile itself was assumed to have aYoung's
moditus of I GPa,

Fig.3a compares the predicted and measured load-
settlement curves. The latter were corrected to
exclude time-dependent movements during a peried of
maintained lcading and load removal at a load of
380 kN, The measured settlements are in remarkably
good agreement with both the hand and computer pre-
dictions up te a load of about 600 kN {the design
working load for this pile was 390 kN). At larger
loads, the measured scttlements significantly exceed
the predicted values, and it is obvious that the
actual failure load was significantly less than the
predicted value of 1055 kN. Both the ultimate skin
and base resistances appear to have been overes-
timated in this case.

Fig.3b compares the measured and predicted axial
load distributions at leads of 300 kN and 800 kN,
The agreement is quite good for both cases, except
that the actual load in the pile near the lower
part of the pile is greater than predicted, suggest-
ing that perhaps the scil beneath the pile tip may
have been somewhat stitffer than assumed. Tt is
interesting to note that, prior to the application
of the test loads, the strain gauge readings in-
dicated considerable tensile strains in the pile,
due possibly to the swell of the grout during cur-
ing or the expansion of the grout due to the devel-
epment. of high temperatures during initial curing,

In summary, the scttlement behaviour up to working
load has been quite well-predicted, as in the casc
of the Surfer's Paradise pile. flowever, the ulti-
mate load prediction has again been far from ac-

curate; this finding is rather surprising, as it is
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often considerzd that ultimate pile loads can be
more accurately predicted than pile settlement,
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5 TESTS OF SULLIVAN (1973)

Sullivan (1973) reported the results of load tests
an four piles, (two steel pipe piles and twe step-
taper piles) in a soil profile consisting of stiff
clays and silty clays overlying dense finc sand over-
lying further stiff clay. Fig.4 shows the profile
and the available geotechnical data., "Class O
(after the event) predictions of the ioad-scttlement
behaviour of the four piles during maintained load-
ing tests were made in two ways:

(i} using soil parameters selected on the basis of
available so0il information at this side and pre-
viously-developed empirical correlations;
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Figure 4 So0il conditions and paramecters for
tests of Sullivan {1973}



(i) wusing scil parameters backfigured from the
results of the load tests on one of the steel pipe
piles (Pile 1).

For method (i}, empirical relationships between
drained soil modulus E'g and ¢y were used for the
clay while E'g for the sand was takean as 110 MPa,
For both so0ils, the drained Poisson's ratio v'g was
taken as 0.35., In the clay, the ultimate skin fric-
tion was taken as 43 kPa, and in the sand, Tg was
calculated on an effective stress basis as Fgy',
where gyt=vertical effective stxess and F was taken
as 1.0 because of the dense nature of the sand,
Based on the SAA Piling Code (1978), Tta was assumed
te reach a limiting value at a penetration of 8 dia-
meters into the sand, Fig.4 shows the distributions
of E's and 7a thus determined. The ultimate base
resistance Phu was also calculated on an effecitve
stress basis as Ng.oy', with Nq=100, and oy' assumed
to reach a limiting value at a penetration of 8 dia-
meters in the sand.

For method (ii), the measured settlement of Pile i
was fitted to elastic theory at a load of 670 kN to
determine an equivalent average drained modulus of
the soil profile, The resulting value of E'g was
61 MPa.

Having derived the required input parameters, the
program TAPILE was then used to predict the load-
settlement behaviour of the four test piles. Fig.5
shows the curves thus cobtained, together with the
measured curves. The following observations may be
made: (i) The predicted load-settlement curves from
both methods are in reasonably close agreement,

{ii) The predicted settlements are in fair agreement
with the measurcd values for Piles 1 and 3, but are
more than the measurcd values for Piles 2 and 4, The
reason for the somewhat stiffer measured hehaviour
of Piles 2 und 4 is not clear, as quick-loading tests
carried out on the piles after completion of the
maintained loading tests indicated that the settle-
ment of all four piles at working loads was quite
similar, This finding is in agreement with the
theoretical predictions.
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(iii} The calculated ultimate load capacities are
in generally good agreement with the values indicat-
ed from the load tests.

Piles 1 and 3 were each instrumented with "tell-
tales", thus enabling the axial load distribution to
be determined. Fig.6 shows comparisons between
these measured distributions and those calculated
from the TAPILE analysis, for a working load level
of 530 kN, Bearing in mind the limited accuracy

of the measured distributions because of the small
number of tell-tales, the agreement with the theoret-
ical load distributions is reasonable.
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tests of Sullivan (1973)

This case study indicates that the theory can give
reasonable, if somewhat conservative, predictions of
load-settlement behaviour of both uniform diameter
and step-taper piles, using a common set of seoil
data, The usefulness of the previously-derived em-
pirical correlations of scil modulus is again demon-
strated, As with the two previous case studies,

the predicted settlements at loads well towards the
ultimate become inaccurate, but from a practical
viewpoint, such a deficiency in the theory is not
significant,

4] TESTS OF PRYDMAN BT AL (1975)

Irydman et a1l (1975) have reported the results of
lateral leoad tests on twe prestressed concrete piles
driven through highly plastic clay into fine dense
sand in the Haifa Bay area of Israel. Fig.7 shows
the soil profile, together with geotechnical data
obtained from SPT, vane and Menard pressuremeter
tests, One of the piles (Pile A) was instrumented
with a slope indicator casing along its length, and
in order to minimize its head rotation, had its
upper part oncased in a rigid concrete block support-
ed on knifc cdge supports resting on the ground
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surface. The other pile (Pile B} was free-standing
and had dial gauges at two points above the ground
surface in order to measure both deflection and
rotation (see Fig.7). Loading was applied by means
of a jack zeting between the piles,

In calculating the theoretical behaviour of the piles,
it was decided to attempt to use the Menard pressurc-
meter tests directly to obtain the soil modulus fig
and the loteral pile-soil yield pressure Py. lgwas
taken to be the value determined directly from the
pressuremeter results and reported im the paper. Ty
was taken to be cy.Ne, where cy was determined as
the pressuremeter limit pressure divided by 5.5, and
Ne varied between 2 at the ground surface to 9 at a
depth greater than or equal to 4 diameters. For
Pile A, the presence of the concrete block caused
some difficulty in the choice of an appropriate head
condition in the analysis., It was felt that the
concrete block, while reducing head rotation, would
not compietely eliminate it, and it was therefore
decided to assume that the block carried the moment
load, while the shear was taken by the pile itseif.

Two sets of calculations were carried out: (i) as-
suming Piles A and B are isolated and do not in-
fluence cach other; the program PULL was used for
this calculation, (ii) assuming Piles A and B inter-
act; the program DEFPIG was used and the piles
analyzed as a two-pile group, Pile A being subjected
to shear only and Pile B to both shear and moment.

Fig.8§ compares the theoretical and measured load-
deflection curves for Pile A at the ground line, As
would be expected, the theoretical curve allowing
for interaction gives smaller deflections and rota-
tions than if the piles are assumed isolated., The
effect of interaction on rotation is less than on
deflection, For loads up to about 60 kN, the agree-
ment between both the theoretical curves and the
measurements is quite good, but at larger loads, the
neasured values are larger than the theoretical
values. Fig.9 comparcs theoretical and measured de-
Ficetion proFiles aleng Pile A at two different Toad
levels, At the lower Toad of 43 kN, excelleat agrec-
ment is found between the measurcments and the theors
ctical curve ingluding interaction effects, However
at the higher load, the agreement is not as good,
particularly near the surface. Whether this dis-
crepancy is due to the assumed parameters or the
piie head condition changing as the load increases,
cannot be stated with certainty, although the latter
appears to be more likely in view of the good agree-
ment at lower load levels.

Detailed measurements were not reported for Pile B,
but at a load of 43 kN, the measurcd deflection of
Pile B 470 mm above the groumdline was 4.1 mm. The
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caleulated deflection, assuming Pile B to be aniso-
iated pile, was 6.3 mm; taking interaction into ac~
count gave a deflection of 5.8 mm, which is in
slightly better agreement with the measurements.

This case study thereforc suggests that the results
of pressuremeter tests may be appiicable to the pre-
diction of lateral pile performance, although mere
case studies would be requirved in order to gain
confidence in this application. In addition, it
illustrates the importance of comsidering the inter-
action between two test piles jacked apart.

7 PLLE TESTS BN QUMANTA (Manolie of o), #977)
Mancliu et al (1977) have prescnted the results of

a program of field tests in Rumania on single piles
and pile groups subjected to both axial and lateral
loading, The subsoil profile at the site is shown
in Fig.10a. Six single piles were tested, twounder
axial load, and four under lateral locading. The piles
were of reinforced concrete, 17 m long [enbedded
tengrh 16 m), and generally of 0.4 m square ¢ross-
section, although some were of rectanguiar sacticn
(0.35 m by 0.45 m}, Five different groups were sub-
jected te lateral loading, three groups of two ver-
tical piles, ocne group of two battered piles, and
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one group of three battered piles, as shown in Fig.
10b. The published data thus provided a good op-
portunity for the "Class C" prediction of the load-
deflection behaviour of the pile groups, using the
single pile behaviour in conjunction with the theor-
etical analysis of pile group response.

The first step in the prediction process was to at-
tempt to backfigure the average soil modulus and
limiting pile-soil stress values for axial loading
by fitting the theoretical solutions to the measured
load-settlement curves. This involved a trial and
error process using the program TAPILE. Fig.lla
compares the best-fit theoretical load-settlement
curve and the two measured curves, and imdicates the
parameters used for the fit. Both the soil modulus,
Esy, and limiting skin friction Ta, were assumed
constant with depth. While a reasonable fit is ob-
tained at relatively low load levels, the theoret-
ical curve shows too stiff a response at higher
loads, This is a previocusly-observed characteristic
of analyses with constant Egy and Ta, and a better
fit could have been obtained by altering the dis-
tributions of these parameters. However, the dis-
crepancy should not lead to serious inaccuracy in
group deflection response predictions until relat-
ively high load levels are reached,

The second step was to backfigure the average lateral
soil medulus, Egh, and limiting lateral pile-scil
pressure py by a similar process of trial and error,
using the program PULL 2B to generate the theoretical
curves. Figs.11b and ¢ show the fit obtained be-
tween the theory and the four measured curves, using
constant values of Egh of 35 MPa and Py of G,2 MPa,
In the light of the variability of the measured re-
sults, the fit obtained is quite reasonable. It is
interesting to note that the backfigured modulus
value for lateral loading, Esh, is one-half of the
value for axial loading, Esy. This difference is
probably attributable largely to the effects of pile-
soil separation at the back of the laterally loaded
pile.

‘The first step in the prediction procedure was to
usc the backfigured parameters from the single pile
tests to predict the entire lateral load versus
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deflection behavicur of the pile groups, using the
program DEFPIG, This necessitated the estimation of
the lateral efficiency factor nj, by which the value
of py was reduced to allow fro group effects. Based
on a small amount of previous data and expericnce,
values of 0.85, 0.6, 0.9 and 0.7 were chosen for
Groups A, C, D and E respectively.

Fig.12 shows the predicted and measured load-deflec~
tion curves for the above four groups. The agree-
ment for the two groups with vertical piles (Groups
A and C) is very good over the entire load range.
For the groups containing battered piles (Groups D
and E), the agreement is less satisfactory; the
theory overpredicts deflections at lower load levels
and underpredicts at higher load levels. Nevertheless,
the agreemeat is not unreasonable, bearing in mind
the possibiiity of some variation in soil conditions
from Zone II, where these groups are located, to
Zone I, where the single test piles were located,

In summary, this case suggests that the philosophy
of using the single pile tests to evaluate the pile-
501l parameters and then using the theory to predict
group response, is basically sound,

] COVENTRY POINT OFFICE BEOCK (Cole and
Stroud, 1977)

Cole and Stroud (1977) have described some aspects
of the foundation design of a medium rise office
development, Goventry Point, in the city of Coventry,
U.K. The development consists of two inter-linked
office blocks of fifteen storeys (Block A) and six-
teen storeys (Block B) which have been supported on
groups of rock-socketted piles. The subsoil profile
consists of up to 5 @ of fill and firm silty sandy
clay overlying siltstenes and sandstones of varying
strength, interbedded with extensively-weathered
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bamds of mudstone (Fig.13a)., Typically, SPT values
in the upper layer ranged between 10 and 50, whereas
below § m, values between 100 and 400 (with occa-

sional larger values) were cxperienced. To aid the
foundation design, a contract pile, 1,06 m diameter
and approximately 8,5 m long, was test loaded. This
pile settled 12 mm under the design load of 4.5 kN.

In order to assess the applicability of pile settle-
ment theory to this case, the above test pile data
was interpreted to obtain modulus values for the
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subsoil profile, and a group settlement analysis was
then performed for Block B. Three different assump-
tions were uscd in interpreting the test pile re-
sults: (a) & constant modulus Gy with depth, (b}

a linearly increasing modulus with depth, (¢) a
two-layer profile, with the upper 5 m having a mo-
dulus one-fifth eof the value for the underlying
materiat (this assumptions was based on the SPT re-
sults?y,

in each case, the program TAPILE was uscd to develop
relationships between the pile head settlement and
modulus, from which the modulus to give a 12 mm
settlement was determined, The following values
were obtained for the threc assumptions listed:
(2} Eg = 51.3 MPa
(b} Eg at 8.5 m depth = 78.1 HPa
(e} By {0-5m) = 12.6 MPa

Gg (5 m*) = 63 MPa,

The program DEFPIG was then used to compute the set-
tlement of Block B, which was founded primarily on
13 piles, 1.22 m diameter, and penetrating tv 8 &
below the ground surface (Fig.13bk). A rigid pile
cap was assumed, and based on the available informu-
tion, a dead load of 65.5 MN was assumed to act on
the foundation, Table 1 compares the three predict-
cd settiements with the measurcd scttlement approx-
imately 18 months after completion of counstruction.
tood agrevment i found with the values fromassumps
tions (D) and (). The settlement predicted on the
assumption (a) of a constant wodulus is too large,
as a result of the larger scttlement interaction
factors which cceur in this case (Fig.1d}.

A closer examination of the rate of settlement dur-
ing and after construction reveals that the actual
settlement developed more slowly than given by the
theory if the settlements are assumed to occur
instantancously upon application of the load (Fig.
13c). This slower development of settlement and the
continued increase after completion of construction
are probably a consequence of consolidation of the



inter?eddeq mudstone and siltstone layer beneath Provided that an appropriate measure of engineering
the pile tips. judgment is employed, the elastic-based theory ap-
pears to provide a reasonable practical basis for
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