CHALMERS TEKNISKA HOGSKOLA

CHALMERS UNIVERSITY OF TECHNOLOGY
| GOTEBORG
SWEDEN

FOOTINGS WITH SETTLEMENT-REDUCING PILES
IN NON-COHESIVE SOIL

Phung Duc Long

Department of Geotechnical Engineering
1993



FOOTINGS WITH SETTLEMENT-REDUCING PILES
IN NON-COHESIVE SOIL

Phung Duc Long

Tele10I0I0lore
o101 (076,
g X

KNISES
e
W

Submitted to the School of Civil Engineering, Chalmers University of Technology,
in partial fulfillment of the requirement for the degree of Doctor of Philosophy

Department of Geotechnical Engineering
Chalmers University of Technology
S-412-96 Goteborg, Sweden

Goteborg 1993



FOOTING WITH SETTLEMENT-REDUCING PILES
IN NON-COHESIVE SOIL

Phung Duc Long

Department of Geotechnical Engineering
Chalmers University of Technology
S-412 96 Goéteborg, Sweden

ABSTRACT

Although the design concept based on the idea of limiting the settlement of
footings by settlement-reducing piles is gaining more and more support, there
have beer very few experimental studies of the behaviour of piled footings in
non-cohesive soil. The influences of the contact between the pile cap and the
soil on the capacity and the load-settlement behaviour of a piled footing are
considerable but this has not been well understood.

The purpose of this study is to clarify the overall interaction between the
piles, the cap, and the soil in piled footings with friction piles in non-
cohesive soil. The major part of the study consists of three extensive series of
large-scale field model tests on single piles, free-standing pile groups,
shallow footings and piled footings. The field tests were carried out in loose
to dense sand, and with pile spacings of four, six and eight times the pile
width. By performing the field model tests, the Author has tried to create a
better understanding of the load-transfer mechanism and of the load-settlement
behaviour of a piled footing in non-cohesive soil. The most important factors
influencing the behaviour of piled footings have been investigated.

The study shows that in cap-pile interaction, the increase in the pile shaft
resistance is most important and more pronounced than the increase in the pile
base resistance and the change in the cap capacity. It is also found that the
load-settlement behaviour of the cap in a piled footing is very similar to that
of a shallow footing with the same geometry under equal soil conditions. This
remark is used as the basis for the proposed simplified methods of predicting
settlement of a friction piled footing in non-cohesive soil. The results
calculated using the proposed methods are in good agreement with the measured
values.

The reduction in settlement of a piled footing, in relation to a corresponding
shallow footing, depends clearly on the relative cap capacity. With a high value
of the relative cap capacity, i.e. when the capacity of the cap is predominant
over that of the piles, the contribution of the piles has a clear effect in
reducing the settlement of the footing.

Keywords: settlement-reducing piles, pile-cap-soil interaction, driven piles,
non-cohesive soil, field tests, earth pressure cell, numerical analysis,
simplified method.
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SUMMARY

Our knowledge of friction pile behaviour in non-cohesive soil has been greatly
widened during the last decade. Many experimental studies have been performed on
the behaviour of single piles and of free-standing pile groups. However, there
have been very few experimental studies of the behaviour of piled footings with
the cap being in contact with the soil. The influences of the contact between
pile cap and soil on the capacity and the load-settlement behaviour of a piled
footing are considerable but this has not been well understood. The mechanism of
load transfer in a piled footing involves a highly complex overall interaction
between piles, pile cap and surrounding soil. The interaction is influenced by
the stress-strain-time and failure characteristics of all elements in the
system. The soil may be changed considerably due to pile installation and to the
contact pressure at the cap-soil interface. The load-deformation behaviour of
the piled footing is affected by a lot of factors such as soil properties, group
geometry, pile installation and interaction between different elements (piles
and cap) in the footing. Due to the uncertainties or difficulties in defining
such factors, there is no available analysis method capable of including them
all.

The design concept based on the idea of limiting the settlement of footings by
settlement-reducing piles is gaining more and more support. Only a small number
of piles are required to reduce considerably the settlement of a footing. For a
wide application of such footings, which would result both in economical
advantages and in reduction of settlements and tilting, reliable methods of
analysing the behaviour of piled footings are badly needed.

The purpose of this study is to clarify the overall interaction between the
piles, the cap, and the soil in piled footings in non-cohesive soil. By
performing large-scale field model tests, the Author has tried to create a
better understanding of the load-transfer mechanism and of the load-settlement
behaviour of a piled footing in non-cohesive soil. The most important factors
influencing the behaviour of piled footings have been investigated.

Experimental investigation

The experimental part of the study consists of large-scale field model tests on
piled footings, free-standing pile groups, single piles, as well as shallow
footings under equal soil conditions. The problem of pile-cap-soil interaction

*
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of a piled footing in sand includes interaction between the piles in the group,
named as pile-soil-pile interaction, as well as between the pile group and the
pile cap, which is in contact with the soil surface, named as pile-cap
interaction. Comparisons of the test results on single piles with those on free-
standing pile groups show the pile-soil-pile interaction, while comparisons of
the test results on piled footings with those on free-standing pile groups and
on caps alone clarify the pile-cap interaction. To make possible a study of the
settlement-reducing effect of piles, the load-settlement behaviour of shallow
footings and of piled footings have to be directly compared. Three different
test series were carried out, each of which consists of four separate tests
comprising a shallow footing, a single pile, a free-standing pile group and a
piled footing under equal soil conditions and with equal geometry.

The model piles used in the field tests were hollow steel piles with a square
cross-section, 60 mm by 60 mm. The length of the model piles was about 2.3m and
the depth of embedment of the piles in each scparate test varied slightly,
depending on the testing procedure. The surface of the piles was covered with
sand (grain size < 0.125 mm) glued to the surface. All the pile groups were
square and consisted of five piles: one central pile, and four comer piles. As
the main purpose of the research was to study the settlement-reducing effect of
the piles, the pile spacing was chosen to be relatively large. The centre-to-
centre pile spacing was 4b, (four pile widths) in the first test series, and
6b;, 8b, in the second and the third series. The pile caps (footings) were made
of pre-fabricated reinforced concrete and were absolutely rigid. The size of the
footings was chosen with regard to the pile spacing. In the first test series,
the sand was quite loose; in the second and the third series, the sand was
medium dense to dense. The geometry of the test models and the density of soil,
used in the field model tests, are summarised in Table 1.

Axial pile loads were measured by means of load cells at the base and head of
every pile. The load was also measured in the middle of one comner pile in order
to investigate the distribution of the axial pile load with depth. The lateral
earth pressure against the pile shaft was measured along the central pile by
means of Glotzl total stress cells. In all the tests, the total applied load was
monitored by an independent electric load cell. The load, carried by the cap in
a piled footing, was then obtained by subtracting the load taken by the piles
from the total load.



Table 1 Summary of the field model tests

Test Pile Group Sand Pile Length Separate Tests
Series and Cap (m)
five piles 2‘ }‘}C S!lalllow i;‘oc;n:ing
T1 spacing S=4b, | I = 38% 0 S, single pile
46cmx46cmx25cm 2.1 T1G, pile group
23 T1F, piled footing
five piles '0 %2(83, S¥la1110w i{ooﬁng
T2 spacing S=6b, | I = 67% i TZG, single pile
63cmx63cmx35cm -1 , pgle group
23 T2F, piled footing
five piles - Tgc. S¥lalllow ifooting
T3 spacing S=8b, | Ip = 62% i‘i’ T. g{ 81i1]1g e pile
80cmx80cmx40cm . T3G, pile group
23 T3F, piled footing

The tests on the piled footings were performed using two different procedures.
The first procedure, in which the test was started when the pile cap was already
in good contact with the soil, had the advantage of making possible a direct
comparison between the behaviour of a piled footing on the one hand and that of
a shallow footing and a free-standing pile group on the other. However, using
the second procedure, in which the test was started when the pile cap was 20 mm
above the soil surface, the effect on the pile behaviour of the cap being in
contact with soil is more obvious. Comparisons with other tests can be made by
using the load-settlement curve, modified from the original one according to the
method shown in Appendix A. The second test procedure is strongly recommended
for testing piled footings both in sand and clay.

Bearing capacity

The bearing capacity of the piled footings was studied by using different load
efficiency coefficients, based on comparison of capacities of the elements of a
piled footing (piles and cap) with those of a single pile, a free-standing pile
group, and a shallow footing. All the efficiency coefficients vary depending
upon the settlement level. The bearing capacity of a piled footing can then be
expressed according to Eq. (1):



Pp =n (M), My, Py + M Ny Py) + M6 P 0]

where, n
e M

number of piles in the group,

influence factors of pile-soil-pile interaction on the pile shaft
and pile base capacities,

Tas» Tap» Mg = influence factors of pile-cap interaction on the pile shaft and
pile base capacities, and on the capacity of the cap,

P, Py = shaft and base capacities of the reference single pile under
equal soil conditions as the pile group,
P, = capacity of the shallow footing (cap alone)

The pile base efficiency 1),, was found to be equal to unity for medium dense to
dense sand, and higher than unity for loose sand. The pile shaft efficiency 1,,,
which represents the pile driving effect on the pile shaft resistance, was
always higher than unity even for pile groups with large pile spacing. In the
third test series, for example, the pile spacing was as large as eight times the
pile width (S= 8b), but 7, is still quite high, M, 2 . The pile base
efficiency T,, is probably higher than unity for very short piles, but can be
taken as unity when the piles are long enough, e.g. 1> (1.5 to 2) B,. The pile
shaft efficiency m,, is the most important factor in the cap-pile interaction
problem, especially under a high contact pressure at the cap-soil interface or
at a large settlement. The cap efficiency Tms is very close to unity. For
practical design, it can be taken as 1.0 for loose sand, and 0.9 for medium to
dense sand.

Load-displacement behaviour

The failure of a piled footing in non-cohesive soil is progressive, i.e. the
applied load increases with increasing settlement. The load-settlement behaviour
of the piles and the cap in the piled footings was compared to that of the
corresponding free-standing pile groups and shallow footings. It was found that
the behaviour of the cap in a piled footing is very similar to that of a
corresponding shallow (unpiled) footing on both loose and dense sand (Fig.1).
This is one of the most important conclusions drawn from the study and was used
as a basis of the proposed simplified methods of estimating settlement of a
piled footing in sand.

xi
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Fig. 1 Load-settlement behaviour, comparison between the tests on piled footing,
free-standing pile group and shallow footing. (a) for loose sand; (b) for
medium dense to dense sand.

Lateral earth pressure and skin friction along a pile

The increase in lateral earth pressure against the pile shaft in a piled footing
consists of two components: the increase due to the cap in contact with soil on
the one hand, and to the effect of the pile failure zone on the other. The cap
effect is predominant for the upper part of the pile, while the effect of the
pile failure zone is predominant for the lower part. However, in comparison with
the increase in lateral pressure due to the cap effect, the increase due to the
pile failure effect is small and can be ignored in practice, At a small cap
load, the increase in lateral pressure due to the cap effect is small. When the
cap load is large enough, so that the soil under the cap becomes plastic, it
increases in proportion to the increase in the cap load. The lateral pressure
against the pile shaft clearly decreases with increasing depth. It has its
largest magnitude at the cap-soil interface, and is reduced to zero at a certain
depth depending upon the size of the cap (Fig. 2).
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Fig. 2 Increase in lateral earth pressure along pile due to the cap effect
(a) versus settlement; (b) versus cap load.

In a piled footing, the skin friction along a pile consists of friction due to
pile-soil-pile interaction (as for single piles and free-standing pile groups),
and friction due to an increase in lateral earth pressure AG;, caused by the
cap-soil contact pressure and by the influence of the failure zone at the pile
base. The increase in skin friction along a pile due to the cap effect and to
the effect of pile failure is shown in Fig. 3.

F(z) Aoy, Af
s s
psu 1
CAP - | * * Due to Cap
|
o RN
; sp‘(z‘)ﬂ Spi(2)
! I
PILES| | 8,2+ |
N 'l i Total \ /o—Total
( I \
| 1
| | —
h \
Due 10 Pile Failure
{a) {b) (c) (d) e) (f)

Fig. 3 Increase in skin friction along a pile due to effect of cap being in
contact with soil and to effect of pile failure.
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Settlement-Reducing Effect

The conventional settlement ratio, defined as the ratio of the settlement of a
single pile to that of a pile group, has little practical meaning in estimating
the settlement of piled footings. Different settlement ratio coefficients have
been defined in order to compare the settlement of a piled footings with the
settlements of a single pile, a free-standing pile group, and a shallow footing.
The settlement ratio &,, defined as ratio of the settlement of a piled footing
to that of a corresponding shallow footing at the same applied load, seems to be
the most practical, Fig. 4.

05 ALL SERIES
(T1, T2 and T3)
0.4
‘u: o : o P Vg Pcf = failure load of cap
ey D 7 v Teat T1, Pet= 20 kN
B 0.3 4e2—2—vo v Test T2, Pef= 130 kN
o Vv a Test T3, Pet= 200 kN
2 wwap By v
[+]
£ 02 % —
—_— A
? 01 ° 4] o
) ? g o pon  Test series T1
o g aaa Test series T2
OPpoop .
0.0 vov  Test series T3
0 20 40 60 80 100 120

Load level P /Pcf, %

Fig. 4 Settlement ratio &, - Comparison of piled footings with shallow
Jootings. Test series Tl relative density of sand I,=38%, pile
spacing S=4b,; Test series T2: Iy=67%, S=6b,; Test series T3:
Ip=62 %, §=8b,.

The ratio &, clearly depends on the relative cap capacity o, which refers to the
relative contribution of the pile cap to the capacity of a piled footing. Fig. 5
shows an empirical relationship between &, and o, which can be used for a quick
estimate of the reduction in the settlement of piled footings.
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Fig. 5 Settlement reduction factor &, of piled footings, in relation to shallow
footings, versus relative cap capacity oO.

Numerical Analysis

Most of the available computer programs for analysing pile groups and piled
footings are based on the theory of elasticity. The DEFPIG code, presented by
Poulos (1980a) is one of the most typical. The load-settlement behaviour of the
piled footings, included in this research was compared with that calculated by
means of the DEFPIG code. The comparison shows that, with well-selected soil
properties, DEFPIG predicts quite well the load-settlement behaviour of the
piled footing under the working load (or the elastic stage). However, the
program fails to simulate the “settlement-hardening” response of the piled
footing. This can also explain the incorrect conclusion drawn on the basis of
the elastic methods, namely that the increase in stiffness of a piled footing
due to the cap in contact with soil is small in comparison with that of a
corresponding free-standing pile group.

The analysis of the load-settlement behaviour of the shallow footings by means
of FLAC, an explicit finite difference code, gives an excellent agreement with
the test results, provided that an elastic-plastic material according to the
Mohr-Coulomb failure criterion is used for modelling the soil. In comparison
with the elastic analysis, the horizontal pressure in the soil, obtained by



using the Mohr-Coulomb soil model, is much higher, and the depth of influence is
much greater, Fig. 6. This explains why the elastic methods fail in simulating
the load-settlement behaviour of a piled footing. The Mohr-Coulomb soil model
is, therefore, suggested to be used where the horizontal soil pressure is part
of the geotechnical problem.

HORIZONTAL STRESS , kPa
-50 0 50 100 150 200
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3 \

Fig. 6 Comparison of the horizontal soil stress under the shallow footing T2C
analysed by FLAC with the measured earth pressure against the pile shaft
due to the cap effect in the piled footing T2F at the load level P.= Py
= 175 kN.

It is interesting to see that the measured lateral earth pressure against the
pile shaft due to the cap effect in the piled footings has a surprising
correspondence with the horizontal soil stress under the corresponding shallow
footings analysed by the elastic-plastic theory. This fact once again supports
the conclusion that the behaviour of the cap in a piled footing is similar to
that of a corresponding unpiled footing. This can also be used as a basis for a
theoretical estimation of the cap effect on the pile shaft resistance in a piled
footing.

Proposed simplified calculation methods

Based on the above conclusion regarding the load-settlement behaviour of a piled
footing, simplified methods of predicting the settlement of piled footings in



non-cohesive soil have been proposed in Chapter 8. Thus, the settlement of a
piled footing can be approximately estimated as the settlement of a
corresponding shallow footing at the same cap load level. The load-settlement
behaviour of a shallow footing, in turn, can be analysed according to any method
preferred by the reader. Thus, once the load-settlement behaviour of a shallow
footing is determined, the behaviour of a corresponding piled footing can be
approximately estimated, provided that the load carried by the cap in the piled
footing is known. The key factor is to estimate the load carried by the cap Pg,
which can be obtained by subtracting the load taken by the piles Py, in the
piled footing from the total applied load Py :

P, = Py - Py 2

Based on the result of load tests on single piles, provided that the load
efficiency for a free-standing pile group in relation to a single pile n, (at
the same settlement) is known, the load taken by the piles can be estimated
according to the first method as:

Py, = n-n,-P, 3)

where, n = number of piles in the group
P, = load applied on the single pile at the same settlement

If the load efficiency for piles in a piled footing versus piles in a free-
standing pile group 1, (due to the cap effect) is also known, the Pg, value can
be estimated according to the second method as:

Py, = nem-n,-P, )

Generally, the efficiency m, is higher than unity whatever the relative density
of the sand, and it increases when the settlement increases. The 7, value is
rarely known in practice due to the lack of experimental evidence. However, it
can be estimated by means of the theory of plasticity as shown above.

The proposed simplified methods of settlement analysis, Methods 1 and 2, are
exemplified for the piled footings in all three test series using the results of
the corresponding tests on single piles and on shallow footings (Chapter 5), as
well as the load efficiencies M, and 1, (Chapter 6). The load-settlement
behaviour of a piled footing predicted by the proposed simplified methods, is in
good agreement with the measurement results, Fig. 7.
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Fig. 7 Comparison between the settlements calculated according to the proposed
simplified methods and the measured results - Test series T3.

For the determination of the reduction in settlement of a piled footing, in
relation to a corresponding shallow footing, the settlement ratio &, can also be
quickly estimated according to the third simplified method, with the help of the
relationship between &, and the relative cap capacity o, as shown in Fig. 5. In
comparison with the test results, the method gives a promising prediction.
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NOTATIONS AND SYMBOLS

Roman Letters

length of cap/raft

area of surface load at node j
cross-sectional area of pile
width of cap/raft

pile width

S o>

B width of shallow footing or piled footing
B, nominated width of cap

B, width of pile group

c ratio of pile spacing to pile diameter (S/d)
C compaction index

G soil uniformity coefficient

d,ord pile diameter

dgg mean grain diameter of soil

e void ratio

€max maximum void ratio

€min minimum void ratio

E Young’s modulus

E’ Young’s modulus for plain strain condition
E, dilatometer modulus (DMT)

E, initial Young's modulus

E, Young’s modulus of pile material

E, Young’s modulus of soil

Eg pressuremeter modulus (PMT)

E, tangent modulus

fy dimensionless coefficient

f, pile shaft resistance or CPT skin friction
fou ultimate pile shaft resistance

f(2) pile shaft resistance at depth z

F(z) level of mobilisation of skin friction

F factor of safety

G, shear modulus of soil

Gy shear modulus of soil at pile base

i, ip dimensionless coefficients

I influence factor

Iy dilatometer material index (DMT)

In relative density of sand

To Tos settlement influence factors

k load transfer level

k., k;, k;  stiffness of pile cap, pile group and piled footing
kg modulus number for bulk modulus

kg modulus number for Young’s modulus

Xix



relative pile stiffness

bulk modulus

dilatometer horizontal stress index (DMT)
coefficient of lateral earth pressure at rest
coefficient of lateral pressure at pile shaft
pile length

modulus number for constrained modulus
constrained tangent modulus

dilatometer constrained tangent modulus (DMT)
porosity

number of piles in a pile group

number of rows in a pile group

stress exponent for bulk modulus

stress exponent for Young’s modulus
average distributed load from structure
self-weight of excavated soil

effective distributed load

distributed load at load transfer level k
horizontal pressure at rest (PMT)

limit pressure (PMT)

net limit pressure (PMT)

mean effective stress

concentrated applied load

load applied on a shallow footing/cap

fajlure load of a shallow footing/cap

total load applied on a free-standing pile group
failure load of a free-standing pile group
base and shaft loads of a pile group
ultimate base and shaft loads of a pile group
total load applied on a piled footing

load carried by cap in a piled footing

load carried by piles in a piled footing
loads applied on piles i and j

total load applied on a single pile

failure load of a single pile

base and shaft loads of a single pile
ultimate base and shaft loads of a single pile

average load per pile in group
pile axial load at depth z
uniform surface load

pile base pressure

cone resistance (CPT)

radial distance from pile centre
pile radius



I, effective radius of cap element

) influence radius of pile
s settlement/displacement
Se settlement of shallow footing/cap
. 8,(2) settlement of soil due to cap-soil contact pressure
Sg OF Sg settlement of pile group
Sp settlement of piled footing, corresponding to total load
St settlement of piled footing, corresponding to load taken by piles
S, settlement of single pile
settlement of pile head
Spe(2) relative displacement between pile and soil
Spsu pile-soil displacement required to mobilise full skin friction
S pile spacing, centre-to-centre distance
u pore pressure
w water content
w displacement
W) displacement of single pile under unit load
w, or Wy,  displacement of pile head
v volume of cavity (PMT)
V. initial volume of measuring cell (PMT)
Vi mean volume in pressuremeter tests (PMT)
Vv, effective volume of the plotted tube (PMT)
W, displacement of pile head due to pile shaft compression
Wiy displacement of pile base due to pile base load
Wy displacement of pile base due to pile shaft load
Wy settlement of piled footing
W settlement required to mobilise full pile shaft capacity
W, Wy settlement components
z depth
Z depth from z 4
Zimx depth of load transfer level k

Greek Letters

o relative cap capacity

o correction factor (CPT)

o, increase factor for capacity of cap in piled footing
o, O increase factors for capacity of piles in piled footing
o interaction factor between piles i and j

O interaction factor between pile-cap units i and j

04y Oy base and shaft interaction factors

Oy cap-pile interaction factor

Oty interaction factor of pile base i due to base load j
i interaction factor of pile base i due to shaft load j
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stress exponent for constrained modulus
cap-pile-soil interaction factor for cap capacity
cap-pile-soil interaction factors for pile base and shaft capacity
pile-soil surface interaction factor

soil surface-pile interaction factor

bulk unit weigh

angle of friction at pile-soil interface
pile-soil-pile interaction factors for pile base and shaft capacity
compression of pile shaft

increase in pile skin friction

compression of soil layer

thickness of soil layer

increase in horizontal effective pressure

vertical strain

volumetric strain

group efficiency

parameter in solution for axial pile response
base and shaft efficiencies

load efficiencies, defined in Table 6.1

pile perimeter

factor allowing for grain shape and roughness
Poisson’s ratio

Poisson’s ratio of pile material

settlement ratio

settlement ratios, defined in Table 6.8
parameter giving degree of homogeneity of soil
bulk densisty of soil

dry density of soil

bulk density of soil, estimated from DMT
specific gravity of soil

vertical effective stress

horizontal effective stress

major principal stress

intermediate principal stress

minor principal stress

reference stress = 100 kPa

shear stress on pile shaft

effective angle of internal friction

effective angle of internal friction at critical relative density
(no volume change during shear)

angle of dilatancy

parameter depending on shaft friction distribution along pile
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1. INTRODUCTION
1.1 Footings with Settlement-Reducing Piles

The current design practice for piled footings is based on the assumption that
the piles are free-standing, and that all the extermal load is carried by the
piles, with any contribution of the footing being ignored. This approach is
illogical, since the footing itself is actually in direct contact with the soil,
and thus carries a significant fraction of the load. The philosophy of design is
recently undergoing a gradual change. The idea discussed by Burland et al.
(1977) of using a few piles to reduce the settlement to the required level (and
to improve the state of stress in the raft) is gaining more and more support.
The piles are therefore termed "settlement-reducing piles”. The design question
becomes not "how many piles are needed to carry the weight of the building", but
"how many piles are needed to reduce the settlement to an acceptable level"?,
(Fleming et al, 1992).

There are a number of reasons why the idea of spread foundation design with
settlement-reducing piles has not become widely used. One of the reasons is the
lack of reliable calculation methods for predicting the settlement and for
estimating the behaviour of such foundations. Moreover, there have been very few
experimental studies of the behaviour of piled footings. Most of the tests
previously made deal with free-standing pile groups. The effect of the footing
(cap) being in contact with the soil on the settlement behaviour of the piled
footing, as well as the bearing capacity of the piles, is therefore not well
understood.

1.2 Scope of the Study

In the case of piled footings in non-cohesive soil, the settlement is often
sufficient to mobilise the full bearing capacity of the piles. In order to study
the settlement behaviour of a piled footing, it is thus necessary to understand
the behaviour of the piles in the footing close to or at failure, Therefore,
although this study mainly deals with the settlement of piled footings, both the
settlement and the bearing capacity problems have been investigated, The aim of
the investigations has been to establish different practicable load efficiency
and settlement ratio coefficients.

Obviously there is a great need for a better understanding of the load-transfer



mechanism (both between the piles and between the cap and the piles), the
interaction between the piles (pile-soil-pile interaction), and especially the
interaction between the cap and the piles (cap-soil-pile interaction) in a piled
footing in non-cohesive soil.

The experimental part of the study consists of three field test series
comprising large-scale model tests in non-cohesive soil. In each test series,
four separate tests on a shallow footing, a single pile, a free-standing pile
group, and a piled footing were carried out under equal soil condition.
Comparisons of the test results in one and the same test series clearly show the
behaviour of the elements of a piled footing (the cap and the piles) and the
overall behaviour of the piled footing itself. As regards the long-term
settlement, the creep behaviour of the shallow footings has been compared with
that of the corresponding piled footings. The results of this study can be used
as a guideline in the analysis of a piled footing, the existing knowledge of
which is quite limited.

Changes in the lateral earth pressure against the pile shaft were measured by
means of pressure cells mounted along the pile shaft. The axial pile load
distribution along the pile was also studied. The results have been interpreted
with special attention to the effect of cap-soil contact pressure.

The change in soil properties due to pilé driving and due to cap-soil contact
pressure was investigated by sampling, and by different field investigation
methods (pressuremeter, dilatometer and static penetrometer tests).

The applicability of existing methods for the prediction of settlement of piled
footings has been investigated by comparing measured settlements with calculated
values. Simplified methods of predicting settlement of piled footings in non-
cohesive soil are suggested, based on the results of the experimental study.



2. LITERATURE SURVEY
2.1 Introduction

In piled foundations, the piles are conventionally designed to carry the total
weight of the structure, with an appropriate safety factor against failure. Any
contribution exerted by the pile cap in contact with soil is ignored. In many
cases, however, the cap or raft has adequate bearing capacity itself. The piles
are needed only because the predicted settlement of the foundation is in excess
of permissible values. In such cases, piles will have to be included in the
foundation to reduce settlement rather than to carry the total load of the
structure. The working load will then be shared between the cap and the piles.
Only a limited number of piles are used to reduce the settlement to the
permissible level. Generally, the permissible settlement is sufficient to
mobilise nearly the full bearing capacity of the piles. However, it does not
involve any risk since the bearing capacity of the cap will ensure stability of
the whole foundation. Studies on footings with settlement-reducing piles should
be performed at loads close to failure of the piles, or at a sufficiently large
settlement of the footings.

In piled footings in non-cohesive soil, the overall soil-cap-pile group
interaction problem is complicated. The overall interaction consists of the
pile-soil-pile interaction and the cap-soil-pile interaction. The pile-soil-pile
interaction is studied experimentally by comparing a test on a free-standing
pile group with that on a single pile under equal soil conditions. The cap-soil-
pile interaction should be studied in a similar way by comparing tests on a
shallow footing, a free-standing pile group and a piled footing. Unfortunately,
most of the tests reported in the literature were performed on free-standing
pile groups, and very few tests have been performed on pile groups with the cap
resting on the soil surface. The most influential factors on the behaviour of a
pile group, or a piled footing in sand are soil properties, pile spacing, and
geometry of the group (layout of piles, ratio of pile length and footing width).

The principle problems studied in the literature on free-standing pile groups
and piled footings in non-cohesive soil are:

(a) bearing capacity of the groups/footings (group efficiency);

(b) settlement of the groups/footings (settlement ratio); and

(c) load distribution among piles in the group (and/or load share between
piles and cap).



The first two problems remain principally the same as those for shallow
footings. The third one is necessary for a better understanding of the behaviour
of pile groups, as well as for structural design of the cap/raft. In this
chapter, the group efficiency and settlement ratio obtained from the previous
tests will be surveyed. The existing methods for evaluating the settlement of
free-standing pile groups, as well as of piled footings with the cap in contact
with soil, will also be reviewed.

2.2 Previous Experimental Studies

The experimental studies previously performed on friction pile groups and piled
footings in non-cohesive soil are summarised in Table 2.1 . In the table the
tests are listed in chronological order. The main features of the respective
investigations were presented in a previous, more complete lilerature survey
(Phung, 1992).

As can be seen in Table 2.1, both free-standing pile groups and piled footings
have mainly been studied experimentally by small-scale model tests. Among these
small-scale model tests, there are only two studies concerning piled footings,
namely those carried out by Kishida and Meyerhof (1965) and Akinmusuru (1980),
while the others deal only with free-standing pile groups. In Akinmusuru’s
tests, the piles were provided with strain gauges at the pile top, which made it
possible to study the load sharing between the cap and the piles. In the tests,
the behaviour of free-standing pile groups and piled footings were also
compared.

Few full-scale test or large-scale model tests have been reported in the
literature, see Table 2.1. Most of the large-scale and full-scale tests carried
out before 1960-1970 were performed with less advanced instrumentation, e.g.
without separate measurement of loads carried by the cap and by the piles. Among
the large- and full-scale tests on piled footings, only the tests performed by
Vesic (1969), Garg (1979) and Liu et al. (1985) include a comparison between
free-standing pile groups and piled footings. Vesic's study has been considered
by many researchers as a major reference on pile groups with and without cap
resting on the soil. However, in this study, the so-called tests on free-
standing pile groups seem to be based on the penetration diagrams obtained
during pile installation (pushing down the pile group into soil by hydraulic
jack). Comparison of such results with static load test results on piled
footings may lead to incorrect conclusions, especially regarding the



contribution exerted by the cap resting on soil. Such a comparison should be
based on tests using the same standard testing procedure under equal soil
conditions.

Table 2.1 Axially-loaded tests and prototypes on free-standing pile groups
and piled footings in non-cohesive soil (after Phung, 1992)

Authors Year | Full | Large | Small |Free-stand| Piled | Note
scale | scale | model |pile group|footing

Press 1933 + +

Feagin 1948 + + @
Cambefort 1953 + +

Kezdi 1957 + +

Fleming 1958 + +

Kezdi 1960 + +

Stuart et al. 1960 + +

Berezantsev et al, 1961 + +
Pepper 1961 + +

Hanna 1963 + +

Kishida & Meyerhof | 1965 + + +
Beredugo 1966 + +

Kishida 1967 + +

Vesic 1969 + + + [0}
Woodward-Clyde 1969 + +

Leonards 1972 + + )
Hartikainen (a,b) 1972 + +

Tejchman 1973 + +

Trofimenkov 1977 + + @
Garg 1979 + + + &)
Akinmusuru 1980 + + +

Ko et al. 1984 + + 1))
Liu et al. 1985 + + + ®
Millan et al. 1987 + + ()
Di Millio et al. 1987 + +

Ekstrom 1989 + + @

where, (1) laboratory test; 2 field test; (3) centrifugal test; @) case histories;
) bored piles



221 Group efficiency

It is well known that the ultimate load of a group is generally different from
the sum of the ultimate loads of individuval piles in the group. The group
efficiency, 1, is defined by the ratio:

n=—- 2.1

where, P, = uitimate load of a pile group
P, = ultimate load of a single pile under equal soil conditions
n = number of piles in the group

Similar definitions are used for the ultimate base load and shaft load of a
group. Base efficiency M, and shaft efficiency 1, are defined as

P P
= _8h d = _8ff 2.2
le nngb an ns nngg ( )

where, Py, Py, = ultimate base and shaft load of a pile group
P,y Py = ultimate base and shaft load of a single pile

It is noted that the definition given by Eq. (2.1) refers only to free-standing
pile groups. The same definition has also been used for piled footings by
several authors, such as Kishida & Meyerhof (1965), Vesic (1969), Garg (1979).
This, however, is not logical because the contribution of the cap is quite
independent of the geometry of the pile group and mainly depends on its size.

2.2.1.1 Free-standing pile groups

The most important factors influencing the group efficiency are soil property,
pile spacing and method of pile installation. Different results are obtained for
pile groups in loose (to medium dense) sand and for those in dense sand.

Pile groups in loose sand

For free-standing pile groups in loose to medium dense sand it has been fairly
well agreed that the total group efficiency 1 is often greater than unity. The
previous test results are reviewed in separate figures for laboratory small-
scale model tests on the one hand, Figures 2.1 to 2.3, and for large-scale and



full-scale tests on the other, Fig. 2.4. For the small-scale model tests, the
efficiency 1 reaches a peak value of 2.0 to 2.7 at a pile spacing S, between 2d
and 3d (d is the pile diameter). The group efficiency approaches unity at a
large enough spacing (6d to 10d). In these figures, S means a centre-to-centre
spacing between piles. A spacing of 1d has no physical meaning and cannot be
achieved in practice. Test values for a S/d ratio of unity were obtained by
carrying out tests on block foundations of the appropriate size, Hanna (1992).
For the large- and full-scale tests, a similar tendency can be seen in Fig. 2.4.
For driven piles, an efficiency higher than unity can be explained by compaction
of soil within the group due to pile driving. Ekstrom (1989) showed that the
larger the pile group (larger number of piles), the larger the compaction
effect. For bored piles, however, the group efficiency is very close to unity
independent of the pile spacing, Liu et al. (1985).

3 FREE-STANDING PILE GROUPS
Small mode! tests
Pile groups: 2x2
Sand: loose to medium dense
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——-—-== Kishida & Meyerhof (1965)
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Fig. 2.1 Group efficiency 1\ - Laboratory small model tests on free-standing
pile groups in loose to medium dense sand. Groups of 4 piles (2 by 2).

For the base group efficiency 1, different results have been reported. Most
tests show a base group efficiency close to unity. The highest values of the
base efficiency 1= 1.5 were found for groups of piles driven in very loose sand
with a spacing of 2d to 3d (Kezdi, 1957, and Tejchman, 1973). At a large enough
spacing (6d to 9d), the base efficiency reduces to unity. For bored piles, the
base efficiency 1, seems to be less than unity, Liu et al. (1985), see Fig. 2.5.
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Fig. 2.2 Group efficiency M - Laboratory small model tests on free-standing
pile groups in loose to medium dense sand. Groups of 9 piles (3 by 3).
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Fig. 2.3 Group efficiency M - Laboratory small model tests on free-standing pile
groups in loose to medium dense sand. Other groups (5 to 49 piles).
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Fig. 24 Group efficiency M| - Large and full scale tests on free-standing pile
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groups in loose to medium dense sand.
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Fig. 2.5 Base Group efficiency M, - Tests on free-standing pile groups in loose
to medium dense sand.



Figure 2.5 shows that the suggestion of a unmity base efficiency, Vesic (1969),
may be right only for medium dense to dense sand. For pile groups in very loose
to loose sand, the soil under the pile base is also compacted by pile driving,
which results in a base efficiency higher than unity.

However, it can be established from all the tests that the base efficiency is
always lower than the total group efficiency. This also means that the shaft
group efficiency is always higher than both the total efficiency and the base
efficiency.

Pile groups in dense sand

It has been agreed that the group efficiency of pile groups in very dense sand
is lower than unity. An efficiency lower than unity can be explained by the fact
that pile driving in dense sand decreases the relative density of soil because
of the dilatancy of the sand. The loosened zome along the pile shaft has a width
of about 5 times the pile diameter (Kerisel, 1961). Fig. 2.6 summarises the test
results on pile groups in dense sand. In the figure, there are some tests that
yield group efficiencies higher than unity with a peak value at a spacing of 2d,
similar to what was found for pile groups in loose sands (Stvart et al.,, 1960,
Tejchman, 1973).
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Fig. 2.6 Group efficiency M - Laboratory small model tests on free-standing pile
groups in dense sand.
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2.21.2 Piled footings

A pile cap in contact with the soil surface can contribute significantly to the
load capacity of the group. Kishida and Meyerhof (1965) showed that the total
bearing capacity of piled footings can be estimated from the bearing capacity of
free-standing pile groups by allowing for the influence of the pile cap. This
influence consists of the bearing capacity of the pile cap and its surcharge
effect on the point resistance of the piles in the group, using the whole pile
cap for individual pile failure for groups with a large pile spacing, Fig. 2.7b,
or using the outer rim of the pile cap outside the equivalent pier area for pier
failure for groups with a small pile spacing, Fig. 2.7a.

PILED FOOTING

o AN W - T
~——— _t_a \ X ;
CGD \\ N\ i /
-~ A /7
/s \ failure T~J}- k|-~
’ \zone

! )i

MVY ~—base OO0

(a) (b)

Fig. 2.7 Assumed failure zone at piled footings: (a) pier failure, (b) individual
pile failure. (Kishida & Meyerhof, 1965)

Vesic (1969) did not support the concept of blocks or "equivalent piers”, no
matter how small the pile spacing, because the base load of the group is
approximately equal to the sum of point loads of individual piles, and its
magnitude is significantly different from the ultimate base load of the
equivalent pier. However, he supported the suggestion that the contribution of
the pile cap to the bearing capacity of a pile group results from a general
shear failure under the outer rim of the cap contact surface, named as effective
cap bearing area if the group fails as an equivalent pier. According to this

11



same suggestion, the cap would contribute by its entire contact surface, just as
a shallow foundation of the same size, if the pile spacing is large enough for
the piles to fail individually. But he had a remark that even for groups with
piles at large spacings, the concept of outer rim support seems to give quite
good estimations of cap loads. This remark, however, may be doubtful because his
so-called tests on free-standing groups seem to be based on the penetration
diagrams, A comparison between piled footings and free-standing pile groups
should be based on test results using the same standard test procedure with the
same soil conditions.

Garg (1979) performed systematic field tests on bored piled footings in sand.
The test results show increasing contributions from the pile cap as the pile
spacing is increased. Besides, the extent of the contribution is not a fixed
quantity but is dependent on the number of piles and their spacing in the group,
as well as on the load and displacement level of the group. The author suggested
that the contribution of the pile cap to the load capacity of a pile group
should not be defined as a certain percentage of the ultimate load. He also
supported the account for the cap contribution in terms of the outer rim of the

pile cap.

Akinmusuru (1980) showed that the capacity of a piled footing is not just the
algebraic sum of the bearing capacities of the pile group and the cap. In non-
cohesive soil, the capacity of a piled footing was found to exceed the sum of
those of the pile group and the cap. This is due to the increase in bearing
capacities of both the cap and the pile group by mutual interaction:

Py = o,P, + o P, 2.3)

where, Py, P, P, = ultimate bearing capacities of piled footing, free-standing
pile group, and cap alone, respectively
o, o, = increase factors of bearing capacities of free-standing pile
group and cap alone by mutual cap-soil-pile interaction

The test results showed that the contribution of the cap depends on both pile
length and cap size. Moreover, it was shown that the change in pile capacity is
more sensitive to the effect of the cap-soil-pile interaction than that of the
footing, i.e. the o, value is much higher and more variable than the o, value,
which is then suggested to be unity, Fig. 2.8. In this figure, o, means pile
load increase factor obtained by assuming o=1.

12
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Fig. 2.8 Increase factors of pile and cap capacities due to cap-pile interaction.
(Akinmusuru, 1980)

Liu et al. (1985) carried out systematic field tests on bored pile groups. The
results showed different effects of cap-pile-soil interaction on both the shaft
and the base resistance of the pile groups. The shaft efficiency n, and the base
efficiencies M, that are defined similarly to Equations (2.1) and (2.2), can be
calculated as follows:

n, =B 3 (2.4)
M =6y &

where, §,, 8, = coefficients considering effects of pile-soil-pile interaction
on shaft and base resistances of the pile group, respectively
B, By, = coefficients considering effect of cap-pile-soil interaction on
shaft and base resistances of the pile group. (For free standing

groups, B= By= 1 and ng= 8, Ny= &)

It was suggested that the B, By, &, &, values should to be calculated by
empirical formulae, depending on the number of piles in the groups, pile
spacing, BO/IP ratio, etc., where 1p is the pile length, and B_. the nominated
width of cap, B= 4 cap area in plan .

The ultimate bearing capacity of the piled footing is then calculated as the sum
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Group Efficiency

of the capacity of the piles, considering both pile-soil-pile interaction and
cap-soil-pile interaction by the factors B, B,, 3,, 8, , and the cap capacity:

Pp=n (B, 8 Py + By & Py) + P, (2.5)
where, n = number of piles in the group
P,. P, = shaft and base capacities of reference single pile

under equal soil conditions as the pile group
= ultimate capacity of cap alone

ﬁ.‘ﬂb 8, & = see Eq. (2.4)

One of the most important conclusions from their study is that "block failure"
does not occur for groups of bored piles in sand.

Discussions and suggestions

Various test results, summarised in Figs. 2.9 and 2.10, show that the group
efficiencies of piled footings, in both loose and dense sand, are much higher
than unity. This means that the pile cap contributes significantly to the load
capacity of the piled footing. This is true not only for driven piles but also
for bored piles, although the group efficiency for free-standing bored pile
groups is probably less than unity.
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Fig. 29 Group efficiency 1| - Piled footings in loose to medium dense sand.
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Fig. 2.10 Group efficiency M| - Piled footings in dense sand.

The group efficiency for piled footings in both loose and dense sand increases
with increasing pile spacing. This is partly due to the contribution of a larger
cap (footing) to the capacity of a piled footing. The group efficiency also
depends on the ratio of pile length to cap width 1/B,, the ratio of pile length
to pile diameter 1/d, and the number of piles in groups. Berezantsev et al.
(1961) showed that the capacity of piled footings is strongly dependent on the
ratio of group width to pile diameter.

In a general case, the total capacity of a piled footing may be calculated as

Pﬁ=n(l3s Sspss+Bb8stb)+BcPc (26)

where, n number of piles in the group,
3, &, influence factor of pile-soil-pile interaction on the pile shaft
and pile base capacities,
B, By B, = influence factor of cap-pile interaction on the pile shaft and
pile base capacities, and on the capacity of the cap,

P,. P, = shaft and base capacities of the reference single pile under
equal soil conditions as the pile group,
P, = capacity of the shallow footing (cap alone).
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The cap capacity, P, in the case of pile groups with large pile spacing may be
estimated as for a shallow footing, or in the case of pile groups with small
pile spacing by using the concept of the outer rim capacity of the cap.

The influence of cap-pile-soil interaction on the capacity of the pile group is
more significant than on the cap capacity, ie. B, and B, are more important
than B.. For long enough piles, e.g. I, > (15 to 2)B,, the surcharge effect on
base resistance is negligible, ie. B, is equal to wunity. The factor B, is
therefore most important in the cap-pile-soil interaction problem.

To get a better understanding of the behaviour of piled footings, load tests
should be carried out on single piles, free-standing pile groups, piled
footings, and on unpiled footings (cap alone), using the same standard testing
procedure under equal soil conditions. To the knowledge of the writer, there has
been only one study performed in this way so far , namely that by Akinmusuru
(1980). However, in this study the tests were carried out on a laboratory scale
and were not so well instrumented. Moreover, in laboratory small-scale model
tests, it is almost impossible to simulate the pile installation effect, e.g.
driving effect, which has an important influence on pile-soil-pile interaction.
For the above reasons, large- or full-scale tests provided with advanced
instrumentations are strongly needed.

To compare the load capacity of single piles, free-standing pile groups, piled
footings, and unpiled shallow footings, it will be useful to define new load
efficiencies, which are based on equal settlement. The displacement criterion is
consistent with the concept of allowable settlement for structures.

2.2.2 Settlement Ratio

The settlement of a pile group as compared with that of a single pile under
equal soil condition can be analysed in a way similar to the amalysis of group
efficiency. Different definitions of the settlement ratio, &, have been
proposed, such as:

1) Ratio of the average settlement of a pile group §g, to that of a reference

single pile s, under equal soil conditions, at a certain fraction of the
failure load:
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_ 8 (at P= P,/F)
t= s, (at P= PJF) @

where Pz’ P = certain working load of the pile group and of the single pile
ng!Psf
F

failure loads of the pile group and of the single pile
certain factor of safety

2) Ratio of the average settlement of the pile group to that of the single
pile at the same load per pile

2.8)

2y
I
mmlw !

where, §s average settlement of the pile group

n
I

. = settlement of the single pile at the same average load per pile
as the group which can be a certain fraction of the failure load
of the single pile

3) Ratio of the slopes of the load-settlement curves P-s of the pile group to
that of the single pile

_ slope of P-s curve of the pile group
slope of P-s curve of the single pile

2.9)

where, P= average load per pile in the group

The first definition was used by Whitaker (1957), Stuart et al. (1960) etc., but
the second definition is more useful and more common. It seems, however, to be
easier to determine the settlement ratio using Eq. (2.9) in many cases. Leonards
(1972) suggested the calculation of such a ratio both for the initial slopes of
the settlement-load curves, when shaft friction dominates, and for the final
slopes, when substantial load is carried by pile point resistance. These are
named “friction" and "bearing" settlement ratios, respectively. It is noted that
the "friction" settlement ratio is very similar to the second definition for
every load level in the initial linear part of the P-s diagram of a single pile,
while the "bearing” settlement ratio is similar to the first definition for
loads near ultimate loads with a safety factor near unity.

The settlement ratio depends on the pile failure criterion chosen. There are a
number of methods that may yield different values of the failure load for one

and the same test. Another factor which has a considerable influence on the
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Settlement Ratio

settlement ratio is the safety factor chosen. In the literature, safety factors
of 1.5, 20 and 3.0 are often used. In addition to soil characteristics, pile
spacing, number of piles in the group, group geometry, method of construction,
the variation in choice of definition of settlement ratio, failure criterion and
safety factor in the literature makes the review of the settlement ratios
obtained from the previous studies very complicated.

2221 Free-standing pile groups

There is a great disagreement among different researchers regarding the values
of the settlement ratio for pile groups in sand. Many studies yield settlement
ratios higher than unity while others show values lower than unity. This
disagreement can be clearly seen in Fig. 2.11. Hanna (1963), Tejchman (1973) and
Di Millio et al. (1987) indicate £ values higher than unity, while Kezdi (1957)
and Ekstrdm (1989) show £ values lower than unity for free standing pile groups
in loose and medium dense sand. It should be noticed that the two tests made by
Di Millio et al, and by Ekstrém, which both represent very well-instrumented
full-scale or large-scale field tests, show opposite results on the settlement
ratio. In dense sand, however, all the tests in the literature indicate € values

higher than unity, see Fig. 2.12.

6 FREE-STANDING PILE GROUPS

Sand: loose to medium dense

>

Kozd (1957), F=15
Kezdi (1957), F=3.0
~ | ! ] eme— Hanna (1965), F=15
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indicate numbers of plles in groups
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Fig. 2.11 Settlement ratio versus pile spacing - Free-standing pile group in
loose to medium dense sand
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No clear dependence of the settlement ratio on pile spacing can be seen for pile
groups in loose to medium dense sand, Fig. 2.11. For groups in dense sand,
however, the settlement ratio secems to decrease as the pile spacing increases,
see Fig. 2.12,

6
R FREE-STANDING PILE GROUPS
\
N Sand: dense sand
N,
\\
\\
N\
2 4 .
B \
oz Y 33
et
é &\-\P\\\
~N
) N~
2 N ————~— Hama {1965), F=15
< 22 ™o e
3 2 o Hanna (1965), F=3.0
L% Ut S 000 Tejchman (1973), F=t15
2,0 B akz jenman (1973),
F = safety factor
Numbers adjacent to symbols/lines
0 indicate numbers of piles in groups

o 1 2 3 4 5 6 7 8 9 10
Pile spacing , S/d

Fig. 2.12 Settlement ratio versus pile spacing - Free-standing pile group in
dense sand

The settlement ratio is probably more dependent on the relative width of the
group, defined as the Bj/d ratio, in which B, is the centre-to-centre distance
between the outer piles in the group, and d is the pile diameter. In Figures
2.13 and 2.14, the settlement ratios obtained in the literature are compared
with those calculated according to Eq. (2.10), suggested by Vesic (1969) for
piled footings. The figures show the & values much higher and lower than those
calculated by Eq. (2.10). However, all the tests show that settlement ratios
increase with increasing relative width of the group B./d, both in loose and
dense sands. This also means that settlement increases with increasing width of
a pile group. In Figures 2.11 to 2.14, the settlement ratio is calculated
according to the second definition, Eq. (2.8)
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Settlement Ratio
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Fig. 2,13 Setrlement ratio versus relative width of group By/d - Free-standing

pile group in loose to medium dense sand
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Fig. 2.14 Settlement ratio versus relative width of group BjJd - Free-standing

pile group in dense sand

20



A reasonable evaluation of the settlement ratio should also include the relative
depth of the group, defined as the ratio of the pile length, 1, to the group
width (or pile spacing S). Unfortunately, such a study has not been available so
far. O'Neill and Heydinger (1982) tried to establish the dependence of the
settlement ratio on the 1/S ratio from the previous field tests, but the data
were insufficient, Fig. 2.15.

10
21 FREE-STANDING PILE GROUP
5L
S
¢t
<
A%
ap 3r
] o'} _ Loose sand, bored piles
£ 2F dense sand, driven piles
< v P
£ 15k g o (partial jetting)
4.4 8.2
Jad] t.9
S B
E e Y Loose sand
a oslk A driven piles
O3l x5
O 2 L KO//G.'I
0l et sl I L
! 2 345 10 2 50 100
RELATIVE WIDTH, B/d,
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O Garg (1979), bored piles B, = group width,
O Woodward-Clyde (1969), Numbers adjacent to symbols
(partial jetting) indicate ratio 1,/S,
X Kezdi (1957) Settlement ratios are determined
¥ Ekstrom (1989) according to Eg. (2.8), at 50%
B Di Millio et al. (1987) of failure load of single pile

Fig. 2.15 Settlement ratio versus relative width of group Bg/d - Large and full
scale tests on free-standing pile group in sand. (Modified from O’Neill
and Heydinger, 1982).
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2.2.2.2 Piled footings

Like free-standing pile groups, the test results show settlement ratios both
higher and lower than unity for piled footings, see Figures, 2.16 to 2.18.

6 PILED FOOTINGS
Full and Large Scale Tests

22 ] /5:2 vvv Vesic (1369), loose sand
K | 7 xxx Vesic (1969), dense sond

—= ooo  Leonord (1965), dense sand
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using Eq(2.9) for initid slopes

l:l10 Nubers odjocent to symbols/lines
0 indicate numbers of piles in groups

o 1 2 3 4 5 6 7 8 9 1
Pile spacing , S/d

Fig. 2.16 Settlement ratio versus pile spacing - Large and full scale tests on
piled footings in sand
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Fig. 2.17 Settlement ratio versus relative width of group BJd - Large and full
scale tests on piled footings in sand
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Fig. 2.18 Settlement ratio versus relative width of group BjJd - Large and full
scale tests on piled footings in sand. (Modified from O’Neill and

Heydinger, 1982).

The test results obtained by Vesic (1969) show that the settlement ratio
increases as the pile spacing increases, which is in agreement with the results
reported by Meyerhof (1959). Leonards (1972), however, by restudying the results

B, = group width,

Nbmbers adjacent to symbols
indicate ratio lP/S,

Settlement ratios are determined
according to Eq. (2.8), at 50%
of failure load of single pile

obtained by Berezantsev et al. (1961), drew an opposite conclusion.

Berezantsev et al. (1961) showed that the settlement of piled foundations is
proportional to the square root of the load transference area in the plane of



the pile base. The load transference area is determined by drawing a surface
inclined towards the outer face of the pile group at an angle of 0° to 7°
depending on the type and density of the soil. This also means that the
settlement of piled foundations depends mainly on the width of the foundations,
and that both pile spacing and number of piles are less important.

Vesic (1969) collected the available data and suggested that the general trend
of the relationship between the relative width of piled foundations BB/d, and
the settlement ratio can be expressed as

¢ = [BJ (2.10)

where, B; = centre-to-centre distance between the outer piles in the group
d = pile diameter

Fig. 2.17 shows the settlement ratio obtained from full- and large-scale tests
in comparison with Eq. (2.10). Restudying the results obtained by Berezantsev
et al. (1961), Leonards (1972) also indicated that the slope ratio varies
linearly with the relative foundation width. Moreover, the "bearing” ratio is
lower and increases less rapidly with the relative width than the "friction"

ratio.

No clear dependence of the settlement ratio on the relative depth can be seen,
but the seftlement ratio of piled footings tends to increase when the ratio 1/S
increases, see Fig. 2.18.

2.2.2.3 Discussions

There is no agreement so far on the value of the settlement ratio for pile
groups in sand, neither in the case of free-standing pile groups, nor the case
of piled footings. From the literature it can be noticed that the settlement
ratio may be higher or lower than unity. A ratio lower than unity seems
reasonable for small pile groups. It can be explained by compaction of soil
within the group due to pile driving. For a large pile group, however, when the
relative width of the group is large enough, a settlement ratio higher than
unity seems probable. It is due to the fact that the stress increase in the soil
induced by large pile groups is higher than in the case of single piles at the
same load per pile due to superposition of stresses. Another reason is that
compaction due to pile driving has less effect on the soil underneath the base

24



of the group. The ratio must be much higher than unity when the underlying soil
is compressible.

There are contrary opinions on the relationship between settlement ratio and
pile spacing. It seems, however, as if pile spacing is not as important for the
settlement ratio as for the group efficiency. The settlement ratio is more
dependent on the relative width of the group than on pile spacing. A definite
relationship between the group width and the settlement ratio has not yet been
agreed upon. Eq. (2.10) suggested by Vesic (1969) seems not to be so reasonable,
though it is supported by some other researchers, However, it can obviously be
seen that the settlement ratio increases with increasing width of pile group.
The settlement ratio tends also to increase when the relative depth of the group
increases. However, the existing data are not sufficient as yet. A reasonable
evalvation of the settlement ratio of pile groups or piled footings in non-
cohesive soil should include the relative width and relative depth of the
groups, as well as the relative density of soil.

A survey of the literature on the settlement ratio should be based on the same
definition of the settlement ratio, using the same fraction of failure load,
i.e. the same safety factor. The definitions of the settlement ratio according
to Equations (2.8) and (2.9) seem preferable. Besides, the same failure cri-
terion should also be used. Briaud et al. (1985) showed that different criteria
may yield a difference (in failure loads obtained) of over 100%, which
emphasizes the importance of using the same failure criterion. Further studies
should be performed to make possible a comparison of the settlement ratios of
free-standing groups with those of piled footings.

The use of piled footings with a minimum number of piles to reduce settlement of
the footings has recently become more and more common. A new concept of
settlement ratio between the settlement of a piled footing and that of a shallow
footing may also be practical. To avoid a confusing choice of failure criterion,
which becomes more complicated when the shallow footings are also involved,
settlements of the two footings should be compared at a chosen load level.
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2.3 Methods of Calculating Settlement of Pile Groups and Piled Footings

The mechanism of load transfer in a piled footing involves a highly complex
overall interaction between piles, pile cap and surrounding soil. The
interaction is influenced by the stress-strain-time and failure characteristics
of all elements in the system. The soil may be changed considerably due to pile
installation. The load-deformation of the piled footing is affected by a lot of
factors such as soil properties, group geometry, pile installation and
interaction between different elements (piles and cap) in the footing. Due to
the uncertainties or difficulties in defining such factors, there is no
available analysis method capable of including them all. In this section
available methods, currently used for predicting settlement of pile groups and
piled footings, will be reviewed.

2.3.1 Simplified methods
Settlement ratio methods

Different empirical methods have been suggested for calculating the settlement
ratio, defined as the ratio of the settlement of a pile group to that of a
single pile carrying the same average load as a pile in the group. Most of the
empirical methods were developed on the basis of full-scale or model test
results and consider only the geometry of pile groups, but do not take the soil
properties into account. These methods should be used with caution and only in
those cases where the condition is similar to the tests on which the
correlations are based.

Skempton (1953) proposed the following formula to calculate the settlement ratio

(13.1 B, + 9)*

= T 7 2.11
(328 B, + 127 @1H

g

where, B, = width of pile group, in metres
Meyerhof (1959) suggested that the pile spacing should be accounted for and
proposed the following formula for square pile groups

_c(5-¢cf)
tE = @+ Ty (2.12)

where, ¢ = ratio of pile spacing to pile diameter = S/d
n, = number of rows in the pile group
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Vesic (1969) suggested Eq. (2.10), as already presented in Section 2.2.2, for
calculating the settlement ratio of piled footings:

: - B

Randolph developed theoretically a useful approximation for the settlement
ratio, see Fleming et al. (1992):

& =n® 2.13)
where, n = number of piles in the group
® = exponent, generally lying between 0.2 and 0.6 for most groups

For floating pile groups, Poulos (1989) has derived solutions which suggest the
practical values of ®: 0.33 for piles in sand, and 0.5 for piles in clay.

Equivalent raft method

The settlement of a friction pile foundation is still usuwally calculated
according to the earliest proposed method given by Terzaghi (1943), which
suggested that the building loads are imposed at a level corresponding to the
lower third point of the piles, Fig. 2.19. The additional stresses in soil due
to the building load can then be determined by the theory of Bousinesq, or by
the "2:1-method". The method, however, does not take into consideration the
number of piles, the stiffness of the piles, or the ratio between applied load
and ultimate load, all being factors of great importance. The method is suitable
for hand calculations, and a lot of case records show that with a well-chosen
m-factor, satisfactory results are obtained, e.g. Bjerrum et al. (1957).

S P S

ntp |

2:1

Fig. 2.19 Equivalent raft method for calculating settlement of friction pile group.
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Modified equivalent raft method

A modification of the equivalent raft method was suggested by Thaher and
Jessberger (1990a, b) in which the load applied is assumed to be transferred to
the soil at several levels instead of only one level, as in the equivalent raft
method. The determination of soil stress spread and distribution is a
fundamental step for a proper estimation of settlements. The authors suggested
that depending on the configuration of the foundation system, the effective load
P1=P-Dy (where p is the average pressure from the structure, and p, presents the
self-weight of the excavated soil) is transferred to the soil by the raft/cap in
the form of contact pressure, and by the piles in the form of shaft and tip
resistances. The effective load is transferred to the subsoil at several levels
which are indicated as load transfer levels LTL, see Fig. 2.20. The load portion
Piy (area load) assigned to the load transfer level k (k =1 to n) at the depth
Zyyy can be estimated with reference to the expected distribution of the
contact pressure and the pile load along piles, according to recommendations
based on centrifuge modelling. The effective soil stress 6, is given by:

o, = i-p, 2.14)
where, i = dimensionless coefficient, i = ):ik
k=1
iy = single coefficient corresponding to the load portion p,,, given by
f, ab ab.
= gt [ ran (L, 1]
Z j(a2+b2+zf) .l(a2+b2+zﬁ) aP+zf %

fy =D /by
a,b = length and width of the cap/raft
z = depth from the load transfer level k, see Fig. 2.20

This formula is a modification of the formula by Steinbrenner (1934), see Thaher
and Jessberger (1990). After having estimated the distribution of the induced
effective stress over depth, the compression As of the soil layer in question
can be evalvated by common methods, e.g. with the help of the stress-settlement
curve or compression modulus M: As = G, Az/M, where Az is the thickness of the
soil layer in question, and G is the mean vertical effective stress induced by
the external load in the soil layer. As usval, the total settlement s at any
point is obtained as the sum of compression of the regarded soil layers
undemeath this point: s = X As
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Fig. 2.20 Modified equivalent raft method for calculating settlement of a friction
pile group. (a) Calculation scheme and notations, (b) Distribution of
the induced effective soil stress. (Thaher and Jessberger, 1990)

2.3.2 Advanced methods

Theoretical methods for the analysis of settlement of pile groups and piled
footings can be divided into different groups: (1) the continuum method, (2} the
hybrid approach, (3) the approximate analytical method, and (4) the finite
element method.

Boundary Element Method

The problem of pile groups with the cap being in contact with the soil surface
was solved by Butterfield and Banerjee (1971) by means of the Boundary Element
Method (BEM), also known as the integral equation method, using Mindlin’s
solution for a point load in the interior of a semi-infinite elastic homogeneous
mass. Since this particular point force solution automatically satisfies the
stress-free boundary conditions on the surface of the half space, only the cap-
soil and the pile-soil interfaces have to be discretised. This method is a
complete continnurn method and is one of the most rigorous solutions so far for
analysing pile groups and piled footings, but it needs considerable computing
time. Fig. 2.21 shows the settlement ratio calculated wusing this method for
different pile groups with and without the cap in direct contact with the soil
surface. This figure indicates that the increase in stiffness of the piled
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footings due to the cap is small (typically below 15%) for most common
configurations of pile groups, although significant load may be carried by the
cap (up to 36 + 50% of the total load). As discussed later, this conclusion is
not correct for piled footings in sand, due to the inadequacy of the theory of
elasticity in this case.
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Fig. 2.21 Settlement ratio obtained by using the boundary element method -
Comparison between free-standing pile groups and pile footings.
(Butterfield and Banerjee, 1971)

Interaction factor method

This method, suggested by Poulos (1968), is based on the linear theory of
elasticity. For free-standing pile groups, the basic unit to be considered is a
single pile. The interaction factor between two individual piles is used and the
displacement of one pile due to loading of other piles can be estimated by
superposition. For pile groups with constant pile spacing and equal pile
geometry, the displacement w; of pile i can thus be calculated as:

n
w, = w]Z((x.ij P) (2.15)
=t
where, w; = displacement of the single pile under unit load
P, P, = loads in pile i and j
o interaction factor between pile i and pile j, o;=1
= number of piles in the group

I

=
|
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The interaction factor @, which govems the additional settlement of the pile
in question due to the loading of other piles, is defined as

_ additional settlement of pile i due to unit load at pile j (2.16)
&y = settlement of pile 1 under unit Toad ’

The interaction factor oy is determined by integration of Mindlin’s solution
for a point load in the interior of a homogeneous elastic half-space. The
interaction factor «;; depends on pile spacing (S/d), relative pile stiffness
(K=4EPAP/Esﬂd:), pile slendemess (L/d)), and non-homogeneity of soil (Poulos
and Davis, 1980). The factor decreases with increasing pile spacing. The
interaction factor oy for two floating piles in a homogeneous semi-infinite
mass (v = 0.5) is shown as a function of dimensionless pile spacing S/d in Fig.
2.22a for a value of 1/d ;= 25 and various values of K.
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Fig. 2.22 Interaction factors: (a) for free-standing piles oy, (b) for pile-cap
units Ol (Poulos and Davis, 1980)
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For piled footings, the analysis is similar to that employed for free-standing
pile groups, except that the basic unit to be considered is a single pile with
an attached circular cap resting on the soil surface. The interaction of two
pile-cap units can be expressed in term of an interaction factor «,, defined as:

_ _ additional settlement of unit i caused by unit load at j 2.17)
O = settlement of single unit 1 under unit load .

The settlement of a typical unit i can then be calculated similarly to Eq.
(2.15), using the factor O instead of the factor oy The interaction factor
0y for two identical pile-cap units in a homogeneous semi-infinite mass (v =
0.5) is shown as a function of dimensionless pile spacing S/d in Fig. 2.22b, for
a value of 1/d= 25 and various values of d/d;, in which d, is the diameter of
the cap unit. In all cases, the piles are incompressible (K = «) and the pile
cap is rigid.

Hain and Lee’s method

Another rigorous method is presented by Hain and Lee (1978). In the analysis, four
independent modes of interaction are used: pile to pile, pile to surface, surface
to pile, and surface to surface interactions, Fig. 2.23. For the pile to pile
interaction, the interaction factors given by Poulos are used. The other
interaction factors are derived from the theory of elasticity and are defined as

follows:
B.. = additional settlement of pile i due to unit surface load j (2.182)
21N settlement of pile 1 due to unit load ’
B = additional settlement of surface i due to unit pile load j (2.18b)
L settlement of surface 1 due fo unit load :

where, Bpij = pile-soil surface interaction factor
5 = soil surface-pile interaction factor

The finite element subdivision of the raft contains m nodal points, in which the

piles are located at n of these points. At the remaining m-n nodes, where the

raft is directly in contact with the soil, a uniform pressure is assumed to act

over a rectangular area surrounding a particular node. The vertical displacement

w; of pile node i, for example, is then given by:

Wi = W) P)+w ) By g A 2.19)

=1 jem+l
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where, w; = displacement of the single pile under unit load

P; = pile load at node j
@ = interaction factor between pile i and pile j
B,; = interaction factor for pile i due to surface load at j

95 A] = uniform pressure, and area of surface at node j

The overall stiffness matrix is established first, and the displacement of the
soil surface is resolved. The raft is then analysed by means of the finite
element method by setting the displacement of the raft equal to the above-solved
soil surface displacement. The iteration necessary to satisfy all the given
equations requires considerable computation time. By means of a "load cut-off"
procedure, a maximum capacity of individual piles can be simulated.

P
—— 8 i
-a—
I I
1, iy
(a) Pile to pile interaction (b) Surface to pile interaction
P

— S P q —

(d) Surface to surface interaction
(c) Pile to surface interaction

Fig. 2.23 Pile and surface interactions. (After Hain and Lee,1978)

Randolph and Wreth’s method

Randolph and Wroth (1979) have introduced an approximate analytical model for
computation of the vertical deformation of pile groups using the interaction
factors. The method is based on the superposition of the displacement fields of
individual piles within the group. The soil may be homogeneous, or its stiffness
may increase linearly with depth. However, the method is confined to the
assumption of linear elastic soil behaviour. Theoretical interaction factors are
deduced from the form of deformation field around a single pile , treating the
pile shaft separately from the pile base. Under axial load, the deformation
field around the pile shaft varies approximately logarithmically with radius r,
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according to:
w = % In(r, /%) (2.20)

where, 1, = shear stress on the pile shaft
1, = pile radius

1, = radius of influence of the pile

G = shear modulus of soil

Empirically, the radius of pile influence r, has been found to be of the order
of the pile length, and can be estimated as: r,= 2.5pL(1-v); where 1, is the
pile length, v is Poisson’s ratio of soil, and p is the degree of homogeneity of
soil, varying between 0.5 for soil with stiffness proportional to depth and 1.0
for homogeneous soil (Randolph and Wroth, 1978). Thus, denoting {=In(r,/r;), the
shaft interaction. factor o, for a pile at a distance r from the pile in question
will be:

In(r,/r) In(r/ry)
= =1-
BT g

At the level of the pile base, the deformation field due to the pile base load

2.21)

may be approximated by:

W o= Wy ot (222)

(2.23)

where the subscript "v" refers to the pile base, and the deflection of the pile
base is obtained from the standard solution (Timoshenko and Goodier, 1970) as
w= Py (1-v)/(41,G,,), where P, is pile base load, and G is the shear medulus
of soil at the pile base . The settlement ratio is then calculated according to
Eq. (2.13), £ = n®, in which n is the number of piles in the group, and © is the
exponent, depending on pile slendemess, pile stiffness, pile spacing, soil
homogeneity, and Poisson’s ratio of soil, see Fleming et al. (1992).

A simplified approach for analysing piled footings by combining the separate
stiffness of the cap and of the pile group has been suggested by Randolph
(1983). The approach is based on the use of the average interaction factor Oy
between the piles and the cap. Writing the pile cap stiffness as k,, and the
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pile group stiffness as k,, (the term stiffness refers to the total load divided
by the settlement), the overall stiffness k; of the footing is obtained from:

= fa 0 20 20
- ok,

while the proportion of load carried by the cap P, and by the pile group P, is
given by:

P, k(l-0y 225
P

o+ Py Ky + k(1 - 20,)

The stiffness of the pile cap and the pile group may be evaluated
conventionally, while the interaction factor 0, may be obtained from the
following approximate expression, Randolph (1983):

. - In(r,/r) L. In(r/ry)
P In(y/ry) 4

where, 1, = effective radius of the cap element associated with each pile

(2.26)

The r, value may be calculated so that, for a group of n piles, nn:r% equals the
total actual area of the pile cap A, or rc=q|(Ac/nn) . Fig. 2.24a shows how the
stiffness of a single pile under axial load is increased by the presence of a
pile cap in contact with the ground. In this figure, the ratio k/k; gives the
ratio of stiffnesses of the single pile without to that with the cap in contact
with the soil surface. The results from this approximate method are compared
with those from Poulos and Davis (1980) and show a good agreement. Similarly to
the conclusions obtained by Butterfield and Banerjee (1971), the results show
that due to the cap the increase in stiffness of the piled footings is small,
although a significant portion of the overall load may be carried by the cap,
Fig. 2.24b.

The settlement of the piled footing w; is then calculated as:
We = Wy + Wy 2.27)

where, w; = settlement of the cap, taking the load as the total applied load
minus that carried by the piles
wp = additional settlement due to load carried by the piles

The settlement wy may be estimated as: wy= @ ,-§-w,, where w,, is the settlement
at which a single pile mobilises its full shaft capacity, & is the settlement
ratio, and Oy is the interaction factor as given by Eq. (2.26 ).
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Fig. 2.24 Calculation according to Raldolph and Wroth method: (a) Effect of pile
cap on single pile stiffness, (b) Portion of load carried by pile cap
(Fleming et al, 1992)

Hybrid method

The problem of load transfer from the pile shaft and the pile point into the soil
is very complex.The load transfer method, originally suggested by Coyle and Reese
(1966), has served as a basis for different approaches to determining the load
transfer curve for a single pile. In these approaches, a non-linear second-order
differential equation, relating displacement along the pile shaft to a transfer
function, can be set up and solved using an iterative finite-difference scheme.
The results will then be heavily dependent on the transfer function selected,
which can be obtained either experimentally or according to formulae suggested.
The solution technique employed contained a hidden assumption that the pile
settlement at any point is not affected by shaft loads at other points along the
pile. This arises from the fact that the soil along the shaft is replaced by a set
of non-linear springs, acting locally and totally independent of its neighbours.
The load-transfer curves thus describe the relationship between mobilized shaft
friction and pile displacement, and in the offshore industry they are commonly
called "t-z" curves. Also, since the transfer function does not account for pile-
soil-pile interaction, it can be directly applied for prediction of the settlement
of pile groups. However, a hybrid method has been proposed in which transfer
functions are partly used in the analysis of pile group settlement (O’Neill et al.
1977). Accordingly, each individual pile in the group is modelled by the use of
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non-linear unit load transfer curves and the interaction among piles is presented
by means of the elastic half-space deformation theory. Briefly, the method is as
follows: (1) Determine the response of individual piles within the group, ignoring
interaction effects; (2) Using soil reactions obtained from Step 1, compute
additional soil displacements at the nodes of other piles in the group using
Mindlin’s solution. Interaction effects between nodes in the same pile are
ignored; (3) The load-transfer curves for the individual pile nodes are adjusted
using the additional soil displacements to account for the group effects. With the
modified load-transfer curves, Steps 1-3 are repeated, and the solution proceeds
in an iterative manner. The main limitation of the method is that true pile-soil-
pile interaction is not directly considered, and that the convergence of the
iteration has not generally been demonstrated. O’Neill and Ha (1982) compared the
"hybrid" algorithm with Poulos’s method (e.g. Poulos and Davis, 1980) and found
that the two methods are in close correspondence. However, appropriate elastic
constants had to be developed separately for each method, with the hybrid method
requiring much larger Young’s modulus for the soil because that modulus is not
used in the near-field computations.

Chow (1986a) proposed an even simpler approach than the above-mentioned concept
employing what he termed the "average Mindlin approach”, which involved the
computation of a mean correction term for pile stiffness due to group action in
axially loaded groups. The governing differential equation is solved using the
finite element approach to yield the stiffness matrices for the pile and the soil,
in which the pile is modelled by two-node line elements, and the soil is presented
by discrete vertical springs which are attached to the pile nodes. Extension to
non-homogeneous soil is made by using the mean of soil shear modulus at node i
(where the displacement is evaluated), and node j (where the unit load is applied)
in the Mindlin’s solution. Extension to non-linear soil behaviour is performed by
assuming that at high soil strains at the pile-soil interfaces, slippage occurs
only in a marrow zone of soil adjacent to the pile shaft, whereas the soil between
the piles is subjected to relative low strain levels, and hence remains
essentially elastic. Thus, the use of Mindlin’s solution to determine the
interaction effects is only approximate.

Polo and Clemente’s method
The method was proposed by Polo (1982), Polo and Clemente (1988) using the concept
suggested by Vesic (1977), in which the settlement w, of a single pile is split

into three components: (1) settlement due to axial deformation of the pile shaft
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w, caused by the axial load along the pile; (2) settlement of the pile base wy,
induced by the load transmitted along the pile shaft; and (3) settlement of the
pile base wy, due to the load transmitted at the pile base:

Wy = W, + Wy, + Wy, (2.28)
f,
W, = (P + XPe) . » Wy = %% Iip s Wy = ﬁ Ty (2.29)
E, E, E,

where, P, P, = pile base and pile shaft loads
q,, f, = pile base pressure and average pile shaft friction
L, d, = pile length and pile diameter
E, E, = Young’s moduli of pile material and of soil
A, cross-sectional area of pile
Ly Iy; = settlement influence factors
s parameter depending on distribution of shaft friction along pile

Typical values of j, are: 0.5 for uniform or parabolic distribution; 0.67 and 0.33
for triangular distribution increasing and decreasing with depth. The settlements

of pile groups are then obtained by using the interaction factors O and Oy
which correspond to increases in the settlement at the base of pile i due to the
shaft load and base load of pile j, respectively. The settlement influence factors
Ly L, and the interaction factors Oy, O were obtained from FEM
computations for a homogeneous linear elastic half-space with distributed loads
along the surface of a hollow cylinder inserted in the soil. Assuming a uniform
(average) shaft friction f, for every pile, the settlement wy of pile i can be
given as

L Tvdy
W = £ + —2

Eqbi

71 LA . T
b £, P fsz%ﬁj (2.30
P .

n
Z(a‘bbij qyy) + E_p E,
=1 =1

In the case of a group of n identical piles held together by a rigid cap, the
procedure yields a set of equations with the following unknowns: the settlement of
the group w, the average pile shaft friction f,, and the base pressure for each
pile gy; (=1 to n).

In the elastic methods, a constant ratio of the pile shaft load to the pile base
load is assumed throughout loading of individual piles in the group. In the above-
mentioned method (Polo and Clemente, 1988), the assumption is made that the pile
base load does not develop before the ultimate shaft load is reached. However,
field measurements indicate that the shaft load P, usually increases very rapidly
and non-linearly with the total applied load P,, reaching the ultimate value P,
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while the base load P, develops simultaneously at a much lower rate, which
increases significantly as P, approaches P, Clemente (1990) suggested a new
method, in which variable shaft-load to base-load ratios are used during loading.

Finite Element Method

The finite element method (FEM) has been used to study axially loaded single
piles, for instance by Ellison et al. (1971), Desai (1974), Ottaviani (1975),
Trochanis et al. (1991a), etc. Compared with the other methods, the FEM has
superiority in modelling the soil as a non-linear and/or inhomogeneous body. The
method is also capable of simulating the effects of pile installation, e.g. soil
compaction and residual stresses in piles due to pile driving. The method is often
used to check or establish the other analytical models. Poulos and Davis (1980)
have compared results from elastic solutions with the FEM. Randolph and Wroth
(1978) used the FEM to check the applicability of their simplified analytical
approach. With the help of the FEM, Trochanis et al. (1991b) suggested a
simplified model for the analysis of one or two piles. Despite its advantages, the
FEM is rarely used for practical purposes because it is time consuming and
expensive in three-dimensional analyses. The FEM is often used as an effective
tool for parameter studies.

The FEM have also been used for analysing pile groups and piled footings. The use,
however, is more complex than for single piles because of a lack of axial
symmetry. Three approaches have been used:

a) Full three-dimensional analysis, Ottaviani (1975);

b) Idealisation of the group as an equivalent two-dimensional plane strain model,
Desai et al. (1974);

c) Idealisation of the group as an equivalent axisymmetrical model, Hooper (1973),
Pressley and Poulos (1986).

The first approach a) involves the least amount of simplification required. It is,
however, also the most expensive one to run and the most complex one to set up.
Ottaviani (1975) has used this approach to study the linear elastic behaviour of
pile groups with 9 piles (3 by 3) and 15 piles (3 by 5) with and without the cap
being in contact with the soil surface. He concluded that the cap being in contact
with soil does not only transmit a portion of load directly to the soil, it also
modifies considerably the load transfer mechanism from the piles to the soil. The
cap-soil contact pressure greatly reduces the shear stresses in the soil around
the upper part of the piles, and at the same time increases the vertical stress in
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the soil under the base of the piles. The shear stresses around the piles are not
constant with depth and are very high just above the pile base. Furthermore, the
shear stresses are very low in the soil within the group.

The two simplified approaches b) and c) each have some limitations. For both
research and design of pile groups, the equivalent axisymmetrical model, approach
c), has been used. Hooper (1973) used an axisymmetrical mesh to analyse a piled
raft foundation. In the real structure, the piles are arranged approximately in
concentric rings; in the finite element mesh these become equivalent annuli. The
cross-sectional area of the annuli is greater than that of the piles, and a
reduction in the modulus of elasticity of the concrete was made to compensate. The
method used was to stimulate each concentric row of piles by a continuous annulus
with an overall stiffness (i.e. displacement per unit force) equal to the sum of
the stiffnesses of the individual piles. Pressley and Poulos (1986) modelled a
square 3x3 pile free-standing group in a similar way, see Fig. 2.25. Sharnouby and
Novak (1985) suggested that a square or rectangular group can be replaced by an
equivalent axisymmetrical group, in which displacements and forces of all piles in
one ring are equal, or by an equivalent cyclically symmetrical circular group. The
equivalent pile group gives almost the same group stiffness. The effect of varying
the position of the outer boundary was investigated. It was concluded that there
was little effect (less than 2%) in increasing the radivs of the outer boundary
from four to eight times the diameter of the outer annulus representing the pile
group, Pressley and Poulos (1986).
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Fig. 2.25 Modelling of square pile group by equivalent axisymmetrical group.
(After Pressley and Poulos, 1986)
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2.3.3 Computer programs

The complexity of the problem of pile groups/piled footings has necessitated the
use of computer-based methods of analysis. A lot of computer programs have been
developed for the analysis of pile groups and piled footings. In Table 2.2 a
number of available programs are reviewed. The computer programs based on finite
element analysis are excluded from this table.

Table 2.2 Selection of computer programs for analysing free-standing pile groups
and piled footings.

Program Author Year | Pile | Piled Remarks F‘ype
name group |footing

PGROUP | Banerjee et al.| 1978 | + 4 | bounday clement method (BEM) | 4

complete lincar clastic analysis

DEFPIG4 Poulos 1986 | + 4 | mentinear contimum analysis 1

using interaction factors

continuum-based analysis
- Hain & Lee 1978 + using 4 interaction factors 1
between pile and surface

PRAFT Tomono et al. | 1987 + + modified Hain & Lec’s method 1

SSI J&W Svensson 1991 4+ | continoum snalysis, congidering | g
soil-structure interaction

GAFIX Hewitt 1988 | + nonlinesr continuum  analysis 1
complete solution

PGRAFT Kuwabara | 1991 | + + | bounday clement method (BEM) | g J
complete linear elastic analysis

Lazaridis & hybrid, non-linear soil reponse,

PILG3 O’Neill 1989 + tinear pile-soil-pile interaction 2

SPLICE Clausen et al. | 1984 | + hybrid approach, analysing 2
structure-pile-soil interaction
continuum-based

P12-2 Chow 1986a| + on-Hncae ybrid analysie 2J

PIGLET Randolph | 1980 | + simplified continyum snalysis 3
using interaction factors

PGVARIAB Clemente 1990b| + simplified analytical method

GROUP Lieng & Svand | 1985 + no pile-soil-pile interaction 5
calculating settlement with

PAUL Jendeby et al. | 1987 | + + kmown ple md cap loads 5

TPR Fatemi-Ardakani| 1988 4 | thick plate on en elasic medum) 5
piles replaced by springs

UNIPILE Fellenius et al. | 1990 + equivalent raft at neutral plane 5

Note: Type of program: 1= integral equation method; 2= hybrid approach;
3= approximate analytical method; 5= other method.
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Programs PGROUP, DEFPIG4, P12-2, PIGLET, PGVARIAB were written on the basis of
the algorithms presented in Section 2.3.2, with some extensions or improvements.
Program P12-1 was contributed by Chow (1986a), and presented‘in Smith et al.
(1988). The main features of the other programs are described bellow.

Program PRAFT, written by Tomono et al. (1987), is a method of estimating load
distribution between piles and raft, raft settlement and secondary stress in the
raft due to differential settlement which are necessary for the design of a piled
raft foundation. The method takes into account the interaction between the raft,
piles and soil by combining the finite element analysis and the pile settlement
analysis based on Mindlin’s first solution of elasticity.

Program SSI J&W was developed at Jacobson & Widmark AB, Sweden for analysing
piled rafts on overconsolidated soft clay. In the program, the vertical stress
increase in the soil due to the raft-soil contact pressure is calculated according
to Boussinesq’s solution. The stress increase induced by the piles is determined
using Mindlin’s equation for a pile with linear variation of skin friction. The
superstructure (raft and basement walls) is modelled by the Finite Element Method.
The settlement is then calculated on the basis of the siress increase using the
initial compression modulus.

PGRAFT, written by Kuwabara (1991), is a program for analysing the behaviour of
pile group and piled footings, using a boundary element technique developed by
Poulos. The method enables the determination of stresses acting on all elements of
the piles and the cap. The program is, however, limited to pile groups consisting
of a number of identical piles arranged in a square configuration.

PILG3 is a version, adapted to personal computer by Lazaridis and O’Neill (1989),
of the original program PILG based on the method suggested by O’Neill et al.
(1977) with a number of simplifying assumptions.

Program SPLICE was written by Clausen et al. (1984) to analyse the interaction
between an offshore jacket type linear structure and its non-linear foundation
system consisting of single piles or pile groups. The program is based on the
hybrid method, i.e. using t-z and p-y curves for individval piles and Mindlin’s
solution for pile-soil-pile interaction. The program was developed to obtain a
consistent solution for both the superstructure and the pile foundation system,
ie. a solution that is compatible with respect to both forces and displacements
at the structure-pile interface.
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Program GROUP, written by Lieng and Svanb (1985), is a program for calculating the
load distribution among piles in a pile group. GROUP is based mainly on
Aschenbrenner’s three-dimensional method with a few additions and changes. As a
basis for a total stress analysis, GROUP utilises t-z (axial) and p-y (lateral)
curves in order to attain the soil stiffness used in computation. The displacement
of a pile in the group is not influenced by those of the other piles, ie. no
pile-soil-pile interaction is taken into account.

Program PAUL was devised at Chalmers University of Technology for calculating the
settlement of a pile group or a piled footing in the case that pile loads and
surface loads are already known. The surface loads, which are rectangular and have
constant intensity over each individual rectangle, can be placed at any depth. The
additional stress due to the surface loads is then calculated according to
Frélich’s theory. A pile load, which is given as the load at the pile top, will be
transformed into a number of point loads along the pile according to a chosen load
distribution along the pile. The additional stress due to the pile loads is then
calculated by means of Mindlin’s solution. The settlement of the point in question
is calculated assuming the deformations to be one-dimensional.

Program TPR, written by Fatemi-Ardakani A. (1988), was developed to deal with the
analysis and design of a raft foundation on an elastic medium or a pile reinforced
elastic medium, using the "thick plate-bending" finite elements to model the raft
and the surface element method to model the soil. The piles are then replaced by
elastic springs, whose flexibility is estimated by means of the equations obtained
from the parameter study for the vertical flexibility of a single pile, undertaken
by Fatemi-Ardakani B. (1987) by using the computer program PGROUP3.1 (1981). Pile-
soil-pile interaction is taken into account according to Randolph’s approach.

Program UNIPILE is based on the method called "the unified design of piles and
pile groups considering capacity, settlement, and negative skin friction"
suggested by Fellenius et al. (1990). In the program, the settlement of a pile
group is determined as the settlement of an equivalent footing located at the
elevation of the neutral plane, with the load spreading below the equivalent
footing calculated by the 2:1-method. Neither pile-soil-pile interaction nor cap-
soil-pile interaction is taken into account.

Discussions
Most of the existing programs for analysing pile groups and piled footings have
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been based on the theory of elasticity. They are therefore not suitable for non-
cohesive soil. In consequence, some of conclusions obtained from theoretical
studies are contrary to the results obtained from the experimental ones. For
example, from the tests on pile groups in sand, a comer pile always takes a
higher load than the center pile of the group. Calculations based on the theory of
elasticity give a contrary result. From the calculations based on the theory of
elasticity it has been concluded that the increase in stiffness of a piled footing
due to the cap in direct contact with soil is small, although a significant load
may be carried by the cap, see e.g. Butterfield and Banerjee (1971), Poulos and
Davies (1980), Randolph (1983), Kuwabara (1989). This is, however, very different
from the behaviour of piled footings in sand. For analysing pile groups and piled
footings in non-cohesive soil, more sophisticated soil models, e.g. Mohr-Coulomb
model, should be used.



3 LARGE-SCALE FIELD MODEL TESTS

Large-scale model tests were carried out in an abandoned sand pit at Grdbo, 35
km northeast of Géteborg. Fig. 3.1 shows a bird’s eye view of the test field at
Gribo.

Fig. 3.1 A bird’s eye view of the test field at Grabo
3.1 General Features

The main purpose of the field test was to study the problem of pile-cap-soil
interaction of piled footings in sand. The problem includes interaction between
the piles in the group, named as pile-soil-pile interaction, as well as between
the pile group and the pile cap when it is in contact with the soil surface,
named as pile-cap interaction. As discussed in Chapter 2, such a study ought to
include piled footings, free-standing pile groups, single piles, as well as
shallow footings under equal soil condition. (The shallow footing will sometimes
be called unpiled footing or cap alone). Comparisons of test results on single
piles and on free-standing pile groups will show the pile-soil-pile interaction,
while comparisons of the test results on piled footings, free-standing pile
groups, and on caps alone will clarify the interaction between the cap and the
pile group (the cap-pile group interaction). To make possible a study of the
settlement-reducing effect of piles, the load-settlement behaviour of shallow
footings and of piled footings should be directly comparable. For the above
purposes three different test series were performed, each of which consisted of
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four separate tests comprising shallow footing, single pile, free-standing pile
group, and piled footing under equal soil conditions and with equal geometry.

The three test series, denoted as T1, T2, T3, were performed with different pile
spacings. In each series, the test on cap alone (shallow footing) was denoted as
C; the test on single pile, S; the test on free-standing pile group, G; and the
test on piled footing, F. With these notations, test T2S, for example, should be
understood as the test on a single pile in the second test series. The names of
all the separate tests are summarised in Table 3.1

Piles and pile groups

The model piles used in the field tests were hollow steel piles with a square
cross-section, 60 mm by 60 mm, and a wall thickness of 5 mm. The pile tip had a
pyramidal shape with an apex angle of 60 degrees. The pile length was about 2.3m
and the depth of embedment of the piles in each separate test varied slightly,
depending on the testing procedure. In the tests on single piles, the depth of
embedment of the piles was 2 m; in the tests on free-standing pile groups 2.1 m;
and in the tests on piled footings, 2.3 m. The surface of the piles was covered
with sand ( grain size < 0.125 mm ) glued to the surface.

All the test pile groups were square and consisted of five piles: one central
pile, pile No.1, and four comer piles, piles Numbers 2 to 5, according to the
driving order. As the main purpose of the research was to study the settlement-
reducing effect of the piles, the pile spacing was chosen to be relatively
large. The centre-to-centre pile spacing was four times pile widths (4b,) in the
first test series, and 6bp, 8b, in the second and the third series,

Footings (caps)

The footings were made of pre-fabricated reinforced concrete and were absolutely
rigid. They were used both as footings in the tests on shallow footings and as
pile caps in the tests on pile groups and piled footings. For this purpose, each
footing was provided with five holes to admit placement of the piles later on.
The size of the footings depended on the pile spacing chosen. In the first test
series, the footing was 46cm by 46cm in plan and 30cm in thickness. In the
second and the third test series , the footing size was 63cm by 63cm by 35cm,
and 80cm by 80cm by 40 cm, respectively. The distance from the edge of the
footing to the centre of the comer piles was always 60 mm, Fig. 3.2.
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Fig. 3.2 Model footings in plan. Dimensions given in cm. (a) footing used
for Test series T1; (b) for Test series T2; (c) for Test series T3.

Soils

The test pit was about 3 m by 3 m at the base and 3m deep. The pit wall had an
inclination of about 2:1 (2 vertical to 1 horizontal). The excavation was filled

with sand which was compacted in 20 cm thick layers. The soil properties were

determined by means of a volumeter and different field methods: cone penetration
test (CPT), dilatometer test (DMT) and pressuremeter test (PMT). The results can
be seen in details in Chapter 4. In the first test series, the relative density
of sand was about 38%; in the second series, about 67%; and the third series,

slightly lower, 62%. Descriptions of these test series are given in Table 3.1.

Table 3.1 Summary of the field model tests

Test Pile Group Sand Pile Length Separate Tests
Series and Cap (m)
five piles 2‘0 TIC, shallow i{ooﬁng
T1 spacing S=4b, | I, = 38% . TiS, SL.ngle pile
46cmx46cmx25cm 21 T1G, pile group
23 T1F, piled footing
five piles - E(Sl shallow footing
T2 spacing S=6b, | Ip = 67% 2-0 , 51'rllgle pile
63cmx63cmx35cm 1 T2G, pre group
2.3 T2F, piled footing
five piles - T3C, shallow footing
T3 spacing S=8b, | I, = 62% z-o T3S, sn:ngle pile
80cmx80cmx40cm 1 T3G, pile group
J 23 J T3F, piled footing
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3.2 Test Instrumentation

In the field tests, the following measurements were made: axial pile loads,
total applied load, lateral pressure against the pile shaft and displacement of
the footings and of the ground surface.

Measurement of axial pile loads

Axial pile loads were measured by means of load cells at the base and head of
every pile. The load was also measured in the middle of one pile, pile No. 5.
The load cells consisted of a 170 mm long hollow steel cylinder with an inner
diameter of 25 mm and an outer diameter of 35 mm. The pile loads were measured
by means of a full Wheatstone bridge that consisted of two active and two
passive strain gauges glued to the steel cylinder. The load cells were protected
by a cover of pile material, which was fixed by screws to the upper part of the
load cell, and leaving an opening of 2 mm at the bottom part of the load cell,
thereby allowing for compression of the load cell. In this way only the axial
load (and not the skin friction along the load cell) was transferred via the
bottom of the load cell, Fig, 3.3. All load cells were calibrated before and
after each test series. The load cells behaved perfectly linearly up to 80 kN,
which was the maximum load applied during the calibrations. The scatter during
calibration was extremely small. The measurements of the axial pile loads were
governed by means of a microcomputer-based data acquisition system, which also
provided build-in amplifiers for the pile load transducers.
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Fig. 3.3 Load transducer used in the field model test
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Measurement of horizontal pressure against the pile shaft

The lateral earth pressure against the pile shaft was measured along the pile in
the centre of the pile groups by means of Glotzl total stress cells. Twelve
cells, each 45 mm in diameter, were installed flush with the pile surface, and
were placed symmetrically on all the four sides of the pile, Fig. 3.4. The GI&-
tzl cell is a hydraulic measuring system, which is based on the compensation
method: the earth pressure is measured by a continuous stream of dry compressed
air, which releases a membrane when equilibrium is reached between the air
pressure and the pressure on the steel surface of the Glétzl cell.

PILE HEAD TRANSDUCER PILE BASE TRANSDUCER
/{17%“, 250/\/7250/_\, ZSD)L GLOTZL CELLS
/S T/ @) <4 N y A
55 & v 1

l200 [170] soo | soo | so0 | 2s0 [180]
1 | i | 1 [ ( ]

Fig. 34 Location of Glotzl cells on the central pile.

Measurement of displacements

Displacements of the pile head in the single pile tests, and of the upper
surface of the footing and also of the ground surface in other tests, were
measured by means of electric resistance transducers, Novotechnik, with a stroke
of 25, 50, or 100 mm. The displacements were measured against two reference
beams, each 6 m long, which were protected against wind and sunshine by
tarpaulins. The reference beams were founded on footings that rested 30 cm under
the soil surface. Levelling showed that movements of the reference beams were
negligible. The displacement measurements were also monitored by the data
logger. The displacement transducer used in the tests and the reference beam
system are shown in Fig. 3.5.
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Fig. 3.5 Measurement of displacement: (a) displacement transducers;
(b) reference beam system.

Data acquisition system

The system consisted of a data-logger ORION 3530, a personal computer IBM PC 286
and a printer. The logger had up to 200 channels, of which at most 40 channels
were used in the tests. The logger was set up and controlled by the PC computer.
The set-up routine is a program written in the logger’s control language which
defines the type and timing of logging and control routines, as well as
parameters for all channels. In the tests, all channels were measured at 15
second intervals. The data for each load step was saved in a separate file on
the hard disk or floppy disk of the computer. Simultaneously, the data was
printed out on the printer.

Jacking system
Different kinds of hydraulic jacks were used in the field tests depending on the
ultimate load levels. A small jack with a maximum capacity of 100 kN was used

for all the single pile tests. Larger jacks with a maximum capacity of 600 kN
and 1000 kN were used for tests on caps, free-standing pile groups and piled
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footings. Total loads applied in all the tests were monitored by an independent
electric load cell, which was either a small cylindrical cell used together with
the small jack, or a larger ring cell used with the larger jacks.

3.3 Installation and Test Procedures

To make possible a comparison between the results of separate tests in one
series, all the tests have to be carried out under equal soil conditions.
Initially, in one series, tests on a cap, on a free-standing group and on a
piled footing were intended to be performed in different sand pits, i.e. after
each test the sand would be excavated and refilled under controlled conditions
to obtain the same soil condition as before. In the field, however, no matter
how carefully it is done, it is almost impossible to reproduce a soil condition
identical to the previous one. The four tests in one and the same series were
therefore performed in the same sand pit. Under the reaction beam, the test pit
was divided into two areas: one for the test on the shallow footing, which was
always the first test in a series; and the other for the remaining tests. In the
latter area, the central pile was driven and tested first. Afterwards, the other
piles were driven, then connected to the cap, and the free-standing group was
tested. The test on the piled footing was finally performed after the free--
standing pile group was pushed down until the cap came into contact with the
ground surface (according to the first procedure of testing), or until the cap
was about 20 mm above the ground surface (according to the second procedure).
One of the problems met with was to avoid any influence from the test on the
shallow footing. Therefore, the tests were placed as far as possible from each
other and any possible influence from the test on the shallow footing was
checked by measuring the settlement of the soil surface at different distances
from the footing. The measurements in all the three test series showed that the
displacement of the soil surface at a distance of 1.2 m from the edge of the
shallow footing was negligible, only 0.0lmm. Figure 3.6 shows the layout of the
test site.

Reaction system

Four 400mm-diameter expander bodies, E400, were used as reaction piles. The
expander bodies were placed at a depth of 10 m from the ground surface . To
avoid the effects of the reaction piles on the test results, casings down to a
depth of 8 m were used to isolate the pile steel rods from the soil. An H-beam,
HEB600, with a height of 600mm and a length of 6.5m was used as the main
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reaction beam. Two double U-320 beams with a length of 2m were used as secondary
beams. The whole beamn system was placed on two other steel beams so that it
could be easily moved away from the test position and back again by handle
jacks. A small hand wire-rope hoist that could move along the main beam was used
to lift the cap when joining it to the pile group. Figure 3.6 shows the reaction
bearn system used in the field test.

ARRANGEMENT OF FIELD TESTS
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Fig. 3.6 Arrangement of the test site.
Pile driving and pile-cap joint

The piles were driven mechanically by means of a hollow ram (80 kg, height =
0.6m) with an average drop height of 20-30 cm. The central pile was always
driven first and then tested as a single pile. Afterwards the comer piles were
driven to form a pile group. All the top pile load transducers were not attached
to the pile until the completion of driving to avoid possible damage.
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The concrete caps were pre-fabricated with five 50mm-diameter holes for bolts by
which the piles were attached to the cap. The bolts were hollow in order that
the load transducer cables and the pressure cell tubes could be led through. The
outer and inner diameters of the bolts were 33 mm and 22 mm, respectively, for
the central pile, and 20 mm and 10 mm for the corner piles. After driving all
the piles, the bolts were first fixed to the piles by nuts. The cap was then
lifted onto the pile group and attached with the pile bolts by nuts. Additional
nuts were used to adjust the levels in order to obtain a good contact between
the cap and all the piles while the cap was in a hanging position. A detachable
cover was used to make the pile cross-section constant, Fig. 3.7.

To be sure that the pile bolts would fit into the cap holes, the position and
inclination of the piles had to be checked very carefully during driving. A
special positioning steel plate was used to keep the piles in the right position
in plan. In this way, the piles fitted naturally into the cap holes in all three
test series. This was important as a guarantee that no lateral force on the pile
heads influenced the test results.

Test procedure

All the tests were carried out using the same standard procedure as the quick
maintained load test. In this method of testing, the applied load is increased
every fifteen minutes by a constant amount, approximately 5% of the estimated
ultimate load. Settlement gauges are read 0.5, 1, 2, 4, 8 and 15 minutes after
application of a new load increment has been started. A new load increment is
applied immediately after the 15 minutes reading. Using the computer-based data
acquisition system, however, all data from the settlement transducers and from
the pile load transducers were automatically collected every fifteen seconds.
And each load step was only maintained for eight minutes.

In order to consider residual loads in the piles, the pile load transducers were
always read before and after driving, as well as before and after testing. The
direct method of measuring residual loads, discussed by Briaud et al. (1985),
was used, in which the readings of the pile load transducers, while the pile is
hanging under its own weight, is considered as zero values.

In each test series the installation and testing order can be summarised as
follows: (a) placing the cap in test position and driving the central pile; (b)

two-day break; (c) testing the cap alone as shallow footing; (d) testing the
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single pile; (e) driving the comer piles and joining them with the cap; (f)
two-day break; (g) testing the free-standing group; (h) one-day break; (i)
testing the piled footing.

PILE — CAP CONNECTION
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Fig. 3.7. Pile - cap joint. a) detail, b) during installation

The tests on piled footings were performed using two different procedures. On
completion of the test on free-standing pile group, the whole footing was pushed
down, in Test series T1 until the cap was in contact with the soil surface, and
in Test series T2 and T3 until the cap was 20 mm above the soil surface, before
the test on the piled footing was started. Each way of testing has its own
advantages. Using the first procedure, it is easier to compare directly the
behaviour of the piled footing with those of the shallow footing and of the
free-standing pile group; while using the second procedure the effect on the
behaviour of the piles of the cap being in contact with the soil can be seen
clearly, as shown later in Chapters 5 and 6. Figure 3.8 shows a general view of
a load test arrangement.
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Fig. 3.8 General view of arrangement of load tests: (a) Test on a free-standing
pile group; (b) Test on a piled footing.

3.4 Comparison of Separate Tests in Each Test Series

Traditionally, group efficiency and settlement ratio are obtained by comparing
the results from tests on a free-standing group with those on a single pile
under equal soil conditions. The results show the pile-soil-pile interaction.
Many authors used the same concepts even to study the behaviour of piled
footings. This is illogical because the contribution of the footing is quite
independent of the number of piles, pile spacing, pile length, and mainly
depends on its size. In this study, to compare the bearing capacities of a
single pile, a free-standing pile group, a piled footing and a shallow footing
under equal conditions, different definitions, called load efficiencies, instead
of group efficiency, will be suggested in Section 6.3. In the same way, the
settlement behaviour of a single pile, a free-standing pile group, a piled
footing and a shallow footing under equal conditions will be compared by means
of new definitions of settlement ratios, see Section 6.4.

55




4. SOIL INVESTIGATION

The large-scale model tests were carried out in an abandoned sand pit in Grébo,
35 km northeast of Goteborg. The geological formation of the site is
glaciofluvian delta created during two phases of the latest deglaciation. The
delta is built up mainly of sand, but lenses of clay and coarser gravel are also
found in the deposit. As about 10 metres of the original deposit had been
excavated during the years when the sand pit was in use, the in situ deposits at
the test site were over-consolidated, Liedberg (1991).

The test pit was about 3 m by 3 m at the base and 3 m deep. For each test
series, the excavation was refilled with sand, that was compacted in layers of
about 20 cm thickness up to the original level. Soil investigations, both field
and laboratory tests, were carried out before and after each test series. In
this chapter, the results from the soil investigations are presented and
discussed.

4.1 Laboratory Tests

The laboratory soil investigation comprised grain size distribution, density,
water content and void ratio, and compaction characteristics, Other properties,
such as angle of internal friction and deformation characteristics, were
obtained from the results presented by Ekstrom (1989) and Liedberg (1991), who
both made a large number of laboratory tests on the same soil material and whose
results are in good agreement.

4.1.1 Basic soil properties -

Grain size distribution

The grain size distribution of the soil was investigated by sieve analyses, and
the results were in good agreement with those published by Ekstrém and Liedberg.
The results showed the average coefficient of uniformity, C~= 3.4, and a mean
grain diameter, ds= 0.34 mm.

Density, water content and void ratio

The specific gravity, [ determined by the pycnometer method, had a mean value
of 2.68 ym’.
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Density tests were carried out both before and after each test series using a
volumeter consisting of a thin steel cylinder, with a diameter of 260 mm and a
wall thickness of 1.5 mm, The cylinder was pushed down to a shallow depth into
the sand , and the soil within the cylinder was excavated. The volume of the
sample was determined by measuring the distance from a reference level to the
soil before and after excavation.

During compaction, soil samples were taken at different places for each layer.
During excavation, samples were taken inside the pile group at every 20 cm depth
to the bottom of the excavation. The values of bulk density, water content, dry
density, and void ratio before and after the three test series are given in
Figures 4.1, and their mean values are summarised in Tables 4.1 and 4.2.

Table 4.1 Density and water content. Before tests.

Mean Standard Coefficient Number of
value deviation of variation samples
Test series T1
p (t/md) 1.67 0.09 5.4% 8
pq (/md3) 1.56 0.08 5.1% 8
w (%) 5.94 0.19 3.1% 8
e 0.73 0.09 12.3% 8
Test series T2
p (t/md) 1.79 0.05 2.8% 12
py (t/m3) 1.68 0.05 3.0% 12
w (%) 6.11 0.36 5.9% 12
e 0.60 0.04 6.6% 12
Test series T3
p (t/md) 1.77 0.05 2.8% 13
pg (t/m3) 1.66 0.05 3.0% 13
w (%) 6.31 0.39 6.1% 13
e 0.62 0.05 6.4% 13

where p= bulk density, p;= dry density, w= water content, e= void ratio
Compaction characteristics

The maximum dry density was p,;=1.84 Ym’ (corresponding to a minimum void ratio
€min= 0.45). The maximum void ratio e,,,= 0.90 was obtained by pouring sand into
a large oedometer ring. The mean values of the relative density of sands I,
before and after each test series are summarised in Table 4.3, in which I =

(emax'e)/ (emnx'emin)'
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Table 4.2 Density and water content. After tests (inside the pile group).

Mean Standard Coefficient Number of
value deviation of variation samples
Test series T1
p (t/md) 1.73 0.06 3.4% 7
Py (Ym3) 1.63 0.06 3.7% 7
w (%) 573 0.76 13.2% 7
e 0.65 0.06 9.2% 7
Test series T2
p (t/m3) 1.85 0.08 4.4% 8
Pa (t/m3) 1.74 0.08 4.6% 8
w (%) 5.75 0.57 9.9% 8
e 0.55 0.07 12.7% 8

Table 4.3 Relative density of sand before and after testing

Test series Before testing After testing
T1 38% 56%
T2 67% 78%
T3 62% -

4.1.2

Constrained modulus

Deformation characteristics

The constrained modulus of compressibility can be determined from oedometer
tests. According to Janbu (1963), the tangent constrained modulus M can be

expressed as:

1B
M=m0',l%]

where, m = modulus number
B = stress exponent
o’ = effective vertical stress
o, = reference stress = 100 kPa
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Andreasson (1973) suggested that for sand with a mean grain size ds, < 5mm, the
m and B values could be determined as

m = 295 C2"%e*% 42)
dso
B = 0.29 log( 001 ) - 0.065 log(C,) 4.3)
where, C, = coefficient of uniformity
dy, = mean grain size, in mm
e = initial void ratio

In the case of Gribo medium sand, Liedberg (1991) showed that Eq. (4.3) seems to
give reasonable B values, while the m value determined by Eq. (4.2) is too high.
Based on a large number of laboratory tests, Liedberg suggested

m = 642 % (4.4)

where, e = initial void ratio

Young’s modulus

From triaxial tests, the initial modulus of elasticity can be given by Eq.(4.5),
Janbu (1963):

» | e

s} (4.5)
or

where, kg = modulus number
ng = stress exponent
O3 = minor principle stress

o, = reference stress = 100 kPa

From the triaxial tests on Gribo sand, the mean value of the stress exponent ng
was found to be 0.58, and the kg value can be estimated from initial void ratio
(Liedberg, 1991):

k, = 169 e356 (4.6)

where, e = initial void ratio



The tangent modulus of elasticity E can then be calculated, e.g. according to
Duncan and Chang (1970).

Bulk modulus

As in the case of the modulus M and E, the bulk modulus K can be expressed in
term of a modulus number k; and a stress exponent ng as follows:

ng

Ks = ks O, [% ] @7

where, kg = modulus number
ng = stress exponent
P 0';= 0‘;= 0;= effective isotropic pressure
o, = reference stress = 100 kPa

For Gribo sand, Liedberg found that the mean value of ng was 0.56, and the
modulus number kg for any void ratio e can be determined from the equation:

ky = 42.9 &>°% (4.8)

The bulk modulus Ky can, also be calculated from E; using the following
equation:

Ks = 302v) (“49)

Poisson’s ratio

Knowing M and E,, Poisson’s ratio v can be calculated from the equation:

E{(1-v)

T a2 @10

Assuming that Poisson’s ratio v varies linearly with the void ratio e, for Gribo
sand, Liedberg found that:

v = (e - 0.163)/1.518 (4.11)

This equation is valid for a maximum void ratio of 0.92.
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4.1.3 Shear strength

For Gribo sand, Ekstrom (1989) performed a number of direct shear tests and
triaxial tests to evaluate the angle of internal friction ¢’. From the results
of direct shear tests, the ¢’ value varied from 37° to 46°, when the dry density
of soil changed from 1.55 to 1.81 t/m3. From the results of triaxial tests on
sand with density 1.60 to 1.83 t/m3, the ¢’ value changed from 40 to 47°, which
is rather similar to the results obtained by Liedberg (1991). The following
correlation was obtained using regression analysis with a correlation
coefficient of 0.931, Ekstrém (1989)

1

_ (4.12)
1.47e + 0237

tan ¢’

where, e = initial void ratio

Bolton (1986) performed an extensive study on the strength and dilatancy of
sands and presented a relative dilatancy index I, which is defined as:

=, Q-Inp)-R (4.13)
where, I, = relative density of sand
P = (G;+6;+G;)/3 = mean effective isotropic stress at failure

Q = function of the mean critical isotropic stress p.y, Which is

the stress just sufficient to eliminate dilation by grain crushing
R =10

Bolton also stated that the conventional effective strength parameters (c’,$’)
can only describe the full range of soil strength if both are allowed to vary
with density and stress

¢’ = ¢ + F Ip [(10 - In p’) - 1] (4.14)
where, ¢, = effective angle of internal friction at no dilation (no volume
change) during shear
F, = factor equal to 3 for triaxial strain condition, and equal to 5

for plane strain

For Gribo sand, Liedberg found that:
¢’ =348 + 3’ I, [( 1095 - In p°) - 1] 4.15)
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where, p’ = 0,79 (factor allowing for grain shape and roughness, suggested by
Larsson, 1989)

4.2 Field Tests

Different field test methods were used, before and after each test series:
pressuremeter test (PMT), penetration test (CPT), and dilatometer test (DMT).
The arrangements of the field tests for the three test series are showed in
Figure 4.2.

4.2.1 Pressuremeter tests (PMT)

Pressuremeter tests were performed before each test series using a Menard mini-
pressuremeter, The pressuremeter was installed by direct insertion of the probe
inside a driven slotted tube, which is a rather common way of installation in
Sweden. The slotted tube has an outer diameter d;= 44 mm, and an inner diameter
(diameter of the probe) d,;= 32 mm, and the length of the measuring cell 1= 150
mm. The tests were carried out at every half metre down to a depth of about 2.5
to 3.0 m. The results are summarised in Table 4.4,

Table 4.4 Summary of results from pressuremeter tests. Before testing

Test series Depth (m) E, (MPa) p; (MPa) P (MPa)
0.5 3.19 0.18 0.17
10 1.74 0.22 0.18
T1 1.5 1.15 0.13 0.11
2.0 232 0.22 0.18
2.5 1.10 0.11 0.10
29 3.87 0.41 0.29
0.5 3.62 0.30 0.25
1.0 8.17 0.66 0.38
T2 1.5 10.21 0.86 0.62
2.0 8.30 0.52 0.38
2.5 5.38 0.35 0.27
0.5 4.74 0.33 0.33
1.0 2.55 0.22 0.15
T3 L5 5.89 0.47 0.32
20 8.23 0.53 0.38
25 6.33 0.52 0.37
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4.2.2 Cone Penetration Tests (CPT)

Two types of CPT equipment were used in the test field: mechanical and
electrical penetrometers. The electrical one was only used before Test series T2
and T3 in which the point resistance q, and the skin friction fo were measured
separately. The mechanical penetrometer, a Swedish Geotech in which only the
total penetration force is measured, was used before and after every test
series. Since the skin friction of the rod of the mechanical penetrometer was
extremely small for the shallow depths in question, the total penetration force
could be assumed to correspond with the point resistance. Comparison with the
results obtained from the electrical penetrometer indicated that this assumption
is reasonable. The average point resistance q, measured by the mechanical
penetrometer, and the average . and I, measured by the electrical one are shown
in Tables 4.5 and 4.6. For easier data treatment, all the CPT results were
digitalised for every 0.1 m in depth. The original test results are shown in
Appendix B.

Table 4.5 Average cone resistance value q, (MPa), mechanical penetrometer
Before and after testing.

Test series Before testing After testing
T1 0.85 1.88
T2 2.94 3.77
T3 2.90 2.93

Table 4.6 Average resistance q, and }s (MPa), electrical penetrometer.
Before Test series T2 and T3.

Test series 4 f, ratio f, /9
T2 3.86 0.023 0.0060
T3 2.87 0.010 0.0035

The q, values before and after each test series were compared in Figures 4.3.
The comparison is also presented in the form of the ratio between the q, value
before and after the tests. It was found that after all three test series, the
q, values increased in soil near the soil surface, which was the soil-footing
interface, and also under the leve] of pile base, both inside the pile group and
at a distance of 0.3 m from the edge of the footings. The increase can be
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explained by the compaction due to pile driving, as well as the compaction under
the footing and under the pile base where the load was transferred to the soil.
In Test series T1, the initial soil was much looser than in the other two
series, and therefore the effect due to pile driving was much clearer.

423 Dilatometer tests (DMT)

Dilatometer tests were carried out after each soil preparation, i.e. before each
test series, as a control of the homogeneity of the sand. The tests were also
performed inside and outside the pile groups after each test series so that the
soil properties before and after the tests could be compared. A total of about
160 measurements were performed in all the three test series. The major results
are given below in Section 4.3, where the interpreted soil properties obtained
from the different soil investigation methods are discussed.

4.3 Discussions on Soil Properties

Soil properties interpreted from the different soil investigation methods
performed in the field are discussed and compared with the laboratory test
results using the void ratios or dry densities interpolated from the volumeter
tests for corresponding soil layers. For convenience, the average values are
also studied.

Soil material

Compared with other field test methods, the dilatometer test gives a clearer
classification of the soil. In the dilatometer test, the material index I is
used to classify the soil material. In all three test series, the mean I, value
varies from 2.6 to 4.1 and the soil was designated as silty sand to sand. These
results also showed that the dilatometer test gives a rather good indication of
the soil type with the actual grain size.

Soil density

The bulk density of the soil was also estimated empirically by means of the
dilatometer tests, using the dilatometer material index I;. The mean bulk
density values, determined by the volumeter and the dilatometer tests, are
compared in Table 4.7. The comparison shows that the densities .obtained from the
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dilatometer tests are in quite good agreement with those obtained from the
volumeter test. From the dilatometer tests it can be seen that the initial bulk
density, before each test series, was rather constant with depth. After each
test series, the density increased significantly. The increase can be explained
as a result of the compaction due to pile driving and due to the cap being in
contact with the soil surface. The increase is much clearer in loose sand (Test
series T1) than in dense sand. The increase is also high in the vicinity of the
cap-soil interface.

Table 4.7 Measured bulk density and density evaluated from dilatometer
test (DMT), t/m3

Mean Standard Coefficient Number of
value deviation of variation samples
Test series T1
before: p 1.67 0.10 5.4% 8
PomT 1.70 0.03 1.7% 41
after: p 1.73 0.06 3.4% 7
PoMT 1.73 0.05 2.8% . 8
Test series T2
before: p 1.79 0.05 2.8% 12
PomT 1.79 0.07 3.9% 31
after: p 1.85 0.09 4.9% 9
PomT 1.87 0.05 2.6% 11
Test series T3
before: p 1.77 0.05 2.8% 13
PoMT 1.79 0.07 3.9% 24

where, p= measured bulk density, pp,= bulk density evaluated from DMT tests

Angle of internal friction

The effective angle of internal friction ¢’ will be interpreted from different
field test results in this section. The values thus obtained will be compared
with the laboratory tests performed by Ekstrdm (1989) and Liedberg (1991), using
the void ratio or dry density values interpolated from the volumeter tests for
the depths corresponding to the field tests. Such laboratory-based valves will
later be referred to as laboratory test results. Of course, this way of
comparison will result in a large scatter, but it is a good way of evaluating
the soil properties calculated from the field test results.
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In the CPT tests, the ¢’ value can be calculated from the correlation proposed
by Robertson and Campanella (1983), which can be converted to Equation (4.16):

tan ¢’ = 038 logy, % +0.10 (4.16)

A 4
where, o, = effective vertical stress

The ¢’-values estimated according to Equation (4.16) are compared with those
obtained from the triaxial tests, made by Ekstrém (1989) and Liedberg (1991) in
Figure 4.4. In this figure, the dry densities corresponding to the CPT-based ¢’
values are interpolated from the volumeter tests for the corresponding depths.
The calculation was made at every 0.1 m depth. The figure indicates that the ¢’
values estimated from CPT are in rather good agreement with the results of
triaxial tests.

50
. =5
L as
o
)
o
T 40
9L
o
c
9 35
c
.0 .
46‘ .
‘- 30
L LEGEND:

----- CPT tests
oaoong  Triaxial tests
25
1.5 1.6 1.7 1.8 1.9

Dry density, t/m3

Fig4.4 Internal friction angle, §’, estimated from CPT - Comparison with
laboratory tests.

In the dilatometer test, there are four different procedures for estimation of
the effective friction angle. In the first procedure, for soils with 1>1.2, the
¢’ values can be estimated from the material index I, the dilatometer modulus
E, and the effective overburden stress o), using Equation (4.17), Marchetti and
Crapps (1981):
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¢’ = 25 + 0.19 (IR, - 100)* 4.17
_ (Ey/S}) - 500 o :
where, R = 500 + — /o, -500/1500 if 62>50 or Ey/6:<500
R, = E /o, if ;<50 or Ey/6,>500

Schmertmann (1982) suggested a method of calculating a plane strain, effective
friction angle ¢;, from DMT combined with measurement of the penetration
thrust. Marchetti (1985) proposed the third method, a procedure for evaluating
axisymmetrical effective friction angle ¢, so-called CPT-linked method which
is similar to Schmertmann’s method , but based on the g, value from the CPT test
instead of the DMT penetration thrust. In the last-mentioned procedure, the
calculated friction angle may be normalised to a reference siress value (see
Schmertmann, 1988a).

In this section, the first method, Marchetti and Crapps (1981), and the third
method, Marchetti (1985), were used to determine the angle of internal friction
¢’. The calculations were made at every 0.2 m depth and the results are also
compared with the triaxial tests, Figures 4.5 (a) and (b). In these figures, the
dry densities are also interpolated from the volumeter tests for the
corresponding soil layers. The ¢’ value estimated according to Marchetti and
Crapps (1981) is found to be too small in comparison with the triaxial tests.
The CPT-linked method of Marchetti (1985), gives a better agreement with the
results of the laboratory tests. However, in a number of cases unreasonable
values, both of Ko and ¢’, were obtained . This can be explained by the fact
that "..since sand deposits normally have a high variability, the use of even
closely spaced soundings involves an inherent error in obtaining "matching" q,
and K, values in this method" (Schmertmann ,1988). In Figure 4.5b, the values
out of practical limits, e.g., corresponding to negative K, values, were
disregarded.

The large scatters in Figures 4.4 to 4.5 , similarly, may be explained by the
unmatchability of the calculated ¢’ values and the dry densities interpolated
from the volumeter tests. Besides, in the figures, the stress dependence of ¢’
values is not taken into account. Calculation according to Schmertmann (1982)
seems to give better results, see Jan Ekstrém (1989).
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Fig. 4.5 Internal friction angle, ¢’, estimated from DMT - Comparison with
laboratory tests : a) estimation according to Marchetti and Crapps
(1981), b) according to Marchetti (1985)

In the pressuremeter test the angle of internal friction ¢’ can be obtained ,

e.g., according to Equation (4.18), proposed by Centre d’Etudes Menard, see
Baguelin et al. (1978):
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p,=25"2 (4.18)
where, p: =P b, net limit pressure, in bar (1 bar = 100 kPa)

The ¢’ values estimated from Eq. (4.18) are, however, too small to be true. In
Table 4.8, the average ¢’ values estimated from different method are compared.
The comparison shows that ¢’ values obtained from CPT are in the best agreement
with the laboratory test results.

Table 4.8 Comparison of average angle of internal friction §' estimated from
different methods

Laboratory |DMT Marchetti DMT Marchetti| CPT PMT
tests & Crapps(1981) (1985)

Before T1 37.7 30.7 35.1 36.3 23.0
After T1 40.0 34.7 40.0 419 -
Before T2 41.8 33.8 39.6 420 284
After T2 4.1 35.1 39.9 45.1 -
Before T3 41.0 32.8 40.5 41.6 26.8
After T3 - 349 37.6 43.3 -

Deformation characteristics

The deformation moduli are estimated from the different field test methods and
compared ‘with the laboratory test results in the same way as regarding the angle
of internal friction.

In the dilatometer test, the constrained tangent modulus Mpyr can be determined
as:

Mpyr = Ry Bp 4.19)

where, Ej = dilatometer modulus
Ry = correlation factor dependent on K and material index I
(see Schmertmann, 1988)
The modulus Mg, estimated from DMT according to Eq.(4.19) is compared with the

laboratory test results in Fig 4.6. The figure indicates that the Mpy is often
larger than the M value derived from oedometer tests. Similar results can be
seen in Ekstrém’s study.
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In the pressuremeter test, the pressuremeter modulus can be estimated as (Hansbo
& Pramborg, 1990):

E, = 2(14V) [(V, + V)V, + V,) Ap/AV (4.19)
where, V, = initial volume of measuring cell

vl
Vi

corresponding effective volume of tube

V +AV/2 = mean value of V over the straight line portion of the

pressuremeter curve, corrected for the stiffness of the plotted! tube

Ap/AV = inclination of the straight line portion of the corrected
pressuremeter curve

\Y = Poisson’s ratio of the soil

The pressuremeter modulus E,, is also compared with the modulus from laboratory

tests, Fig. 4.7. To avoid the complexity of estimation of 0'; in Eq. (4.5), the

laboratory modulus E,,, was calculated from M, using Eq.(4.10). The comparison

showed that the two values E, and E,, are in rather good agreement.

As regards the CPT test, it is suggested that the modulus M is estimated as:
M=agq, (4.20)

where, 00 = correclation factor
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There are different suggestions regarding the o value. Vesic (1970), for
example, proposed 0!.=2(1+Ig), where I, is the relative density of soil. However,
comparison between the M values from the laboratory tests and the q, values in
Fig. 4.8a indicates that the correlation factor o strongly depends on the q.
value, according to Eq. (4.21):

a = 5.909 g** (4.21)

This may be because of a rather low level of g, 0.5 to 6.0 MPa. With q_ values
large enough (q, > 2 MPa), the mean value of « is less than 4. Using Eq. (4.21),
the modulus M is estimated and compared with the laboratory tests in Fig. 4.8b.

For comparison, the secant modulus of elasticity E; is also back-calculated from
the tests on the shallow footings. The settlement of a rigid square footing on a
semi-infinite homogeneous elastic solid can be estimated as:

_ 0.815 gb (1-v?) _ 0815 P (1-v?) 2
s E, or —Eib 4.22)
where, s = settlement of footing
b = width of footing
q = uniform applied load

P = concentrated applied load = gb?
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Using Eq. (4.22), the secant modulus of elasticity is estimated at 25% and 50%
of the failure load from the tests on the shallow footings T1C, T2C and T3C.

In Table 4.9, the average values of M and E, estimated by different methods,
are compared. The table shows that, in comparison with the laboratory test
results, the dilatometer modulus is much higher, while the pressuremeter modulus
is rather reasonable. The modulus estimated from CPT is in good agreement with
the laboratory test results provided that a reasonable -value is chosen, e.g.
according to Eq. (4.21). However, in comparison with the modulus back-calculated
from the tests on the model shallow footings, the modulus obtained from the
laboratory, the pressuremeter and the penetrometer tests are all much smaller.
The M modulus, back-calculated from the tests on the shallow footings, can be
estimated on the basis of the moduli E,; and Eg, according to Eq. (4.10),
multiplied by 1.77 for Test TIC (v = 0.37) and by 1.35 for Tests T2C and T3C (v
= 0.3)., The M value evaluated from the dilatometer tests seems to be of
comparable size, but it is still smaller than the back-calculated modulus.
According to Briaud (1992), the elastic modulus in compression E is 2 to 3 times
larger than the pressuremeter "first-load” modulus. Besides, the settlement
predicted according to the pressuremeter method also includes ten years of
creep. This can also explain why in Table 4.9 the pressuremeter modulus is
smaller than others.

Table 4.9 Comparison of average deformation modulus estimated from
different methods, MPa

My, Mpur Meer By E, Eys Eg
Before T1 6.0 8.5 55 34 2.05 18.0 6.5
After TI1 7.5 19.8 7.7 4.9 - - -
Before T2 10.4 29.8 9.3 7.9 7.14 30.4 18.7
After T2 13.2 50.6 103 104 - - -
Before T3 10.2 27.9 9.1 7.6 5.55 23.5 142
After T3 - 324 9.4 - - - -

Note: My, = modulus M estimated from laboratory tests

Mpyr = modulus M estimated from DMT tests

Mcpr = modulus M estimated from CPT tests, using Eqs (4.20) and (4.21)

E,, = modulus E calculated from M,,, using Eq. (4.10)

E, modulus E estimated from PMT tests

E,s50 = secant modulus E back-calculated from tests on shallow footings,
at 25% and 50% of failure load
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5. BASIC RESULTS OF FIELD MODEL TESTS

In this chapter, the basic results of the the field model tests in the three test
series, denoted as T1, T2, T3, will be presented. In all the three series, the
pile groups were square and consisted of five piles. The three test series were
performed with different pile spacings, cap dimensions and soil conditions. In
each test series four separate tests were carried out: tests on a shallow footing
(cap alone), on a single pile, on a free-standing pile group, and on a piled
footing. All the load tests were carried out using the same standard procedure,
the quick maintained load test (ML test). In the interpretation of the test
results, the weight of the jack system is always taken into account as an initial
load step, which, for simplicity, is not included in the description of the tests
below. The maximum load given in the figures should, therefore, be understood as
the maximum applied load plus the weight of the jack system.

5.1 The First Test Series (T1)

In the first test series T1, the pile group had a centre-to-centre pile spacing
of four pile widths, and the cap dimensions were 46 cm x 46 cm x 30 cm. The sand
was loose, with an average relative density ID= 38%. The excavation was filled in
layers of about 20 cm in thickness by pouring sand from a height of about 2 m
without compaction by machine.

Shallow footing T1C

The test was carried out by first loading to 22.5 kN using load steps of 1.5 kN,
then unloading to 0 kN with load steps of about 3 kN, and reloading again up to
39 kN with load steps of 3 kN. The load-settlement curve for the first loading is
shown in Fig.5.1, in which the point of failure, interpreted according to Vesic
(1969) and Mazurkiewicz (1972), is presented.

Single pile T1S

The test consisted of only one loading sequence to failure and was performed with
very small load steps of about 0.5 kN. Failure occurred by plunging just after
six load steps because the sand was so loose. The results, however, are good
enough for further analyses, and are shown in Fig. 5.2. The plunging load could
be considered as the failure load.
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Free-standing pile group T1G

The test was performed by one loading sequence to failure, with a maximum load of
about 26 kN and a load step of 2 kN. As in the test on the single pile T1S, the
failure also occurred by plunging. Consequently, the plunging load could be taken
as the failure load. From the test results it can be seen that the centre pile
always takes the largest portion of the load. In the first few load steps, the
load distribution among the piles in the group is random, and afterwards it seems
to depend on the driving order; the later the pile was driven the lower the load,
with one exception, Pile 5, Fig.5.3.

The point loads of the piles are independent of the driving order and are of the
same magnitude for all the piles. The shaft loads, like the head loads, seem to
depend on the driving order, except for Pile 5. In comparison with the single
pile test, the increase in shaft loads is considerably larger than in point
loads. This means that compaction of the soil due to pile driving has its maximum
influence on the pile shaft friction. In other words, the shaft group efficiency
was larger than the point group efficiency. The average (head, shaft and point)
loads per pile in Test T1G are shown in Fig.5.4. Comparing Fig.5.4 with Fig.5.2
it can be seen that the ftotal, shaft, and base group efficiencies are 2.4, 2.6
and 2.0, respectively.
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Fig 5.3 Test on the free-standing pile group TIG - Load-settlement curve
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Piled footing T1F

On completion of the test on the free-standing pile group T1G, the footing was
pushed down until the cap came into contact with the soil surface. Test T1F was
then started according to the first testing procedure, see Section 3.3. The test
was performed as follows: (a) loading up to about 80 kN with a load step of about
2.5 kN (totally 30 steps); (b) unloading to 0 kN with steps of 7.5 kN; (c)
reloading to 97.5 kN with steps of 7.5 kN; and (d) unloading again to O kN with
load steps of 15 kN.

Fig.5.5 shows the load-settlement curve for the first loading in Test TI1F.
Failure did not occur by plunging, as in Test T1S on the single pile and in Test
T1G on the free-standing pile group, but was characterised by settlement-
hardening. This is obviously due to the effect of the cap in contact with soil.

The portions of load taken by the cap and the piles in Test T1F can also be seen
in Fig.5.5. The share of the applied load between the cap and the piles varies
with the load level. In the first sixteen load steps, up to about 40 kN, the load
is mainly transferred to the piles, and the load carried by the cap is small and
increasing from 10 to 20% of the total load, which was somewhat higher than the
average load taken by one pile. Thereafter, with increasing load on the footing,
the load taken by the cap increases rather rapidly up to 32 kN, about 38% of the
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total load. Meanwhile, the load taken by the piles increases at a rather low
rate, and the average load per pile decreases to about 12% of the total load,
Fig.5.6. This also means that when the load is applied on the piled footing the
piles at first take a major portion of the load. Not until pile failure is a
considerable portion of load transferred to the cap.
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Fig 55 Test on the piled footing TIF - Load-settlement curve
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Fig. 5.6 Test TIF - Load distribution between cap and individual piles versus
total load
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The load distribution among the piles seems to be random during the first few
load steps. Afterwards, the centre pile takes the largest portion of load, while
the load carried by the comer piles becomes more uniformly distributed, not so
dependent on the driving order.

The cap in contact with soil has a large influence on pile bearing capacity. The
increases in pile loads in the piled footing, compared with those in the
corresponding free-standing pile group, may be caused by several factors, among
which are: stress increase due to the cap being in contact with soil,
recompression effect (due to the test on the piled footing being made after the
test on the free-standing pile groups), and a deeper penetration of pile. The
recompression effect, similar to a reloading test, has mainly an influence on the
initial stiffness of a footing under working loads, and can be ignored when
studying the behaviour of footings at failure (or at rather large settlement). A
deeper pile penetration may cause both a certain increase in pile shaft load due
to a larger shaft area and a change in pile point load due to a change in soil
properties under the pile point. Such a change can be checked by reading all the
pile transducers while the footing is pushed down after the test on free-standing
pile groups. In Test T1F, however, this effect can be ignored because the pushing
loads were nearly equal to the maximum loads in Test T1G, see Fig. 5.7.

10
_ \,\eﬁd /
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Fig. 5.7. Test series Tl - Average load per pile in Tests TIG and TIF
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The increase in average pile (head, shaft and point) loads in Test TI1F, in
comparison with Test T1G, are thus mainly due to the cap being in contact with
soil. Figure 5.7 indicates clearly that due to the cap, the failure of the piles
in Test TIF occurs progressively, i.e the load on the piles is gradually
increasing during failure. The increase is considerable for the pile shaft load,
and very small for the point load. In other words, the contact pressure developed
against the cap mainly affects the pile shaft friction. The increase in pile
shaft load due to the cap becomes higher with increasing settlement of the
footing. Loads taken by all the piles at failure, according to Vesic’s criterion
in Tests T1G and T1F, as well as those at settlements s = 20 mm and s = 30 mm in
Test T1F, are sammarised in Table 5.1.

Table 5.1 Load distribution on piles in the group - Test T1G and T1F
a) Head loads, kN

Pile No TI1G T1F TIR T1F
at failure at failure s = 20 mm s = 30 mm

6] 2) 3) ) (%)

1 79 8.2 9.2 10.1

2 5.9 7.0 8.4 8.9

3 3.8 5.6 74 8.2

4 35 6.2 8.2 9.4

5 477 6.6 8.0 8.8
All piles 25.8 33.6 41.2 45.4

b) Shaft loads, kN

) ® 3 @ &

1 6.4 6.0 6.6 74

2 4.1 4.7 5.5 6.1

3 22 3.2 4.4 5.1

4 2.1 3.6 5.2 6.2

5 2.6 4.7 5.6 6.4
All piles 174 222 27.3 31.2

¢) Point loads, kN

¢)] ) 3) 4) %)
1 1.5 22 2.6 2.7
2 1.8 2.3 2.8 2.8
3 1.6 24 3.0 3.1
4 1.4 2.6 32 33
5 2.1 1.9 2.3 2.4
All piles 84 124 13.9 14.3
Note: (1) = pile number, according to driving order

@), ¥ pile loads at failure in Tests T1G and TIF
@), (5) = pile loads st settlements 5= 20 mm and s= 30 mm i Test TIF
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The results from Tests T1F, T1C and T1G show that the load taken by the piles in
Test TIF is considerably larger than that in Test T1G. The increase is much
higher as the settlement of the footing increases, and it takes place only in the
pile shaft load. The load carried by the cap in Test T1F is also higher than that
in Test T1C. However, the increase is not as large as the increase in the pile
load, Fig. 5.8.
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Fig. 5.8 Test series T1 - Comparison of separate tests
5.2 The Second Test Series (T2)

In Test series T2, the pile group had a pile spacing of six pile widths, and the
cap dimensions were 63 cm x 63 ¢cm x 35 cm. The sand was dense, with an average
relative density ID= 67%. The excavation was filled in layers of about 20 cm in
thickness by pouring sand from a height of about 2 m with two compaction passes
by a 70-kg vibratory plate compactor.

Shallow feoting T2C

The test was carried out by first loading to 172.5 kN, using load steps of 7.5
kN, then unloading to O kN with load steps of about 15 kN, and reloading again up
to 210 kN with load steps of 30 kN. The load-settlement curve for the first
loading is shown in Fig.5.9, in which the point of failure, interpreted according
to Vesic (1973) and Mazurkiewicz (1972), is presented.
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Fig. 5.9 Test on the shallow footing T2C - load-settlement curve
Single pile T2S

The test consisted of only one loading sequence to failure and was performed with
load steps of about 1 kN up to a maximum load of 17 kN. The failure did not occur
by plunging. The test result is shown in Fig.5.10, in which the point of failure,
interpreted according to Vesic (1969) and Mazurkiewickz (1972), is presented.
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Fig. 5.10 Test on the single pile T2S - Load-settlement curve

84



Free-standing pile group T2G

The test was performed using one loading sequence to failure, with a maximum load
of about 85 kN and load steps of 5 kN. Like in the test on single pile T2S, the
failure did not occur by plunging. The point of failure of the group is
determined according to Vesic’s and Mazurkiewicz’s methods using the load-
settlement curve for the average pile, Fig.5.12. As in Test T1G in the first test
series, the centre pile always takes the largest load portion. The dependence of
the load distribution on the driving order is rather clear: the later the pile
was driven, the lower the load, except for the first few load steps, in which
case the load distribution is fairly random, Fig.5.11.

As in Test T1G, the point loads of the piles are independent of the driving order
and are of the same order of magnitude for all the piles. The point loads are
even smaller than that of the single pile. The shaft loads, like the head loads,
clearly depend on the driving order and are much higher than that of the single
pile. This means that compaction of soil due to pile driving has mainly
influenced pile shaft friction. The average (head, shaft and point) loads per
pile in Test T2G are shown in Fig.5.12. Comparison of Figures 5.12 and 5.10 shows
that the total, shaft and base group efficiencies are 1.1, 3.2 and 0.85,
respectively. A

20 ———F——— TESTT2
r"'r"_’ FREE~STANDING PILE GROUP
-----J--‘-"-'-"
Zz B e a Send: 1y =67 %
Py —T .| Footing: 63 cm x 63 cm
JE— i .5 niles. S=

§ f‘r‘-- Group: 5 piles, S=6b

10
2 Pile 1
L Ple 3
L Pile 2
= Pile 4
a o Plle 5

0
0 10 20 30 40

SETTLEMENT , mm

Fig 5.11 Test on the free-standing pile group T2G - Load-settlement curve
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Fig. 512 Test T2G - Average load per pile.

Piled footing T2F

On completion of the test on the free-standing pile group T2G, the whole footing
was pushed down until the bottom of the cap was about 20 mm above the soil
surface, Test T2F was then started according to the second procedure of testing,
see Section 3.3. This way of testing shows very clearly the effect of the cap on
the behaviour of the piles. The test was performed as follows: (a) first loading
up to about 340 kN, with a load step of about 20 kN (totally 17 steps); and (b)
unloading to 0 kN with steps of 40 kN.

Fig.5.13 shows the load-settlement curve for the first loading in Test T2F. The
cap comes into contact with the soil surface at a settlement of 24 mm. The
initial part of the curve, when the settlement is less than 24 mm, shows the
behaviour of the free-standing group before the cap comes into contact with soil,
and the final part shows the behaviour of the piled footing.
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Fig 5.13 Test on the piled footing T2F - Load-settlement curve (original)

Failure of the free-standing pile group occurs by plunging before contact between
the cap and the soil, and the failure load is nearly the same as in Test T2G.
After contact, the applied load begins to be transferred to the cap, followed at
first by a slight decrease in the pile load, and themn a significant increase. Of
course, the increase is due to the cap being in contact with the soil, and the
decrease may be explained by the fact that immediately after contact, the
downward movement of the soil under the cap causes a certain reduction in skin
friction, Fig.5.14. Failure of the piles in the piled footing did not occur by
plunging, and the settlement-hardening type of failure in Test T2F, in which the
load on the piles progressively increases, is clearly due to the effect of the
cap being in contact with soil. Fig.5.14 also shows that the cap mainly affects
the pile shaft load and has no, or very small, influence on the point load. The
decrease in the average pile point load in comparison with Test T2G can be
explained by the fact that the pile point in Test T2F penetrated into in a deeper
soil layer which was softer than that in Test T2G, see the CPT test results in
Fig.4.2.
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Fig 5.15 Test T2F - Load-settlement curve (modified from Fig5.13)

88




This testing procedure shows very clearly the effect of the cap on the behaviour
of the piles. However, the results cannot be directly compared with the results
of the other tests in the series. For the sake of comparison, the original load-
settlement curves in Fig 5.13 are modified in the following way: a) the load
taken by the cap is exactly the same as in Fig.5.13, i.e. equal to the measured
total load minus the load taken by the piles, but the corresponding settlement
starts from zero; b) the pile load is taken as the initial part of the original
pile load-settlement curve (before cap-soil contact) for small settlements, and
as the final part of the original curve (after cap-soil contact) for larger
settlements with the corresponding settlement starting from zero, and a transient
curve is used to adapt the two parts of the modified curve, see Appendix A; and
c) the total load on the footing is then equal to the sum of the loads taken by
the cap and by the piles obtained in the previous steps a) and b). Fig.5.15 shows
the curves obtained by modifying the original curves in Fig.5.13. The
approximation concemns the load taken by the piles. It is based on a remark from
Test series T1 that the initial stiffness of the piles in the piled footing (T1F)
is almost the same as that of the free-standing pile group (T1G). The modified
pile load-settlement curve is therefore approximated for small settlements, but
accurate for large enough settlements.

Loads taken by the piles at failure in the free-standing pile group and in the
piled footing are compared in Table 5.2. In the table, the pile loads at failure
in the free-standing pile group are taken both from Test T2G, Column (2), and
from the initial part of Test T2F before the contact, Column (3). Pile failure in
the piled footing, according to Vesic’s criterion, occurs at a settlement of 2.6
mm in the modified curve, that is equivalent to s = 26.6 mm in the original
curve, Column (4). Load taken by the piles at settlements s = 20 mm and 30 mm in
the modified curves, that are equivalent to s = 44 mm and 54 mm in the original
curve, are also summarized in Table 5.2, Columns (5) and (6). By comparing the
values in Column (3) with those in the three last columns in the table the
influence of the cap can be directly seen and the other effects, such as deeper
pile penetration, reconsolidation and recompression, are easily eliminated.

In Test T2F, the load distribution among the piles does not depend on the driving
order. However, as in Test T2G, the centre pile always takes the largest load
portion, even at pile failure. With increasing settlement, the load distribution
becomes more uniform.
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Table 5.2 Load distribution on piles in the group - Test T2G and T2F
a) Head loads, kN

Pile No. T2G T2F T2F T2F T2F
at failure initial at failure | s =20 mm | s = 30 mm
(¢9) V)] (€)) @ ® (O]
1 18.4 18.0 19.2 24.5 28.2
2 14,0 144 14.9 21.0 244
3 14.6 16.7 18.5 23.6 27.1
4 13.2 14.7 16.0 21.4 24.9
5 11.0 13.7 14.1 194 22.7
All piles 71.2 77.5 82.7 109.9 1273

b) Shaft loads, kN

1) @ &) @ ) (6)
1 11.6 114 119 16.8 20.3
2 5.6 8.4 8.1 13.7 16.7
3 6.0 9.0 9.6 14.0 17.0
4 5.6 7.1 7.5 12.0 15.1
5 4.1 8.3 8.3 13.4 163
All piles 32.9 442 454 69.9 85.4

¢) Point loads, kN

1) () (3) 4) (5) (6)
1 7.9 6.6 73 7.7 7.9
2 9.6 6.0 6.8 73 7.7
3 9.5 7.7 8.9 9.6 10.1
4 8.3 7.6 8.5 94 9.8
5 1.7 54 5.8 6.0 6.4
All piles 43.0 333 373 40.0 41.9
Note: (1) pile number, according to driving order

2
3
@
5). 6

pile loads at failure according to Vesic’s criteria in Test T2G

pile loads st failure in initial stage of Test T2F, before contact (free-standing pile group)
pile loads at failure in modified curve, equivalent to 8=26.6 mm in original curve, Test T2F
pile loads at 8=20 mm and 30 mm in modified curve, equivalent to 8=44 and 54 mm

mn original curve, Test T2F

The load portions taken by the cap and the piles in Test T2F can be also seen in
Fig.5.16, which is established from the modified load-settlement curve in
Fig.5.15. The distribution of the applied load among the cap and the piles varies
with the load level. In the beginning of the test, the cap carries about 30 % of
the total load and the average pile, about 14 %. At pile failure, the load
carried by the cap increases rather quickly up to about 50 - 55 % of the total
load. Meanwhile, the load taken by the piles increases at a rather low rate, and
the average load per pile decreases to about 9 % of the total load, Fig.5.16.
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Thus, when the load is applied on the piled footing, the piles start taking an
important portion of the load, and, not until pile failure, a considerable load
portion is transferred to the cap.

The results of Tests T2F, T2C and T2G are compared in Figs 5.17a and 5.17b using
the original and modified load-settlement curves from Test T2F. The figures show
that in comparison with Test T2G, the load taken by the piles in Test T2F is
considerably larger. The increase occurs only in the pile shaft load due to the
cap, and is much higher as the settlement of the footing increases. The load
carried by the cap in Test T2F is somewhat lower than that in Test T2C at
corresponding settlements. However, the two curves approach each other with
increasing settlement. Presumably, the downward movement of the soil-cap
interface, caused by downward pile displacement, slightly affects the load-
settlement relationship of the cap. In the case of loose sand this effect is
counteracted by soil compaction due to pile driving with consequential increase
in cap load capacity.
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Fig. 5.16 Test T2F - Load distribution between cap and piles versus total load
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Fig. 5.17a Test series T2 - Comparison of separate tests, original T2F curves
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Fig. 5.17b Test series T2 - Comparison of separate tests, modified T2F curves
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5.3 The Third Test Series (T3)

In Test series T3, the pile spacing was eight times the pile width, and the cap
dimensions were 80 cm x 80 cm x 40 cm. The sand was slightly looser than that in
Test series T2, with an average relative density L= 62%. The excavation was
filled in layers of about 20 cm in thickness by pouring sand from a height of
about 2 m, with one compaction pass by the same compactor used in Test series T2
(70 kg).

Shallow footing T3C

The test was carried out by first loading to 225 kN using load steps of 15 kN,
then unloading to 0 kN with load steps of about 30 kN, and reloading again up to
270 kN with load steps of 30 kN. The load-settlement curve for the first loading
is shown in Fig.5.18, in which the point of failure, interpreted according to
Vesic (1973) and Mazurkiewicz (1972), is presented.

250 TEST T3C

B SHALLOW FOOTING
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0 B. Mazurkiewicz (1972)
0 10 20 30 40
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Fig. 518 Test on the shallow footing T3C - load-settlement curve
Single pile T3S

The test consisted of only one loading sequence to failure and was performed with
load steps of about 1 kN up to a maximum load of 10 kN. The failure did not occur
by plunging. The test result is shown in Fig. 5.19 and the point of failure,
interpreted according to Vesic’s and Mazurkiewicz’s methods, is presented.
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Fig. 5.19 Test on the single pile T3S - Load-settlement curve
Free-standing pile group T3G

The test was performed by one loading sequence to failure, with a maximum load of
about 62.5 kN and load steps of 2.5 kN. Like in the test on single pile T2S, the
failure did not occur by plunging. The failure point of the pile group is
determined according to Vesic’'s and Marzukiewicz’s methods using the load-
settlement curve for the average pile, Fig.5.21. Before failure the centre pile
carries the largest load portion. The load distribution seems to depend on the
driving order: the later the pile was driven, the lower the load, except for Pile
No.5. After failure, however, the influence of the driving-order seems to
disappear, and even the centre pile takes a lower load than Pile No.2, Fig.5.20.
From the measurement results it can be seen that the distribution of the pile
shaft loads clearly depends on the driving order and the shaft load of the centre
pile is almost double that of the other piles. After failure, the shaft load of
the centre pile is reduced (strain-softening), and those of the other piles
become more uniform. The point loads are independent of the driving order and are
almost of the same magnitude for all the piles. As the point loads are
predominant over the shaft loads, the driving-order dependence of the pile head
loads is not clear.
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Fig 520 Test on the free-standing pile group T3G - Load-settlement curve
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Fig. 5.2]1 Test T3G - Average load per pile

The point loads are quite comparable with that of the single pile. This means
that compaction of soil due to pile driving has no, or very small, influence on
the pile point loads. However, the pile shaft loads are higher than that of the
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single pile. In particular, the shaft load of the centre pile is almost three
times higher than that of the single pile. This means that compaction of soil due
to pile driving mainly affects the pile shaft fricion and the effect is
considerable, although the pile spacing is as large as eight times the pile
width, the largest spacing in all three test series. The average (head, shaft and
point) loads per pile in Test T3G are shown in Fig.5.21. Comparison of Figures
521 and 5.19 shows that the total, shaft and base group efficiencies are 1.2,
2.0 and 1.03, respectively. Though the shaft efficiency is rather high, the total
efficiency is near unity because the point loads are predominant over the shaft
loads and the point efficiency is almost unity.

Piled footing T3F

As in the test series T2, on completion of the test on the free-standing pile
group T3G, the whole footing was pushed down until the bottom of the cap was
about 20 mm above the soil surface. Test T3F was then started according to the
second testing procedure, see Section 3.3. Test T3F was performed as follows: (a)
first loading up to about 360 kN with a total number of 20 load steps, using load
steps of 10 kN for the first six steps (before contact) and load steps of 20 kN
for the last thirteen steps (after contact); (b) unloading to O kN with load
steps of 40 kN.

Fig.5.22 shows the load-settlement curve for the first loading in Test T3F. The
cap comes into contact with the soil surface at a settlement of 20 mm. The
initial part of the curve, when the settlement is less than 20 mm, shows the
behaviour of the free-standing group, and the final part of the curve shows the
behaviour of the piled footing, with the pile cap being in contact with soil.

The failure of the free-standing pile group (before cap-soil contact) occurs by
plunging. After cap-soil contact, the applied load begins to be transferred to
the cap, while the pile load slightly increases at first, then significantly
increases later on. Pile failure in the piled footing did not occur by plunging,
and the settlement-hardening feature of failure is clearly due to the effect of
the cap being in contact with soil, Fig.5.22. The average (head, shaft and point)
loads per pile in Tests T3F and T3G are compared in Fig.5.23. The pile point load
after cap-soil contact is the same as before contact. On the other hand, the
shaft load begins to increase after contact. This means that the cap affects only
the pile shaft load and has no influence on the point load.
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In order to facilitate a comparison of the different separate tests in the test
series, the modified curves in Fig.5.24 are created from the original curves in
Fig.5.22 in the same way as in Test T2F. Loads taken by the piles at failure in
the free-standing pile group and in the piled footing are compared in Table 5.3.
The pile loads at failure in the free-standing pile group are taken both from
Test T3G, Column (2), and from the initial part of Test T3F before cap-soil
contact, Column (3). Pile failure in the piled footing, according to Vesic’s
criterion, occurs at a settlement of 4 mm in the modified curve, corresponding to
s = 24 mm in the original curve, Column (4). Loads carried by the piles at
settlements s = 20 mm and 30 mm in the modified curves, which correspond to s =
40 mm and 50 mm in the original curve, are also summarised in Table 5.3, Columns
(5) and (6). By comparing the values in Column (3) with those in the three last
columns in the table, the influence of the cap can be directly seen and the other
effects, such as deeper pile penetration, reconsolidation and recompression
effects, are easily ecliminated. It can bee seen that the increase in pile shaft
load in the piled footing at failure, Column (4), in comparison with that in the
free-standing pile group, Column (3), is not so large. However, the increase
becomes much larger with an increasing settlement of the footing, Columns (5) and

(6).

400 TEST T3F
PILED FOOTING

300 Sand: =62 %
@ / Footing: 80 cm x 80 cm
19 Group: 5 piles, S = 8b
Q/ P! p Z]
M o

£ | _
100 y 13F= Piles L7

LOAD , kN
N
3
N
\

SETTLEMENT , mm

Fig 5.24 Test T3F - Load-settlement curve (modified from Fig.5.22)
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Table 5.3 Load distribution on piles in the group - Test T3G and T3F
a) Head loads, kN

Pile No. T3G T3F T3F T3F T3F
at failure initial at failure (s = 20 mm | s = 30 mm

) ) ©)] 4 (&) ©

1 11.6 15.7 17.3 18.4 22.8

2 11.7 14.3 15.8 17.0 22.3

3 82 13.8 15.8 17.5 23.7

4 9.0 15.1 16.4 17.5 22.6

5 10.1 15.9 173 18.2 233

All piles 50.6 74.8 82.6 88.6 1147
b) Shaft loads, kN

@) ) 3 ©)] &) 6

1 5.1 6.3 7.4 8.9 13.3

2 2.8 4.1 47 5.8 11.1

3 2.7 6.0 7.3 8.3 142

4 2.5 6.5 7.0 8.1 13.1

5 2.1 6.3 6.5 1.6 12.8

All piles 15.2 292 32.9 38.7 64.5
¢) Point loads, kN

1) 2 3) 4 (&) 6

1 6.5 94 9.9 9.5 9.5

2 8.9 10.2 11.1 11.2 11.2

3 55 7.8 8.5 9.2 9.5

4 6.5 8.6 9.4 9.4 9.5

5 7.9 9.6 10.8 10.6 10.5

All piles 354 45.6 49.7 49.9 50.2

Note: (1) pile number, according to driving order

) pile loads at faifure according to Vesic's criterion , Test T3G

pile loads at faiture in free-standing pile group, Test TIF - initial stage, before contact
pile loads at failure in modified curve, corresponding to s=24 mm in original curve, T3F
pile Ioads st =20 mm and 30 mm in modified curve, corresponding to s=40 and 50 mm

in original curve, Test T3F.

@
(5)(6)

8
noyonorou

In Test T3F, the load carried by the various piles is quite equal, not dependent
on the driving order, neither on the pile position (centre or comer). After
failure, with increasing settlement, the load distribution becomes even more
uniform.

The load portions taken by the cap and the piles in Test T3F can be also seen in
Fig.5.25, which is established from the modified load-settlement curve in
Fig.5.24. The share of the applied load between the cap and the piles varies with
the load level. In the beginning of the test, the cap carries about 32 % of the
total load and the average pile about 13 %. After pile failure, the load taken by
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the cap increases rather rapidly up to about 63 % of the total load. Meanwhile,
the load taken by the piles increases at a rather low rate, and the average pile
load decreases to about 7 % of the total load, Fig.5.25. In consequence, an
important part of the load applied was first carried by the piles, and not until
pile failure, a considerable portion of the load was transferred to the cap.
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Fig. 5.25 Test T3F - Load distribution between cap and piles versus total load

The results of Tests T3F, T3C and T3G are compared in Figs 5.26a and 5.26b using
the original and modified load-settlement curves from Test T3F. The figures show
that in comparison with Test T3G, the load taken by the piles in Test T3F is
considerably larger. The increase occurs only in the pile shaft load due to the
cap, and is much higher as the settlement of the footing increases. As in Test
series T2, the load taken by the cap in Test T3F is somewhat lower than that in
Test T3C at corresponding settlements. However, the two curves approach each
other with increasing settlement.
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6. ANALYSIS OF THE FIELD MODEL TEST RESULTS
6.1 Lateral Earth Pressure against the Pile Shaft

The lateral earth pressure against the pile shaft was measured for Pile No.l,
(i.e. the pile in the centre of the groups) by means of Glotzl total stress
cells. The main purpose of the measurement was to study the effect of the cap
being in contact with the soil on the pile behaviour. In the test on the piled
footings, the cells were read every second load step. Moreover, the cells were
read before and after each test series, before and after driving each pile, as
well as before and after the tests on single piles and free-standing pile
groups. The results will be shown in the form of the increase in lateral
pressure against the pile shaft as compared with the readings before the test.
The intention is to separate the effect of the cap on the lateral pressure from
other sources such as compaction effects due to pile driving, time effects,
testing effects (change of lateral pressure before and after the tests on the
single pile and the free-standing pile group).

In Test series T1, the measurement data were unreliable due to malfunction. In
Test series T2 and T3, eight new cells were installed on the two opposite sides
of the pile, A and C. In the tests on the piled footings, Cells Al and C1 were
located at a depth of 0.5 m from the cap; Cells A2, C2 at 0.75 m; Cells A3, C3
at 1.25 m; and Cells A4, C4 at 1.75 m. The pile point was located at 2.3 m. As
Tests T2F and T3F were performed according to the second testing procedure, see
Section 3.3, the increase in lateral pressure on the pile shaft can be observed
for both the free-standing pile groups (before cap-soil contact) and for the
piled footings (after cap-soil contact).

Test T2F - measurement results

In Fig.6.1, the (total) increase in lateral pressure against the pile shaft is
plotted versus settlement for sides A and C of the pile. For a certain reason,
Cell A3 did not work. The initial part of the curves, when the settlement is
less than 24 mm, corresponds to the free-standing group before the cap comes
into contact with the soil, and the final part corresponds to the piled footing
after cap-soil contact.

Before cap-soil contact, the lateral pressure increases only at the lower cells
C3, A4, and C4, while the readings from the upper cells Al, Cl, A2, C2 are
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almost zero. This can be explained by the fact that a compacted zone develops
around the pile tip at pile failure. The compacted zone causes the pressure to
increase only at the lower cells, not at the upper cells near the ground
surface. Another possible reason is that the volume of sand increases due to
dilatancy. This effect is larger the higher the stress level is.

10 (o) TEST T2F - Side A
o PILED FOOTING
& g
; Z Sand: =67 %
@ 100 o Footing: 63 em x 63 cm
a gl / Group: 5 piles, S = 6b
° 3
D [&]
5
£ 50
[0 -
8 / T
8 ) o Cell A1, z = 0.5m
&= —_— " | - Cell A2, z = 0.75m

0 . 7t el i —— Cell A4,z =175m
0 20 40 60 80
Settlement, mm
150 (b) TEST T2F — Side C
PILED FOOTING
Sand: |,= 67 %
100

CAP-S0IL[CONTACT
N

Footing: 63 cm x 63 cm
/ Group: 5 piles, S = 6b

j I — ‘_/,__-——1;':"‘ - Cell C1, z = 0.50m

(6]

(=]
h

.

Increase in Lateral Pressure, kPa

] r._-— 7 r—— | - Cell €2, z = 0.75m
] / P N Cell €3, z = 125m

0 ' i Sl _ - Cell C4, z = 175m
0 20 40 60 80

Settlement , mm

Fig. 6.1. Test T2F - Increase in lateral earth pressure against the pile shaft,
total effect. (a) Side A; (b) Side C.
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s 1 1 | = Cell €2, z = 0.75m
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Fig. 6.2. Test T2F - Change in lateral pressure against pile shaft due to cap
effect versus settlement (after contact). (a) Side A; (b) Side C

The pressure increase due to the cap coming into contact with soil will add to
the effect of the pile failure zone, The effect of the cap-soil contact is
predominant for the upper cells, while the effect of the pile failure zone is
predominant for the lower cells. The pressure change due to the cap can be
obtained by subtracting the pressure increase at cap-soil contact from the total
increase. The term "pressure change due to the cap” may not be completely
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correct here because the pile failure zone may still have some influence on the
lower cell after contact. This term should be understood as the change in earth
pressure in comparison with the value at cap-soil contact, and therefore it can
have even a negative value. The changes in lateral pressure against the pile
shaft due only to the effect of the cap are plotted versus the settlement of the
piled footing (after cap-soil contact) in Fig.6.2, as well as versus the load
carried by the cap in Fig.6.3.
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3 8 / »""
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-50 , . . . ——-— Cell C4,z =175m
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Fig. 6.3. Test T2F - Change in lateral pressure against pile shaft due to cap
effect versus cap load (after contact). (a) Side A; (b) Side C
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These figures show that the cap-soil contact pressure has a large influence on
the lateral earth pressure against the pile shaft, especially for the cells
close to the cap. The influence clearly decreases with increasing depth. On the
lowest cells A4 and C4, the cap has no or very little influence, From Fig.6.3 it
can also be seen that at cap loads smaller than about 100 kN the pressure
increase is quite small. Thereafter, it increases very fast with increasing cap

load. The changing point seems to correspond fairly well with the failure point
of the piled footing, see Fig.5.17b.

The increase in lateral pressure against the pile shaft is plotted versus depth
in Fig.6.4. Fig.6.4a shows the increase in pressure before contact due to pile
failure (pile effect). Fig.6.4b shows the total increase in pressure due to both
pile and cap effects (total effect). In Fig.6.4c, the pressure change due only
to the cap-soil contact (cap effect), relative to the readings at contact, is
presented. In Fig.6.4, P; means the total applied load, and P, the load
carried by the cap. The total load steps in Fig.6.4b correspond to the cap load
steps in Fig.6.4.c. From Fig.6.4, it can be seen that pile failure has an
influence on the lower part of the pile, close to the pile point , while the
cap-soil contact pressure has an influence on the upper part of the pile, close

to the cap. The middle part of the pile can be influenced by both the above
effects.

Increase in Lateral Pressure (Pile effect), kPa

Side A Side C
0 50 0 150
05 05
(a) TEST T2F
FREE~STANDING PILES
. (Before Contact)
1
10 10
£ | \
£ I \
\ ]
g i 5
[}
15454 15—
1
b i Pit = 38 kN
L HE Pft ="73 kN
20 20

Fig. 6.4. Test T2F - Increase in lateral earth pressure against pile shaft
versus depth. (a) Pile effect (before contact)
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Increase in Lateral Pressure (Totd effect), kPa
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Fig. 64. Test T2F - Increase in lateral earth pressure against pile shaft
versus depth. (b) Total effect (after contact ); (c) Cap effect

(after contact).
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Test T3F - measurement results

The increase in lateral pressure against the pile shaft for Test T3F is plotted
versus settlement in Fig.6.5 . As in Test T2F, Cell A3 did not work. The initial
part of the curves, when the settlement is less than 20 mm, corresponds to the
free-standing piles before the cap comes into contact with the soil, and the
final part corresponds to the piled footing after cap-soil contact.
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Fig. 6.5. Test T3F - Increase in lateral earth pressure against the pile shaft,

total effect. (a) Side A; (b) Side C.
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As in Test T2F, the lateral pressure before contact increases only at the lower
cells, while the readings from the upper cells are almost zero. As stated above
this can be explained as an effect caused by pile failure.
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Fig. 6.6. Test T3F - Change in lateral pressure against pile shaft due to cap
effect versus settlement (after contact). (a) Side A; (b) Side C
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After cap-soil contact, the cap has a large influence on the lateral pressure
against the pile shaft, especially against the upper part of the pile (Cells Al,
A2, C1, C2). The change in lateral pressure against the pile shaft due to the
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Fig. 6.7. Test T3F - Change in lateral pressure against pile shaft due to cap
effect versus cap load (after contact). (a) Side A; (b) Side C
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cap alone in relation to the readings at contact, is plotted versus the
settlement of the piled footing in Fig. 6.6, as well as versus the load carried
by the cap in Fig. 6.7. These figures show that the cap has a large influence on
lateral earth pressure against the pile shaft, especially for the cells close to
the cap. The influence clearly decreases with increasing depth. At the lowest
cells A4 and C4, the cap has no or very little influence. As in Test T2F, it can
also be seen in Fig.6.7 that for cap loads smaller than about 100 kN the
pressure increase is quite small. Thereafter, it increases very quickly with

increasing cap load. The changing point seems to correspond to the failure point
of the piled footing.

The increase in lateral pressure against the pile shaft is plotted versus depth
in Fig.6.8. The total load steps in Fig.6.8b correspond to the cap load steps in
Fig.6.8c. Similar conclusions as in Test T2F can be obtained from Fig.6.8,
namely that pile failure has an influence on the lower part of the pile , while
the contact pressure against the cap has an influence on the upper part, close

to the cap. The middle part of the pile can be influenced by both the above
effects.
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Fig. 6.8. Test T3F - Increase in lateral earth pressure against pile shaft
versus depth. (a) Pile effect (before contact)
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Fig. 6.8. Test T3F - Increase in lateral earth pressure against pile shaft
versus depth. (b) Total effect (after contact ); (c) Cap effect

(after contact).
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6.2 Distribution of Axial Pile Load

The distribution of the axial load of the pile with depth was measured for Pile
No.5, the last driven comer pile of the group. In addition to the pile top and
the pile tip transducers, an extra load transducer was placed in the middle of

the pile.
Free-standing Pile Group

The distribution of the axial pile load is shown in Fig.6.9 for all three tests
on the free-standing pile groups, T1G, T2G and T3G, for selected total loads
applied on the groups P,. In these tests, the ratio between pile length and pile
width is the same, L/b = 35. According to the results of the tests, the shape of
the curves is almost identical in the three tests: the skin friction in the
upper part of the pile is very small and the point resistance contributes
considerably to the total pile load, especially in denser sands, T2G and T3G.
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(a) TIG, | = 38% (b) T2G, Iy = 67% (c) T36, I,= 62%
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pacing q pacing

Fig 6.9 Free-standing pile group - Distribution of axial pile load versus depth
(a) Test TIG; (b) Test T2G; (c) Test T3G
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These results are quite typical for short, stiff piles in sand, see Joshi et al.
(1989) and Ekstrom (1989). One of the reasons why the skin friction is sp small in
the upper part of the pile is the loss of contact between pile and soil due to
pile driving. This can happen even for full scale piles. Joshi et al. (1989)
performed a number of laboratory model tests on single piles, in which the pile
dimensions and the sand were rather similar to the present tests, but with more
detailed pile load measurement. They found that as a result of low pile
deformation and corresponding high relative displacement between pile point and
adjacent soil, the skin friction distribution is basically triangular and the
ultimate skin resistance remained constant beyond a L/d ratio of 21, in which d is
the pile diameter.

Piled Footing

The tests on the piled footings were performed in two different ways: Test T1F
according to the first procedure, and Tests T2F and T3F according to the second
procedure, see Section 3.3, Fig 6.10 shows the load-settlement curves for pile
head, middle and point loads in all three test series. The distribution of the
axial pile load is shown in Fig.6.11 for selected cap loads P;. One of the main
purposes of the measurement was to study the change in pile behaviour under the
effect of cap-soil contact pressure. The changes in axial pile loads in relation
to the values obtained just before cap-soil contact show the cap effect alone.
This way of treating the test results can only be done for Tests T2F and T3F,
which were performed according to the second test procedure. The increase in
axial pile loads due to the cap effect is shown in Fig.6.12 for selected cap
loads Py, in Tests T2F and T3F. The figure indicates that the cap-soil contact
pressure has a large influence on the upper part of the pile, and almost no
influence on the lower part. This is very similar to the conclusions obtained
from the measurement of lateral earth pressure against the pile shaft, see
Section 6.1.

As with lateral pressure against the pile shaft, the increase in pile axial load
can be plotted against the settlement of the footing, Fig. 6.13a and ¢, and
against the load carried by the cap, Fig. 6.13b and d. From these figures,
conclusions similar to those in Section 6.1, can be drawn, namely that the
increase in the axial pile load is quite small at small cap load levels, but
grows very quickly at large enough cap load levels. The changing point
corresponds to the ultimate load of the piled footings at a settlement of about
5 to 7 mm after cap-soil contact.
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Fig.6.10 Piled footing - Pile head, middle, point load versus settlement curves

(a) Test TIF; (b} Test T2F; (c) Test T3F.
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Fig.6.11 Piled footings - Distribution of pile axial load versus depth,
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Fig.6.12 Piled footings - Increase in pile axial load due to cap effect
versus depth. (a) Test T2F; (b) Test T3F.
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Fig.6.13 Piled footing - Increase in pile axial load due to cap effect versus
settlement and versus cap load. (a)(b) Test T2F; (c),(d) Test T3F

The increase in the axial pile load due to the cap effect can be calculated by
integrating the skin friction distribution wusing the increase in lateral
pressure against pile shaft Ao, measured from the Glotzl cells, shown in Section
6.1. Calculation in this way gives the pile head load in good agreement with the
measured values. However, the calculated axial load at half pile length is
considerably below the measured value.
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6.3 Load Efficiency and Bearing Capacity

The concept of group efficiency was originally used to compare the ultimate
bearing capacity of a free-standing pile group with that of a single pile under
equal soil conditions. The efficiency shows the pile-soil-pile interaction and
it is suitable for free-standing groups. Many researchers, however, used the
same concept for piled footings. This is not logical as the contribution of the
cap is quite independent of the number of piles, pile spacing, pile length, and
mainly depends on its size. In order to compare bearing capacities of single
piles, free-standing pile groups, piled footings and shallow footings under
equal conditions different definitions which are called load efficiencies,
instead of group efficiency, are suggested below, see Table 6.1.

Table 6.1. Definitions of load efficiencies

Symbol Definition comparison between
™ P, /nP, free-standing pile group and single pile
M, Pg/nP, piled footing and single pile
M3 Py/nP, piled footing and single pile
M4 P /P, piled footing and free-standing pile group
s Py/P,, piled footing and free-standing pile group
Ng P, /P, piled footing and shallow footing
Ny P,/P, piled footing and shallow footing

where, n = number of piles
= load applied on a single pile

P, = load applied on a free-standing pile group
P, = total load applied on a piled footing

= load carried by piles in a piled footing

P;. = load carried by cap in a piled footing

P, = load applied on a shallow footing (cap alone)

.a"d
I

From the definitions in Table 6.1, it can be seen that the efficiency T, shows
pile-soil-pile interaction, in which compaction due to pile driving plays the
most important role. Efficiencies mM,, ms show the influence of the cap-soil
contact pressure, or cap-soil-pile interaction, on the pile behaviour.
Efficiencies m,, M; show the total effect, which consists both of pile-soil-pile
interaction and cap-soil-pile interaction on the pile behaviour, ie. M, = N -1,
and M = M,;-Ns;. Efficiency 17 shows the influence of the cap-soil-pile
interaction on the cap behaviour.

The efficiencies 1, and T, have been used in the literature with one and the
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same notation 7|, while the others have never been used before. In the old
concept of group efficiency, the ultimate bearing capacity of a pile group is
compared with that of a single pile. However, there are a number of different
failure criteria which lead to different values of failure load for a specific
test. As a result, the efficiencies obtained are also different. To avoid this
problem, the load efficiencies will be evaluated by comparing loads at the same
settlement in the two tests studied. Notice that, in the old definition, loads
are compared at different settlements because failure of a free-standing pile
group and of the corresponding single pile often occur at different settlements.
All the figures in this section will be plotted using loads at the same
settlement. For comparison, the load efficiency is also estimated according to
the old definition, in which the failure loads are determined using Vesic's
method.

Comparison of free-standing pile groups and single piles

The load efficiency m,, based on the failure load of the free-standing pile
groups and that of the single piles, using Vesic’s criterion, is shown in Table
6.2a for pile head, shaft and point (base) loads. The indices "s" and "b"
indicate pile shaft and base. From this table, it can be seen that the base
efficiency 1), is close to unity in medium to dense sand, Test series T2 and T3.
In Test T2, however, 1, is slightly less than unity. This can be explained by
the fact that the pile point penetrated into a softer soil layer, see Chapter 4.
In Test T1 (loose sand), the base efficiency is much higher than unity, possibly
because the soil below the pile point was compacted by pile driving. The shaft
efficiency 1,, is always larger than unity, showing a compaction effect due to
pile driving on the pile shaft load at all sand densities investigated. In the
literature, there is a gemeral agreement that in loose to medium dense sand the
(total) group efficiency is larger than unity, with a peak value at a pile
spacing between 2 and 3 pile diameters, and approaches unity at a spacing
between 6 and 10 pile diameters. This may only be correct for the total
efficiency in the case where the point load contributes considerably to the
total load, as in Tests T2 and T3, see Table 6.2a. However, it may not be
correct for the shaft efficiency. In Test series T3, the pile spacing is as
large as eight times the pile diameter, but 7,, is still much higher than unity.

Fig. 6.14 shows the load efficiency 7 P calculated as the ratio of the load per

pile in the free-standing pile groups to that of the single piles at the same
settlement for the pile head, shaft and point loads.
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Fig. 6.14 Load efficiency 1, - Comparison of free-standing pile groups with
single piles for: (a) pile head load, (b) pile shaft load, (c) pile
point load. Test series Tl: relative density of sand I,=38%, pile
spacing §=4b,; Test T2: I;=67%, S=6by; Test T3: Iy=62%, §=8b,.
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As can be seen, the load efficiency 7, calculated in this way is very high at
small settlements, then drops very quickly at settlement between 2-3 mm, and
approaches a stable value at settlements larger than about 5 mm, except for the
shaft efficiency in Test series T2. The stable values of the load efficiency are
shown in Table 6.2b. The efficiency estimated in this way is extremely close to
that calculated using the ultimate loads. In practice such differences can be
ignored, and the new definition is therefore suggested to be uwsed, in which the
load efficiency is calculated using the pile load in the two tests studied at
the same settlement. Moreover, calculation according to the nmew definition has
the advantage that it shows very clearly the change of efficiency 7, in the
whole loading process. Fig. 6.14c seems to show that the base load efficiency
Ty, mainly depends on the initial relative density of sand.

Table 6.2a Load efficiency M, calculated using ultimate loads, (old definition)

Test | Soil |Spacing| Single pile load, kN Load efficiency M,

series (I, % | S/b Head Shaft Point | Head,m, Shaftn,, Basen,
Tl 38 4 22 14 08 2.36 2.56 2.00
T2 67 6 129 21 108 1.10 3.19 0.85
T3 62 8 84 15 69 1.20 2.00 1.03

Table 6.2b Load efficiency M, calculated using loads at the same settlement

Test series | I, % | Spacing Head, n, Shaft, 7n,, Base, 1y,

Tl 38 4 2.34 2.50 2.00 - 2.16
T2 67 6 121 2.71 - 3.60 0.81
T3 62 8 1.16 1.76 - 2.00 1.06

Comparison of piled footings and single piles

There are two ways of comparing the pile loads in a piled footing with that of a
single pile: using the load carried by the piles or using the total load applied
on the piled footing. The former case corresponds to the load efficiency 1, and
the latter case to the efficiency M,, according to Table 6.1. The efficiency 1,
is more logical because it does not include the contribution of the cap, which
is more dependent on the cap size than on the group geometry. The efficiency 1,
however, is used more commonly in the literature. Similarly to m,, the
efficiency 1M, can be estimated for the pile head, shaft and point loads, while
N3 can only be estimated for the pile head load. The efficiency M, shows both
the group effect (pile-soil-pile interaction), and the effect of cap-soil
contact pressure (cap-pile-soil interaction), on the pile loads.
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Because pile failure in a piled footing occurs progressively, i.e. the pile load
increases with an increasing settlement, the efficiencies 7, and 7); will be
estimated by comparing the loads at failure, and at a settlement of 20 mm and 30
mm in the piled footing tests with the failure load of the single piles, see
Tables 6.3 and 6.4. In Figures 6.15 and 6.16, however, the efficiencies 1), and
M, are calculated using loads at the same settlement.

Table 6.3. Load efficiency M, using pile load per pile in a piled footing

Test Loads at failure Loads at s=20mm Loads at s=30mm
series| Head Shaft Base Head Shaft Base Head Shaft Base
T1 3.05 324 298 3.74 398 3.35 413 445 3.44
T2 128 442 0.70 1.71 6.80 0.74 1.98 8.30 0.78
T3 1.96 440 1.39 2.11 5.16 145 2,73 8.60 1.45

From Fig. 6.15, it is found that the shaft efficiency m,, increases considerably
in all the three test series. The larger the cap and the denser the sand, the
higher the increase. This is evidently due to the effect of cap-soil contact
The
approaches unity in Tests T2 and T3. This means that the cap being in contact

pressure, base load efficiency ™,, however, is rather constant and
with soil surface has no or very little influence on M,,. In Test T1, m,, is
much larger than unity mainly because of pile installation, as stated above. The
total (head) load efficiency M,, in general, has a tendency to increase with
increasing settlement, but the increase is not so large in denser sands, where

the pile point load is predominant (Tests T2F and T3F).

Piled footings and single piles can be compared in the way some researchers did
before by estimating the load efficiency 1}, on the basis of total load per pile
in the piled footing. This efficiency, however, can only be estimated for the
pile head load. The results are shown in Table 6.4 and Fig. 6.16. The efficiency
My is very high because it also includes the capacity of the cap. This
efficiency is, therefore, very much dependent on the capacity of the cap
relative to that of the piles. As commented above, M, is not a logical
efficiency.

Table 6.4. Load efficiency T, using total load per pile in piled footing

Test series | Ip % | Spacing at failure at s=20mm at s=30mm
T1 38 4 332 541 6.68
T2 67 6 2.12 3.64 425
T3 62 8 3.53 6.12 721
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Fig. 6.16. Load efficiency 15 - Comparison of total load per pile in piled
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Ip=38%, pile spacing S=4b,; Test series T2: In=67%, S=6b,;
Test series T3: I,=62%, $=8b,.

Comparison of piled footings and free-standing pile groups

Comparison of a piled footing with a free-standing pile group, using the load
efficiencies 1, or 1 defined in Table 6.1, shows the effect of cap-soil
contact pressure on the pile capacity. As previously mentioned, there are two
ways of comparing the pile loads in a piled footing with those in a free-
standing pile group: using the load carried per pile, excluding the load carried
by the cap, or using the total load carried per pile, including the load carried
by the cap. The former case corresponds to the load efficiency m,, defined in
Table 6.1, and the latter case, which corresponds to the load efficiency 1. The
efficiency %, is more practical since it does not include the capacity of the
cap. As with 1,, the efficiency m, can be estimated for the pile head, shaft,
and point loads, while 15 can only be estimated for pile head load. In Table
6.5, the load efficiency T, is calculated for pile head, shaft and point loads
using the failure load in the test on the free-standing groups, and the loads at
failure and at a settlement of 20 mm and 30 mm in the piled footing tests. In
Figures 6.17 through 6.19, the efficiencies m, and 75 are estimated using loads
at the same settlement.
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Table 6.5a Load efficiency W, using pile load per pile in piled footings TF
and failure load in free-standing pile groups TG

Test Loads at failure Loads at s=20mm Loads at s=30mm
series | Head Shaft Base Head Shaft Base Head Shaft Base
T1 129 127 147 1.58 1.56 1.64 1.75 1.78 1.69
T2 1.16 1.38 0.87 1.54 2.12 0.93 1.79 2.60 0.98
T3 1.63 217 135 175 254 141 226 424 141

Table 6.5b Load efficiency n, using pile load per pile in piled footings TF
and failure load of free-standing groups in Test TF, before contact.

Test Loads at failure Loads at s=20mm Loads at s=30mm
series | Head Shaft Base Head Shaft Base Head Shaft Base
T2 1.07 1.03 1.10 142 1.58 1.20 1.64 193 1.26
T3 1.10 1.13 1.09 1.18 132 1.09 1.53 220 1.10

Note In Tables 6.5a and 6.5b, 1, is estimated by comparing loads at failure and
at s= 20mm and s= 30mm in the tests on the piled footings to the failure
load of the free-standing pile groups.

The results shown in Table 6.52 and Fig. 6.17 are obtained by comparing the pile
loads in the tests on free-standing pile groups TG with those in the tests on
the piled footings TF. No matter how carefully the tests are performed , it is
almost impossible to avoid errors caused by recompression effects, for example,
a deeper pile penetration, or time effects, see Chapter 5. Table 6.5a and Fig.
6.17 show the load efficiency 1,, estimated from the results of the free-
standing pile groups on the one hand and from subsequent tests on the piled
footings on the other, with some time interval. The best way to discem the
effect of cap-soil contact pressure on the pile behaviour, however, is by taking
the test results before cap-soil contact in the continuous tests on piled
footing as significant for the free-standing groups, thereby eliminating time
and penetration effects. The efficiency 7,, evaluated in this way, using loads
at the same settlement, is shown in Table 6.5b and plotted in Fig. 6.18. The
results for Test series T1 are not included because the test on the piled
footing T1F was performed according to the first testing procedure.

From Fig. 6.18, it can be clearly seen that the base load efficiency 1, is
equal to unity. The shaft load efficiency m,, is rather similar for both the
test series T2 and T3: it is quite constant and slightly higher than unity at
settlements smaller than 10 mm; thereafter it increases very quickly up to 2.0 +
2.5 at a settlement of 40 mm. The total (head) load efficiency T, has the same
tendency as the shaft efficiency but with a smaller magnitude.
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Fig. 6.17 Load efficiency m, - Comparison of pile load per pile in piled
Jootings with free-standing pile groups for: (a) pile head load,
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density of sand Iy= 38 %, pile spacing S= 4b,; Test series T2:
In= 67 % S= 6bp,' Test series T3: In= 62 %, S= 8bp.
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Load efficiency m, - Comparison of pile load per pile in piled
Jootings with free-standing pile groups using initial part of test on
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Jor: (a) pile head lpad, (b) pile shaft load, (c) pile point load.
Test series T1: relative density of sand In= 38%, pile spacing

S= 4b,; Test T2: In= 67%, S§= 6b,; Test T3: In= 62%, S= 8b,.
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Fig. 6.19 shows the load efficiency M, which compares the total load per pile
in the piled footings with that in the free-standing groups, using the initial
part of the tests on piled footings T2F and T3F (before contact) as tests on
free-standing pile groups. As expected, the efficiency 1); depends mainly on the
size of the cap because in the cases studied with short piles, the capacity of
the cap is always much larger than that of the piles.
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Fig. 6.19. Load efficiency 15 - Comparison of total load per pile in piled
Jootings with free-standing pile groups using initial part of test on
piled footings TF (before contact) as test on free-standing groups.
Test series T1: relative density of sand Ip= 38%, pile spacing
S= 4b,; Test T2: Iy= 67%, S= 6b,; Test T3: I= 62%, S= 8b,

Comparison of piled footings and shallow footings

The bearing capacity of a piled footing and a shallow footing (cap) of equal
size in plan can be compared through the efficiency 1, defined in Table 6.1. The
load carried by the cap in the piled footing is compared with that carried by
the shallow footing by using the efficiency m¢. The efficiencies are estimated
using the loads at equal settlement, see Figures 6.20 and 6.21.

The efficiency T4 plotted versus seitlement in Fig. 6.20, is very close to
unity. It seems, however, that 1 tends to be higher than unity in loose sand
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(Test series T1), and smaller than unity in denser sand but approaching unity at
large settlements (Tests series T2 and T3).

From Fig. 6.21, it is found that the m,-settlement curve has the same shape for
all three test series: at small settlements, less than 2-3 mm, the efficiency 1),
has quite high values. Afterwards, it drops rather quickly, and approaches a
stable value at a settlement larger than 10 mm. The stable value of 7, depends
mainly on the contribution of the cap to the capacity of the piled footing: the
higher the capacity of the cap (larger cap size, denser sand), the lower the 7,
value. The stable values of 15 and M, at s = 40 mm are shown in Table 6.6.

Table 6.6 Load efficiency n¢ and 1,

Test Soil Spacing Load efficiency Load efficiency
Seﬁes ID % S/b Tls n‘,
T1 38 4 1.15 3.05
T2 67 6 0.99 1.77
T3 62 8 0.97 1.62
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Fig. 6.20 Load efficiency Mg - Comparison of load carried by cap in piled
Jootings with shallow footings (caps alone). Test series TI: relative
density of sand I, =38%, pile spacing S= 4b,; Test T2: In= 67%,
S= 6by; Test T3: In= 62%, S= 8b,.
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Fig. 6.21. Load efficiency M, - Comparison of total load in piled footing with
shallow footing (cap alone). Test series T1: relative density of sand
Iy =38%, pile spacing S= 4by; Test T2: In= 67%, S= 6b,; Test T3:
In= 62%, S= 8b,

Bearing Capacity of a piled footing

As suggested in Chapter 2, in a general case, the bearing capacity of a piled
footing P, can be estimated as follows:

Pﬁ =n (Bs 83 Pss + Bb 8I: Psb) + Bc Pc (61)
where, n = number of piles in the group,
8, &, = influence factor of pile-soil-pile interaction on the pile shaft

and pile base capacities,

B, By B, = influence factor of cap-pile interaction on the pile shaft and
pile base capacities, and on the capacity of the cap,

P, P, = shaft and base capacities of the reference single pile under
equal soil conditions as the pile group,

P = capacity of the shallow footing (cap alone).

4

Comparing Eq. (6.1) with the definitions of load efficiencies in Table 6.1, the

following remarks can be made:
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(a) influence factors of pile-soil-pile interaction on the pile shaft and base
capacities &, = M,,, and §, = 1, see Fig. 6.14 or Table 6.2;

(b) influence factors of cap-pile interaction on the pile shaft and base
capacities B, = T, B, = T4 see Figures 6.17, 6.18 or Table 6.5;

(c) influence factor of cap-pile interaction on the capacity of the cap B, = Mg,
see Fig. 6.20 or Table 6.6;

The efficiencies m,, and 1,, should be estimated by comparing the load per pile
in a free-standing pile group with the load of a reference single pile at the
same settlement. A specific settlement can be chosen, for example s = 10 mm. To
determine the efficiencies T,, and Ty, tests on a piled footing should be
performed according to the second testing procedure, i.e. the test should be
started with a free-standing pile group, with the cap being about 20 mm above
the soil surface. The‘ number of load steps before cap-soil contact should be
large enough to be able to determine correctly the failure load of the free-
standing group and the occurrence of cap-soil conmtact. After contact, the piled
footing should be tested to failure. Comparison of pile loads in the piled
footing (after contact) with pile loads in the free-standing group, which is
taken from the initial stage of the test (before contact), will result in
accurate values of M,, and T, The influence factor B, (= M4) can be taken as
1.0 for footings on loose sand and 0.9 for footings on medium to dense sand.

6.4. Settlement Ratio

Different definitions of the settlement ratio have been utilised to compare the
settlement of a free-standing pile group or a piled footing with that of a
reference single pile. As discussed in Chapter 2, the use of different
definitions of the settlement ratio leads to different values of the ratio even
for one and the same test. This is exemplified for the three test series
performed by the Author using the first definition in Section 2.1, with the
failure criteria recommended by Vesic (1969) and Mazurkiewicz (1972), and using
three different values of factor of safety: 3.0, 2.0 and 1.5. Accordingly, the
settlement ratio is estimated as the ratio of the settlement of a free-standing
pile group to that of a reference single pile at the same fraction of their
fajlure loads. Thus, according to this definition, the settlement ratio is
estimated by comparing the settlement of pile groups and of single piles at
different loads per pile, because failure occurs at different pile loads. The
results are shown in Table 6.7.
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Table 6.7. Settlement ratio calculated according to Eq. 2.2a

Test Soil | Spacing Vesic (1969) Mazurkiewicz (1972)
series | Ip % S/ F=30 F=2.0 F=15| F=30 F=20 F=15
T1 38 4 044 088 1.06 044 088 1.06
T2 67 6 065 095 0.83 080 091 0.78
T3 62 8 031 0.69 085 030 063 071

Obviously, the settlement ratio estimated according to this definition depends
very much on the choice of failure criterion and of safety factor. This explains
the difficulties in scrutinising previous studies on settlement ratio. Only in
Test series T1 are the results independent of the failure criterion, as the
single pile and the pile group both failed by plunging, which represents failure

no matter which criterion is used.

The definition of the settlement ratio & as the ratio of the pile group
settlement to the single pile settlement, at comparable working pile loads and
at a certain fraction of the failure load of the single pile, may be preferable.
The definition based on the ratio of the initial slope of the load-settlement
curve, or the initial stiffness, of the pile group to that of the single pile is
very similar to the definition mentioned above. These definitions, however, are
not suitable for studying behaviour of footings close to failure. Besides, as in
the case of load efficiencies, choosing the failure criteria is also difficult.
In this section, the settlement ratio of the free-standing pile group or the
piled footing as compared with the single pile will be based on settlement
comparisons at the same load per pile, and that of the free-standing pile group
or the shallow footing as compared with the piled footing will be based on a
settlement comparison at the same applied load.

As mentioned above, the old concept of settlement ratio is used only to compare
settlement of a free-standing pile group with that of a single pile. For
comparison of the settlements of single piles, free-standing pile groups, piled
footings and shallow footings (caps) under equal conditions, the definitions
given in Table 6.8 will be used.
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Table 6.8. Definition of settlement ratios

Symbol Definition comparison between
E, Sgr / S5 free-standing pile group and single pile
& S / S piled footing and single pile
& Sp /s, piled footing and single pile
Es S / Sg piled footing and free-standing pile group
E, Sq / S, piled footing and shallow footing

where s, = settlement of single pile

w1
1

average settlement of free-standing pile group

gr
S, = average settlement of piled footing, corresponds to load taken by piles
Sq = average settlement of piled footing, corresponds to total applied load

s, = average settlement of shallow footing (cap)
Note: The ratios &;, &,, &, are based on settlement comparisons at the same load

per pile; while &, &,, at the same load applied on footings or pile groups.

The indices of the settlement ratios §; presented in Table 6.8 correspond to
those of the load efficiencies 1), presented in Table 6.1. The ratios &, and &,
have been used in the literature with one and the same notation &, while the
others are introduced. From the definitions, it can be seen that &= &,/E,.

Comparison of free-standing pile groups and single piles

The ratio &, is estimated by comparing the settlement of a free-standing pile
group with that of a single pile at the same load per pile, given as a
percentage of the failure load of the single pile P, In loose sand, Test
series T1 (Ip= 38%), the ratio is very small, less than 0.30, with a2 minimum
value less than 0.05 at 100% of the single pile failure load. In denser sand,
the maximum value of &, is higher: less than 0.5 for Test T3 (Ip= 62%), and less
than 0.7 for Test series T2 (Ip= 67%), see Fig. 6.22. It is noted that the ratio
&, in all three series is less than unity. This is in agreement with the results
obtained by Ekstrom (1989). A ratio lower than unity seems reasonable for small
pile groups, and it can be explained by soil compaction within the group due to
pile driving.
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Fig. 6.22. Settlement ratio &, versus pile load as a percentage of failure load of
single pile - Comparison of free-standing pile groups with single piles.
Test series Tl: relative density of sand I= 38 %, pile spacing S= 4b,;
Test series T2: Iy= 67 %, S= 6b,; Test series T3: In= 62 %, S= 8b,.

Comparison of piled footings and single piles

Comparison of the settlement of a piled footing with that of a single pile can
be made by estimating the ratios §, and &;. The ratios &, and &,, Table 6.8, are
both estimated at the same load per pile, given as a percentage of the failure
load of the single pile P, The results are shown in Figures 6.23 and 6.24. It
is obvious that &, is always smaller than &,. This is due to the contribution of
the cap to the total load. There is a clear tendency in all three test series
that both &, and &, are quite stable up to 60% of Py and from then onwards drop
rather quickly to very small values at 100% of Pg.

Typical values of the ratios &, &, and &, are summarised in Table 6.9. From the
table, it can be seen that in Test series T1 these ratios are quite close to
each other even at 100% of P, This means that the contribution of the cap to
the overall stiffness of the piled footing is insignificant. However, in Tests
T2 and T3 the contribution of the cap is considerable and the ratios &, and &,
are therefore much smaller than &;, especially at loads close to Pg.
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Table 6.9 Settlement ratios &, &,, and &,

Test | P/P=20% 40% 60% 80% 100%

series | §; &, &l & & & & & &| & E &| & E &
T1 |29 29 24(27 .30 24|25 31 .24|.16 .18 .15|.04 .05 .03
T2 |.58 .45 .32|.61 .36 23|65 .31 .19|.44 .20 .10|.18 .06 .03
T3 |23 20 .15|.25 .21 .15|40 22 .13|.38 .15 .08|.21 .06 .03

Comparison of piled footings and free-standing pile groups

Comparison of the settlement of a piled footing with that of a free-standing
pile group can be made by estimating the ratio &, Table 6.8. The ratio is
estimated at the same applied load, which is given as a percentage of the
failure load of the free-standing pile group P, The results are shown in Fig.
6.25. The ratio is always less than unity, showing the contribution of the cap
to the overall stiffness of the piled footing. For all the three test series the
ratio tends to a maximum value equal to 1.0 for Test series T1 and about 0.6 for
the other two test series, at a load level of 20-30% of Py The ratio then
decreases at an almost constant rate to a minimum value at a load level between
100-120% of P, Contrary to the conclusions drawn in most of the theoretical
studies, namely that the influence of the contact pressure induced by the cap on
the stiffness of a piled footing is insignificant, Fig. 6.25 indicates that the increase
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in stiffness of the piled footings is considerable, and the closer to failure
load of the free-standing pile groups, the greater the increase. The increase
seems to depend on the cap size: the larger the cap, the greater the increase.

Comparison of piled footings and shallow footings

The ratio &,, defined in Table 6.8, is estimated at equal applied load, given as
a percentage of the failure load of the shallow footing P, The results are
shown in Fig. 6.26. This figure indicates that the settlement ratio &, is always
less than unity. The variation of the ratio &, depends very much on the relative
cap capacity o, which is defined as the ratio of the load applied on the shallow
footing (cap) to that applied on the piled footing at a certain settlement close
to failure. For example, if a settlement of 5 mm is chosen, the relative cap
capacity o for Test series T1 can be calculated as the ratio of the load applied
on the shallow footing at s = 5 mm (in Test T1C) to the load on the piled
footing at the same settlement (in Test T1F). The o value is then equal to 0.27,
0.48 and 0.55 for Test series T1, T2 and T3, respectively. The relative cap
capacity shows the relative contribution of a cap to the bearing capacity of a
piled footing, and is the inverse of the load efficiency m, at the same
settlement, i.e. o. = 1/n,.
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Fig. 6.26. Settlement ratio &, - Comparison of piled footings with shallow
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If the relative cap capacity is low, the ratio &, will decrease all the time to
a very small value, as in Test series T1. If the relative cap capacity is high,
the ratio &; will first decrease at low load levels, and will then increase with
loads close to 100% of P, as in Test series T2 and T3, Fig. 6.26. The turning
point depends also on the relative cap capacity o: the higher the o value, the
sooner the turning point occurs.

The settlement ratio &, can be plotted versus the relative cap capacity o. It is
noted that both o and &, are equal to unity for a shallow footing. For a footing
on a large number of high-capacity piles, such as long piles with small pile
spacing (the contribution of the cap to the capacity of the piled footing is
small compared with that of the piles), the o value is very small as well as the
settlement of the footing. In such a case, o and &, can both be considered equal
to zero. Using the o value calculated above (at s = 5 mm), the correlation
between o and &, is presented in Fig. 6.27 for different load levels, from 60%
to 120% of P, This figure shows a clear tendency with very small scatter.
Thus, when ¢ is less than about 0.5, i.e. the contribution of piles to the total
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capacity is large enough, the settlement ratio £, decreases slowly with a
decreasing o value. In other words, with o less than about 0.5, a considerable
increase in pile capacity induced by increasing number of piles or pile length
will not lead to a significant reduction in the seftlement of the footing.
However, with an o value higher than 0.5, i.e. when the capacity of the cap is
predominant, the contribution of the piles has a clear effect in reducing the
settlement of the footing.

6.5 Load Sharing between Piles and Cap

The load share between piles and cap in the piled footings is shown in Chapter
5, Figures 5.6, 5.16, 5.25. These figures show a clear tendency that the load
share between cap and piles varies with load level and that the piles carry an
important part of the load until pile failure, thereafter the load carried by
the cap increases very quickly. Fig. 6.28 is a modification of the above-
mentioned figures, in which the load carried by the cap or by an average pile as
a percent of the total load applied is plotted versus load level. The load level
is defined as a percentage of the load applied in relation to the total load at
a settlement of 40 mm. According to Fig. 6.28, the percentage of load carried by
the cap depends first of all on its size: the larger the cap, the higher the
load it takes. Moreover, in the beginning the piles always carry a larger
portion of the load, ranging from 90% (Test T1F) to about 70% (Tests T2F and
T3F). After pile failure, a large percentage of the load applied is transferred
to the cap. The load share is also plotted against settlement, Fig. 6.29.

The load sharing between piles and cap in a piled footing, in general, depends
on the construction procedure. However, the influence on the load sharing of the
construction sequence may be important only in the beginning of the loading
process. As soon as the cap comes into good contact with the piles and the
ground surface, a considerable part of the load will be transferred to the piles
until they reach failure. In other words, as soon as the cap, the piles and the
subsoil are in good contact, the load share will be governed by the settlement.
At very small settlement, the piles take an important part of the load. At a
settlement large enough to mobilise the full capacity of piles, a considerable
portion of the load applied will be transferred to the cap. Thereafter, the load
sharing between the cap and the piles becomes almost constant, Fig. 6.29.
However, the load carried by the cap on the one hand and by the piles on the
other both increase.
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6.6 Creep Behaviour

An advantage of using electrical displacement transducers and a data logger for
the purpose of measuring settlement of footings is that the creep behaviour can
be interpreted with great accuracy. Thus, settlements could be read exactly
every fifteen seconds. In this section, the creep from 1 minute to 8 minutes of
observation will be presented. The creep behaviour of the shallow footings will
be compared with that of the piled footings. In Tests T2F and T3F, the creep is
interpreted only after cap-soil contact because these tests were performed
according to the second testing procedure. Figures 6.30 through 6.32 compare the
creep-load curves of the shallow (unpiled) footings to those of the piled
footings. There are two creep-load curves representing the tests on a piled
footing: one representing the creep behaviour of the cap in the piled footing,
corresponding to the load taken by the cap, and the other representing the
overall creep behaviour of the footing, corresponding to the total load applied
on the footing. From these figures, it can be noted that under an equal load
applied, the creep of the piled footing is always smaller than that of the
shallow footing.
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Fig. 6.30 Creep 1-8 min. versus load - Test series TI: relative density of sand
In= 38 %, pile spacing S= 4by: (a) shallow footing TIC, (b) piled
Jooting TIC.
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In loose sand (Test series T1) the creep of the cap in the piled footing is
smaller than that of the shallow footing, see Fig. 6.30. In medium and dense
sand (Test series T2 and T3), at small load levels, the creep of the cap in the
piled footings is larger than that of the shallow footing, while at large loads,
the creep seems to be equally large, see Figs 6.31 and 6.32. This can be seen
more clearly in Figures 6.33 through 6.35, in which the creep is plotted versus
time for both the shallow and the piled footings at a similar level of load
taken by the cap. In these figures, P, denotes the load applied on the shallow
footing, while P, denotes the load carried by the cap and P, the total load
applied on the piled footing. In Test T1, loose sand, the creep of the shallow
footing seems always to be larger than that of the cap in the piled footing. In
Tests T2 and T3, medium to dense sand, at a low level of load taken by the cap,
the creep of the cap in the piled footing is larger than that of the shallow
footing. However, from a certain level of load taken by the cap, 93 kN in Test
T2 and 107-109 kN in Test T3, the creep is quite similar. As expected, the
creep-log time relationship is quite linear for both the shallow and the piled
footings. It can therefore be used for prediction of the long-term creep
settlement of the footings.
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Fig. 6.33 Creep 1-8 min. versus time - Test series T1: relative density of sand
In= 38 %, pile spacing S= 4b,: (a) shallow footing TIC, (b) piled
Jooting TIC.
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6.7. Increase in Skin Friction along a Pile

In a piled footing, the skin friction of a pile consists of friction due to
pile-soil-pile interaction (as for single piles and free-standing pile groups),
and friction due to an increase in lateral earth pressure caused by the cap-soil
contact pressure and by the influence of the failure zone at the pile tip, as
shown in Section 6.1.

The skin friction due to an increase in horizontal stress will be discussed
here. The ultimate skin friction is generally expressed as:

f.(z) = ©;(2) tand (6.2)

where, o, = horizontal effective stress
§ = pile-soil friction angle

The relative displacement between pile and soil s5,(z) should be large enough to
mobilise full friction. In the general case, with a given value of the relative
displacement $p(2), the skin friction f(z) can be calculated as:

f(z) = o.(z) F(z) tand 6.3)

where, F(z) = level of mobilization of skin friction, which can be estimated as:

2) [ s, for sy < s,
F() = % % e (6.4)
1 for sp, > sy

where, s, = relative displacement between pile and soil required to mobilise
full skin friction

The movement of the pile shaft relative to the surrounding soil, required to
mobilise ultimate pile shaft resistance, is almost independent of the pile
diameter and is in the order of 2 to 5 mm.

When the pile cap comes into contact with the ground, it causes an increase in
the horizontal pressure against the pile shaft, called AcG,. At the same time it
causes the underlying soil to settle, called s(z), and as a result the relative
displacement between the pile shaft and the surrounding soil will be reduced in
the region close to the cap. If the settlement of the pile head s, and the pile
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compression Sp(z) are known, and ignoring the settlement of soil due to the pile
load, the relative pile-soil displacement becomes, see Fig. 6.36b:

W@ = § - 5@ - §,(2) 65)

where, s,(z) = relative displacement between pile and soil at depth z

Sp = settlement of the pile head
sf(z) = settlement of soil due to the cap
8,(z) = compression of pile
F(z) Aoy, Af,
5, Spsu 1
CAP : 7 Due to Cap

|
@] E
, 5u@)]] Spu(?)
PILES | 5, ,1 |
:\‘ i : Total \ /f—Total
] i \

i |

{ i | 3

Due to Pile Failure
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Fig. 6.36 Increase in skin friction along a pile due to effect of cap being
in contact with soil and effect of pile failure.

At the pile head, depth z = 0, 5,(0) = O because s, = 5(0), and SP(O) = 0. At
a depth large enough s(z) = 0, and Eq. (6.5) returns to the usual form: sps(z)
= s, - SP(z). The increase in skin friction Af; due to the cap in contact with
soil will be zero at the cap-soil interface. It will then increase to a maximum
value at a certain depth, where the relative soil-pile displacement is large
enough, and thereafter decrease because Aoy reduces with depth, see Fig. 6.36f.
In Tests T2F and T3F, the depth, where the increase in skin friction Af, due to
the cap reach the maximum value, is equal to or less than 0.5 m, because from
this depth downwards Aoy always decreases. It should be noted that the reduction
in relative displacement between the pile shaft and soil due to the cap being in
contact with soil also makes the skin friction due to pile-soil-pile interaction
reduced in vicinity of the bottom of cap. The effect of diminishing the relative
displacement between piles and soil nearest below the cap can be seen, though
not so clearly, in Test T2F, just after cap-soil contact. Close to the pile
base, both AG, and Af, increase due to the effect of pile failure.
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7. COMPARISONS BETWEEN THEORETICAL AND OBSERVED RESULTS

In this chapter, some of the calculation methods, presented in Chapter 2, are
applied to analyse the model tests and the results will be compared with the
test results.

7.1 Analysis of piled footings using program DEFPIG

The program DEFPIG, presented by Poulos (1980a), is one of the most commonly
used computer programs. As discussed in Section 2.3, most of the available
computer programs for analysing pile groups and piled footings are based on the
theory of elasticity and DEFPIG is one of them. The program was chosen to be
used here for the following reasons: (1) DEFPIG has been found to be in close
correspondence with other familiar computer programs, such as PIGLET and PGROUP
(see Poulos and Randolph, 1983), or PILG (see O’Neill and Ha, 1982); (2) DEFPIG
is based on the theory of elasticity, but it allows for the possibility of
slippage between the piles and the soil under axial loading, and can therefore
be used to predict the load-settlement behaviour of piles; and (3) the program
is sufficiently compact to be run on a personal computer. DEFPIG4 (Poulos,1986),
a later version of DEFPIG, will be used here to predict the load-settlement
behaviour of the piled footings T1F, T2F and T3F, and the calculated results
will be compared with the measured results.

Soil Properties

DEFPIG can give quite acceptable predictions of pile group performance, if the
required soil parameters are well selected (Poulos, 1980b). The most significant
parameters required for the analysis of pile behaviour under static axial
loading by means of DEFPIG are: (a) Young’s modulus and Poisson’s ratio of the
soil, E, and v, (b) the limiting vertical pile-soil stress (adhesion) for pile
shaft elements f;, (c) the limiting vertical pile-soil stress for pile base
elements qg,, and (d) the limiting vertical pile-soil pressure for pile cap
elements q,,. The Poisson’s ratio of soil v, estimated according to Eq. (4.11),
is 0.37 for the first test series, and 0.30 for the second and the third test
series. The Young’s modulus of the soil E, is taken as 22.8 MPa, 37.6 MPa and 30
MPa for Test series T1, T2 and T3, respectively, according to the parameter
study presented in Section 7.2. The limiting values f,, and q,, are estimated
from the results of the tests on the free-standing pile groups, shown in Chapter
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5, by dividing the maximum pile shaft and pile base loads by the corresponding
pile shaft and pile base areas. The limiting value q, is estimated from the
results of the tests on the shallow footings by dividing the failure loads by
the footing areas. The selected soil parameters are summarised in Table 7.1.

Table 7.1. Soil parameters used in analyses by DEFPIG4

Test E, V, o (8 Qe
(MPa) (kPa) | (kPa) | (kPa)

TIF (I,=38%) | 22.8 | 037 | 5.7 | 250 | 100
T2F (I5=67%) | 37.6 | 0.30 | 20.8 | 2960 | 380
T3F (I,=62%) | 30.0 | 0.30 | 142 | 2100 | 300

Calculation results

The settlement calculated by means of DEFPIG4 is compared with the measured
results of the tests on the piled footings in Fig. 7.1. It can be seen that with
well-selected soil properties, DEFPIG4 predicts quite well the load-settlement
behaviour of the piled footing under the working load (or the elastic stage).
The soil properties here are chosen directly from the field model tests.
However, the program fails to simulate the "settlement-hardening” response of
the piled footing, The calculated results show a plunging failure. This may be
because the method is based on the theory of elasticity, in combination with the
"load cut-off" procedure for simulating soil-pile slippage. For each test, two
different values of the shaft efficiency 1.0 and 2.5 were used. The base
efficiency was accepted to be unity for all the cases. As mentioned above, the
limiting shaft friction f, is chosen from the test on the free-standing pile
group. This also means that the shaft efficiency for the free-standing pile
groups in relation to the single piles 7),, is already taken into account in the
selected f_, values. The efficiency mentioned here refers to the shaft
efficiency for the piles in the piled footings in relation to the free-standing
pile groups M. A 1,, value of 2.5 is chosen from Fig. 6.18b, while a unity
value means no increase in the pile shaft resistance due to the cap-soil contact
effect. Using 1,,= 1.0, the maximum applied load is much lower than the measured

8
value, while using 1,,= 2.5 the results seem to be better.
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In principle, DEFPIG4 can be used for analysing single piles or free-standing
pile groups and piled footings. However, there is an error in the resulting pile
base pressure, since this is different from that obtained by dividing the
resulting pile base load by the pile base area. This also results in a premature
indication of pile failure. This conclusion was also confirmed by the author of
the program, Poulos (1993). Therefore, the program can not be used for single
piles and free-standing pile groups, in which the pile base resistance is the
factor indicating the pile failure. For piled footings, however, the decisive
indication of failure is the cap-soil contact pressure, and the results of the
analysis are then acceptable. If the error is corrected, the program can surely
be used for single piles and pile groups, and can predict better settlement of
piled footings. Another remark is that the approximate procedure for computing
the response of individual piles in the group works reasonably well when the
pile-soil conditions are elastic, but gives poor answers when a significant
amount of pile-soil slip occurs.

7.2 Analysis of shallow footings by means of FLAC

FLAC (Fast Lagrangian Analysis of Continua) is a two-dimensional explicit finite
difference code, based on a Lagrangian calculation scheme (ITASCA, 1991). FLAC
has several built-in constitutive models. The initial intention was to use FLAC
for analysing piled footings, using the equivalent axisymmetrical model,
presented in Section 2.3.2, and to compare the calculated results with the test
results. Unfortunately, the program does not work well with interfaces which are
not placed on a straight line. The soil properties are chosen from a parameter
study based on the load-settlement behaviour of the shallow footings, presented
below. Using these soil properties, the capacity of the single piles, the free-
standing pile group and the piled footings will be overestimated if the
interface elements are not used in the analysis. Based on one of the most
important remarks drawn from Chapters 5 and 6, namely that the behaviour of the
cap in the piled footings is very similar to that of the individual cap, the
effect of the cap in contact with soil on the behaviour of the piles can be
studied by analysing the cap alone. From the test results, it is obvious that
the increase in the pile shaft resistance is much greater than the change in
pile base resistance or the change in the cap capacity. This increase in the
shaft resistance is induced by the increase in lateral earth pressure against
the pile shaft due to the contact pressure at the cap-soil interface. This
effect will be studied below by analysing the behaviour of the cap alone using
the FLAC code.
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For the analysis of the shallow footings, axisymmetrical geometry is used. The
square footing is replaced by an equivalent circular one with the same area. The
soil media is divided by a mesh composed of quadrilateral elements as shown in
Fig. 7.2. The left vertical boundary represents the axis of symmetry. To
minimise the boundary effect, the radius to the right vertical boundary and the
depth of the soil mass in question are both chosen as large as ten times the
radius of the equivalent footing. A linearly elastic- perfectly plastic material
according to the Mohr-Coulomb failure criteria is used for modelling the soil.
The in-situ stress condition is assumed to be caused by the self-weight of the
soil. To simulate a rigid footing, a constant velocity boundary condition is
applied in the negative y-direction across the footing width, ie. the grid
points representing the footing are moved rigidly. In order to minimise shocks
to the system thus modelled, the velocity V is kept as small as -1-106 m/step.
The number of steps N, required to reach a given displacement D of the footing,
is then equal to N= D/V.

1 Applied Velocity

32 m

l———fS.Zm———

Fig. 7.2 Difference element grid used in FLAC analysis of shallow footing T2C

Soil properties - parametric study

For Test T1C, FLAC was run with 18 different combinations of the values of the
elastic modulus E, the internal friction ¢’, and the dilation angle y, with E,
values ranging between 13 and 26 MPa, ¢’ between 32° and 38¢, and  between -18°
and 0°. The E, value is chosen on the basis of E,;, modulus back-calculated from
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the test on the shallow footing at 25% of the failure load, using Eq. (4.22).
The Poisson’s ratio of soil is 0.37. The elastic shear modulus G, and elastic
bulk modulus K, used in the program, are calculated from the Young’s modulus and
the Poisson’s ratio according to the common elasticity formulae: G=E/2(1+V), and
K=E/3(1-2v). The parameter study for Test TIC, shown in Fig 8.3a, indicates that
the footing behaviour calculated by FLAC using the soil properties: E= 22.8
MPa, ¢= 34%and y= -18¢ (the data file Iv7c) is in best agreement with the
observed behaviour.

For Test T2C, FLAC was run with 21 different combinations of the values of E,
¢, and vy, with E, ranging between 30 and 42 MPa, ¢’ between 35° and 43°, and
between 0° and 20°. The parameter study for Test T2C, presented in Fig 8.3b,
shows that the footing behaviour calculated using E= 37.6 MPa, ¢’= 38° to 39,
and Y= 0° to 3° is in best agreement with the observed behaviour (the data files
2v7 and 2v7a).

For Test T3C, FLAC was run with 23 different combinations of the values of E,
¢, and y, with E, ranging between 20 and 35 MPa, ¢’ between 35° and 41°, and W
between 0° and 10°. From the parameter study for Test T3C, shown in Fig 8.3c, we
find that the behaviour of the footing can be best predicted by FLAC using E=
30 MPa, ¢= 37° and Y= 0° (the data file 3v9e).

Table 7.2 Soil parameters back-calculated by FLAC

Test E, V, ¢ v
(MP2) (degree) | (degree)
TIC (Ip=38%) | 22.8 0.37 34 -18
T2C (Ip;=67%) | 37.6 0.30 | 38 = 39 0+3
T3C (Ip,=62%) | 30.0 0.30 37 0

From the parameter study, some remarks can be drawn: FLAC can predict the load-
settlement behaviour of shallow footings excellently well if reasonable soil
parameters are chosen and if the soil is modelled as a Mohr-Coulomb material.
The modulus of elasticity of the soil is of the same order of magnitude as that
back-calculated from the tests on the shallow footing at loads betweens 18% and
25% of the failure load. Among the soil investigation methods, the dilatometer
tests seems to give a modulus of comparable size, although it is still smaller
than E,;. The angle of internal friction ¢’ evaluated from the dilatometer tests
according to the CPT-linked method, Marchetti (1985), is closest to the value
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back-calculated by FLAC, although it is slightly larger. For loose sand, a
negative dilation angle y should be used, while for medium dense or quite dense
sand a value equal to, or slightly higher than, zero can be used.

Horizontal soil stress induced by shallow footings

The horizontal soil stress induced by the shallow footings, analysed above using
the Mohr-Coulomb model will now be compared with that obtained using the elastic
soil model. The elastic analysis was also made using the FLAC code. In both
cases, axisymmetrical geometry was used as shown above. The soil properties
back-calculated by FLAC, see Table 7.2, were used in the analysis. The elastic
soil model had the same values of E; and v, as those of the elastic-plastic
model. The distribution of the horizontal soil stress versus depth under the
centre of Footings T2C and T3C thus obtained is shown in Figures 7.4 and 7.5.
The horizontal soil stress, shown in these figures, is only due to the applied
load which is 175 kN in the case of Footing T2C and 225 kN for Footing T3C. The
corresponding average cap-soil contact pressures are 441 kPa and 351 kPa,
respectively. The calculated horizontal stress induced by the shallow footings
is also compared with the increase in the measured lateral earth pressure along
the pile shaft due to the cap effect in the corresponding piled footings at the
equal cap load level.

According to Figures 7.4 and 7.5, the theory of elasticity underestimates the
induced horizontal soil stress. Using the Mohr-Coulomb soil model, the
horizontal pressure in the soil is much higher, and the depth of influence is
much greater. It is interesting to see that the measured lateral pressure
against the pile shaft due to the cap effect in the piled footings, has a
surprising  correspondence with the  horizontal soil stress under the
corresponding shallow footings analysed by the elastic-plastic theory. This fact
once again supports the assumption that the behaviour of the cap in a piled
footing is similar to that of a corresponding unpiled footing. This can also be
used as a basis for a theoretical estimation of the cap effect on the pile shaft
resistance in a piled footing.
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8. PROPOSED SIMPLIFIED METHOD OF CALCULATING
SETTLEMENT OF PILED FOOTINGS IN SAND

Based on the conclusions drawn in Chapters 5 and 6, some simplified methods for
estimating settlement of piled footings in non-cohesive soil are suggested in
this chapter. The settlement of piled footings in sand can be calculated using
the results of the corresponding tests on shallow footings and single piles.

8.1 Calculating settlement of piled footings

The results in Chapter 5 indicate that the behaviour of the cap in a piled
footing is very similar to that of the corresponding shallow footing (cap
alone). In comparison with the cap alone, the stiffness of the cap in loose sand
in the piled footing is slightly higher (Test T1), while in medium dense to
dense sand it is slightly lower (Tests T2 and T3). However, in both cases, it
can be considered that the behaviour of the cap in a piled footing is
approximately equal to that of the corresponding shallow footing. This means
that if the load carried by the cap P, in a piled footing is known, the
settlement of the piled footing can be approximately estimated as the settlement
of the shallow footing at the same load level. In the piled footing, the load
carried by the cap P, is equal to the total applied load P, minus the load
taken by the piles Py

P, = Py - Py, 3.1

The key factor is now to estimate the load carried by the piles Pg, in the piled
footing. Based on the result of load tests on single piles, provided that the
load efficiency for a free-standing pile group in relation to a single pile m,
(at the same settlement) is known, the load taken by the piles can be estimated
as:

P, = n-1,P, (82)

where, n = number of piles in the group

P, = load applied on the single pile at the same settlement

If the load efficiency for piles in a piled footing in relation to a free-
standing pile group 7, (due to the cap effect) is also known, the Py value can
be estimated as:

Pg, =n'my-1, P, 8.3)
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From Fig. 6.17, Chapter 6, we find that 1, is always higher than unity whatever
the relative density of the sand. Generally, the efficiency T, increases when
the settlement increases. Of course, the 1, value is rarely kmown in practice.
However, it can be estimated by means of the theory of plasticity as shown in
Chapter 7. The proposed method of settlement analysis will now be exemplified
for the piled footings in all three test series using the results of the
corresponding tests on single piles and on shallow footings, shown in Chapter 5,
as well as the load efficiencies M and 1, obtained in Chapter 6.

Test series T1

From the test on the piled footing TLF shown in Fig. 5.5, the total applied load
P, at a given settlement is known. Using, for this load, the result of the test
on the single pile T1S shown in Fig. 5.2, the load taken by the piles Pg, can be
estimated according to the first method, Eq. (8.2), or the second method, Eq.
(8.3). The load efficiency m, is determined from Fig. 6.14, and the efficiency
1, from Fig. 6.17. The load carried by the cap Py is then calculated according
to Eq. (8.1). Using the result of the test on the shallow footing T1C, shown in
Fig. 5.1, the settlement of the piled footing can be estimated approximately as
the settlement of the shallow footing at the same load level P;. The estimated
results are summarised in Table 8.1 and are shown in Fig. 8.1a.

Table 8.1 Estimation of settlement of the piled footing TIF

So Py Py | My | Py Py, 8 M | Pp | Po Sy
(mm) | (kN) | (kN) (kN) | (kN) | (mm) (kN) | (kN) | (mm)

25 t 435 | 1.85 (24| 220 | 21.0 18 15| 33.0 | 105 2.7
50 | 480 | 1.90 |24 | 230 | 250 30 15| 345 | 135 5.3
7.5 | 51.5 | 2.20 |2.35| 25.8 | 25.7 35 14| 36.1 | 154 7.7

10.0 | 55.0 | 2.20 |2.35| 25.8 | 29.2 - 145| 374 | 17.6 | 11.5
150 | 61.0 | 220 |2.35] 25.8 | 35.2 - 1.5 | 38.8 | 22.2 | 240
20.0 | 65.0 | 220 |2.35| 25.8 | 39.2 - 1.6 | 414 | 23.6 | 280
300 | 73.0 | 2.25 |2.35| 264 | 47.2 - 1.75| 462 | 26.8 | 39.0

Note: sy= settlement in question; Py= corresponding total load in the piled footing
test; 1), M4 = load efficiencies, Pg,, Py, = loads taken by the piles in piled
footing calculated according to the first method, Eq. (8.2), and the second
method, Eq.(8.3); P, P, = loads carried by the cap in piled footing corre-
sponding to Pg,, Ppy; and s, s, = settlements calculated according to the
first method and the second method, respectively.
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Test series T2

The settlement of the piled footing T2F is estimated in the same way as above,
using Fig. 5.9 for the shallow footing T2C, Fig. 5.10 for the single pile T2S,
and Fig. 5.15 for the piled footing T2F. The load efficiencies 1, and 7, are
also determined from Figures 6.14 and 6.17. The estimated results are summarised
in Table 8.2 and are shown in Fig. 8.1b.

Table 8.2 Estimation of settlement of the piled footing T2F

S Py P, | M| Py | Py 5 Ny | Py | P S
(mm) | (kN) | (KN) (kN) | (kN) | (mm) (kN) | (kN) | (mm)

2.5 133 92 (13! 60 73 50 (|1.35] 81 52 2.5
50 | 154 | 106 |13 | 69 85 6.5 121 83 71 4.8
75 | 170 | 11.3 |1.25| 71 99 9.5 12| 85 85 7.0
100 | 184 | 118 |1.25 74 110 | 120 |[ 12| 89 95 9.5
150 | 208 | 124 |12 | 75 133 | 200 13| 97 111 13.5
200 | 231 | 13.0 |12 | 78 153 | 26.0 1.3 | 101 | 130 | 190
300 | 276 | 135 | 12| 81 195 - 1.65| 133 | 143 | 24.0
400 | 310 | 140 | 1.2 | 84 226 - 1.7 | 143 | 167 | 35.0

Test series T3

For analysing settlement of the piled footing T3F, Fig. 5.18 is used for the
shallow footing T3C, Fig. 5.19 for the single pile T3S, and Fig. 5.24 for the
piled footing T3F. The load efficiencies 1, and 7, are also determined from
Figures 6.14 and 6.17. The estimated results are summarised in Table 8.3 and are
shown in Fig. 8.lc.

Table 8.3 Estimation of settlement of the piled footing T3F

So Py Py | M | Py P, §) N | Py | P Sy
(mm) | (kN) | (kN) (kN) | (kN) | (mm) (kN) | (kN) | (mm)

25 | 125 6.4 |135| 43 82 45 [|L.75]| 76 49 2.0
50 | 153 7.4 11.30| 48 105 72 (|1.70] 82 71 4.0
7.5 173 7.8 [1.25]| 49 124 | 104 ||L.70( 83 %0 5.7
100 | 192 82 |1.25( 51 141 13.5 ||1.70| 87 105 7.7
150 | 225 8.7 |1.25| 54 171 | 200 [[1.75] 95 130 | 11.5
200 | 255 9.1 [1.20| 55 200 | 300 (|1.80| 99 156 | 17.0
300 | 303 9.6 [1.20| 58 245 - 2.00| 116 | 187 | 265
400 | 345 | 100 |1.20| 60 285 - 2.10| 126 | 219 | 39.0
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Discussions

From Fig. 8.1 it can be seen that the settlement calculated according to the
first simplified method is always higher than the measured value. This can be
explained by the fact that using Eq. (8.2) the load taken by the piles is always
underestimated. In reality, the influence of the cap in contact with soil on the
pile capacity is significant. However, it is ignored in Eq. (8.2). This method
can be applied in practice because it is simple and always conservative.

The settlement estimated according to the second simplified method is in good
agreement with the measurement results due to the consideration of the cap
effect in Eq. (8.3). However, in comparison with the measured values, the
calculated settlement is still larger in loose sand, and slightly smaller in
dense sand. Considering Fig.6.20, we notice that, for a settlement larger than
10 mm, the load taken by the cap in the piled footing is larger than the load
applied on the corresponding shallow footing in loose sand (about 10 to 15 %),
and lower in medium to dense sand (about 10%). Based on this remark, if the load
taken by the cap is decreased 10-15% for loose sand, and increased about 10% for
medium to dense sand, the calculated settlement will be in excellent agreement
with the measured value.

8.2 [Estimating settlement-reducing effect

In Section 6.4, the concept of relative cap capacity o was introduced. The
relationship between the settlement ratio &, and the relative cap capacity o,
shown in Fig. 6.27, will be used in this section as the basis of a quick method
for estimating the settlement-reducing effect. The settlement ratio &,, defined
as the ratio of the settlement of a piled footing to that of the corresponding
shallow footing, means the level of settlement reduction due to the use of piles
for a shallow footing. The relative cap capacity o of a piled footing is defined
as the ratio of the load applied on the corresponding shallow footing to the
load applied on the piled footing at a certain settlement close to failure. The
o value refers to the relative contribution of the cap to the capacity of the
piled footing. With a given relationship between o and &,, similar to that shown
in Fig.6.27, the settlement reduction will be known if the relative cap capacity
is known.

We now assume that the load-settlement curve for a shallow footing is already
known. Then, if the ultimate capacity of the single pile P, and the load
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efficiency 1), are known, the reduction in settlement of the corresponding piled
footing (§,) can be predicted according to the following procedure: (a) At a
certain settlement s, called the reference settlement, the load applied on the
shallow footing P, is taken from the load-settlement curve for the shallow
footing; (b) the load applied on the piled footing P, is then equal to the sum
of P, which is considered to be equal to the load applied on the shallow
footing P, and the load taken by the piles Py, which can be estimated, e.g.
according to Eq.(8.2); (c¢) the relative cap capacity at this reference
settlement is estimated as: o = P/P;; (d) the reduction in settlement of the
corresponding piled footing &, can be obtained, e.g. from Fig. 8.2, in which the
a-&, curve is the upper limit of the curves in Fig. 6.27; (e) the settlement of
the piled footing can be estimated as: s; = &;-s,. This method can also be used
to predict the settlement of piled footing as the third simplified method.

The method proposed above is exemplified for the prediction of the settlement of
the piled footings T1F, T2F, and T3F. The calculation results are shown in
Tables 8.4 to 8.6.

Table 84  Estimation of the settlement reduction - piled footing TIF

Ref. set.|P, (P)| Py (M | Py, | Py o &, | catcutated | measured
s, (mm) | (kN) ((kN) (kN) | kN) s; (mm) | s; (mm)

10 16.7 |2.20(2.35| 25.8 | 42.5  0.39 |0.12| 1.2 2.1
20 20.7 [2.20(2.35|25.8 | 46.5| 0.44 |0.15| 3.0 3.9
30 23.7 |2.25|2.35| 264 | 50.1 | 047 |0.18| 5.4 6.2
40 26.7 |2.27|2.35| 26.7 | 53.4 | 0.50 |0.23| 92 83

Table 8.5 Estimation of the settlement reduction - piled footing T2F

Ref. set. [P, (Pp)| P, | My pr P, o §7 calcolated | measured
S, (mm) | (kN) |(kN) (N) | (kN) s¢ (mm) | s; (mm)

10 101 |11.8(1.25| 73.8 |174.8| 0.58 |0.38| 3.8 7.6
20 133 |12.9(1.20( 77.4 (210.4| 0.63 [0.46| 9.2 12.6
30 158 [13.7(1.20( 82.2 (240.2| 0.66 [0.51| 15.3 17.4
40 175 |14.0(1.20| 84.0 |259.0| 0.68 |0.54| 21.6 20.8

Table 8.6 Estimation of the settlement reduction - piled footing T3F

Ref. set.|P. (Pp)| P, | M; | P | Py o &, | calcutated | measured
s; (mm) | (kN) |(kN) &N) | (KN) §¢ (mm)|s; (mm)

10 121 | 8.2(1.25| 51.2 (172.2| 0.70 |0.56] 5.6 73
20 168 | 9.1(1.22| 55.5 (223.5| 0.75 |0.64| 128 14.7
30 198 | 9.6(1.20( 57.6 (255.6| 0.77 |0.67| 20.1 20.1
40 221 |10.0(1.20( 60.0 [281.0| 0.79 (0.69| 27.6 25.1
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Although the calculated values are smaller than those measured at small
settlements of the piled footings, the results in Tables 8.4 to 8.6 show a very
good agreement between the calculated and the measured settlements. This method
is promising, especially in the period of preliminary design of a piled footing.
The number of piles required to reduce the settlement of the footing to a
permissible level can be quickly estimated with reasonable accuracy. However, it
has to be realised that the method is empirical and approximate. Thus, the a
value is defined at the same settlement, but it is estimated, according to the
proposed procedure, from the loads applied on the shallow footing and the piled
footing at different settlements. However, by assuming that the behaviour of the
cap in the piled footing is similar to that of the cap alome (P= P.), the
ratio o = P/P, = P /P, still has the meaning of "the relative contribution
of the cap to the capacity of the piled footing”. It is noticed that, for a
piled footing, o is not a fixed value, it varies with varying settlement. Fig.
6.27, the basis for Fig 8.2, was based on the o values calculated for Test
series T1, T2 and T3 at a settlement of 5 mm. It could be based on o values
calculated at another settlement, e.g. 10 or 20 mm. However, the settlements
calculated using the a-£; curve based on a settlement of 5 mm are closest to the
measured values.

162



9. CONCLUSIONS

The behaviour of piled footings in non-cohesive soil with the cap in contact
with the soil surface is quite a complicated problem. The main purpose of this
investigation is to obtain a better knowledge of the load-transfer mechanism,
the pile-cap-soil interaction, as well as of the load-settlement behaviour of
piled footings in non-cohesive soil. Simplified methods of estimating the
settlement of piled footings in sand have been proposed, where the piles are
used for the mere purpose of reducing the settlement of the footings to a
permissible level.

The main conclusions gained from the field tests and the analyses are summarised
in this chapter.

Bearing capacity

The bearing capacity of the piled footings were studied in this thesis by using
the different load efficiencies defined in Table 6.1. All these efficiencies do
not have a fixed value. They vary depending on the settlement level. The most
practical efficiencies are 1, M4, Mg and 13,.

The bearing capacity of a piled footing P; can be calculated according to Eq.
(6.1), which can be modified to the following form:

Py =n (Mg Nys P + My My Py) + Mg P 6.1

where, n
T] 187 71 1b

number of piles in the group,

influence factors of pile-soil-pile interaction on the pile shaft
and pile base capacities,

N4e Na» Ng = influence factors of cap-pile interaction on the pile shaft and
and pile base capacities, and on the capacity of the cap,

P, Py = shaft and base capacities of the reference single pile under
equal soil conditions as the pile group,
P, = capacity of the shallow footing (cap alone).

The load efficiencies T, and 7, represent pile-soil-pile interaction, which is
mainly caused by the pile installation effect. The pile base efficiency 11, can
be taken as unity for piles in medium to dense sand, but it seems to be larger
than unity for piles in loose sand. The pile shaft efficiency m,, is always
higher than unity even for pile groups with large pile spacing. In Test series
T3, with a pile spacing of eight times the pile width (S= 8b), m,, is still
quite large, 1~ 2.
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The load efficiencies M,, M., and 7, represent the effect of the cap-soil
contact pressure. The pile base efficiency m,, is probably higher than unity for
very short piles, but can be taken as unity when the piles are long enough, e.g.
1> (15 to 2) B, where B, is the width of the cap. The pile shaft efficiency
T4 is the most important factor in the cap-pile interaction problem. It seems
to increase linearly with increasing settlement. The efficiency m,, also depends
on the size of the cap: the larger the cap, the greater the efficiency. The
efficiency m,, can be estimated theoretically by analysing the corresponding
shallow footing using the Mohr-Coulomb soil model, as shown in Section 7.2. The
cap efficiency m, is very close to unmity: it is between 1.1 and 1.2 for Test
series T1 in loose sand, and 0.8 to 1.0 for Test series T2 and T3 in medium
dense to dense sand. For practical design purposes, it can be taken as 1.0 for
loose sand, and 0.9 for medium to dense sand.

Lateral earth pressure against the pile shaft

The increase in the capacity of a piled footing due to the cap-soil-pile
interaction is mainly caused by the increase in the pile shaft resistance which
in turn, is induced by the increase in horizontal pressure against the pile
shaft under the cap-soil contact pressure.

The increase in lateral earth pressure against the pile shaft in a piled footing
consists of two components: the increase due to the cap in contact with soil on
the one hand, and to the effect of the pile failure zone on the other. The
effect of cap-soil contact is predominant for the upper part of the pile, while
the effect of the pile failure zone is predominant for the lower part. However,
in comparison with the increase in lateral pressure due to the cap effect, the
increase due to the pile failure effect is small and can be ignored in practice.

At a small cap load Pg, the increase in lateral pressure due to the cap effect
is small. When the cap load is large enough, it increases in proportion to the
increase in the cap load. This can be explained by the fact that, at small cap
loads, the soil under the cap remains in an elastic state and that, therefore,
the horizontal stress induced in the soil is small. At a large enough cap load,
the soil becomes plastic, and in consequence the horizontal stress increases
both in magnitude and in depth of influence, as shown in Section 7.2.

The lateral pressure against the pile shaft clearly decreases with increasing
depth. It has a largest magnitude at the cap-soil interface and reduces to zero
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at a certain depth depending on the size of the cap.
Load sharing between piles and cap

With a good cap-soil contact, the distribution of the load between the cap and
the piles will be governed by the settlement. At very small settlement, the
piles take an important part of the load. When the settlement is large enough to
mobilise the full capacity of the piles, a considerable portion of the applied
load will be transferred to the cap. Thereafter, the load sharing between the
cap and the piles becomes almost constant. The percentage of load carried by the
cap is identical with the concept of relative cap capacity o at a specific
settlement. As in the case of a free-standing pile group, the central pile in a
piled footing in sand takes a higher load than the comer piles.

Load-settlement behaviour

The failure of a piled footing in non-cohesive soil is progressive, ie. the
applied load increases with increasing settlement. The increase in the applied
load is significant and is due to the cap-soil contact pressure which makes the
pile shaft resistance increase considerably.

The load-settlement behaviour of the cap in a piled footing is very similar to
that of a corresponding shallow footing (cap alone). This remark, which is one
of the most important conclusions drawn from the field model tests, is used as
the basis for the simplified method of estimating the settlement of a piled
footing in sand, as proposed in Chapter 8.

The conventional settlement ratio, defined by comparing the settlement of a
single pile with that of a pile group, has little practical meaning in
estimating the settlement of piled footings. The settlement ratio &,, defined as
the settlement of a piled footing to that of a corresponding shallow footing at
the same applied load, seems to be more useful. The ratio &, depends clearly on
the relative cap capacity ¢, and can be used for a quick estimate of the
reduction in settlement of the footing.

Creep behaviour

In loose sand, the creep of the cap in a piled footing is smaller than that of a
corresponding shallow footing. In medium dense to dense sand, the creep
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behaviour of the cap in a piled footing is quite similar to that of a
corresponding shallow footing. As expected, the creep - log time relationship is
quite linear for both the shallow and the piled footings. It can, therefore, be
used for prediction of the long-term creep settlement of the footings.

Proposed calculation methods

Based on the second conclusion on the load-settlement behaviour of a piled
footing, simplified methods of predicting the settlement of piled footings in
non-cohesive soil have been proposed in Chapter 8. Thus, the settlement of a
piled footing can be approximately estimated as the settlement of a
corresponding shallow footing at the same cap load level. The load-settlement
behaviour of a shallow footing, in turn, can be calculated according to any
method preferred by the reader. However, the Author suggests that the Mohr-
Coulomb soil model should be used in the analysis.

The reduction in settlement of a piled footing in relation to the corresponding
shallow footing can also be quickly estimated according to amother simplified
method, with the help of the relative cap capacity, which represents the
contribution of the cap to the capacity of the piled footing. The results of the
simplified methods are in good agreement with those obtained from the field
tests.

Test Procedure

Tests on a piled footing can be performed using two different procedures. The
first procedure, in which the test is started when the pile cap is already in
good contact with the soil, has the advantage of making possible a direct
comparison between the behaviour of a piled footing and those of a shallow
footing and a free-standing pile group. However, using the second procedure, in
which the test is started when the pile cap was 20 mm above the soil surface,
the effect on the pile behaviour of the cap being in contact with soil is more
obvious. Comparisons with other tests can be made by using the load-settlement
curve, modified from the original one according to the method shown in Appendix
A. The second test procedure is strongly recommended for testing piled footings
both in sand and clay.
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Further research

This study has presented a basis for the analysis of the behaviour of a piled
footing with the cap in contact with the soil surface by performing an extensive
program of large-scale field model tests. However, the scale effect may have a
certain influence on the test results. Full-scale tests should be carried out,
according to the test procedures used in this study, to verify the results
obtained.

The existing calculation methods, based on the theory of elasticity, show
disadvantages when predicting the behaviour of a piled footing in non-cohesive
soil, especially for footings with settlement-reducing piles, in which the piles
are close to or at failure. Methods of analysis based on the elastic-plastic
soil model are, therefore, strongly needed.

Studies of the load distribution among the piles in a pile group or in a piled
footing in sand often show a higher capacity for the central pile/piles in
relation to the comer and edge piles. This can be simulated by using a greater
soil stiffness inside the pile group than outside.

The field tests were carried out during a short time. It is known that the
capacity of a single pile, for example, could change with time. The long term
behaviour of a piled footing could, therefore, be different from the results
obtained in this research. The long-term behaviour of piled footingé in sand
needs further investigation.
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APPENDIX A Modification of pile load-settlement curves in tests on a piled
footing using the second test procedure.

As described in Section 3.3, the tests on piled footings were performed using
two different procedures. According to the second procedure, the test on the
piled footing was started when the the cap was 20 mm above the soil surface.
Tests T2F and T3F were carried out by this procedure. This way of testing has
the excellent advantage in that the effect on the behaviour of the piles of the
cap in contact with the soil can be seen clearly. The other effects, such as
time and penetration effects, can be eliminated by taking the test results
before cap-soil contact in the continuous test on the piled footing as those
obtaining for the free-standing pile group. However, using this procedure the
test results can not be directly compared with those of the other tests in the
same series. In order to make possible a comparison, the original pile load-
settlement curve was modified in the way described in this appendix.
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Fig. A.l1 The original pile load-settlement curve in a piled footing test
carried out according to the second test procedure

The original pile load-settlement curve in a piled footing test, carried out
according to the second testing procedure, is shown in Fig.A.l1. In this figure,
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AB corresponds to the free-standing pile group (before cap-soil contact), and CD
corresponds to the behaviour of the piles in the piled footing (after contact).
Based on a remark from Test series T1, stating that the initial stiffness of the
piles in the piled footing is very similar to that of the corresponding free-
standing pile group, curve AB can be used as the initial part of the modified
curve. Curve CD, of course, can be used for the final part of the modified curve
with the corresponding settlement starting from zero, Fig A.2. EF is a transient
part to adapt the two curves. The modified pile load-settlement curve is AEFD.
The modified curve is approximate for small settlements, but accurate for large
enough settlements.
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Fig. A2 Establishment of modified pile load-settlement curve
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APPENDIX B Electrical CPT Tests - Typical Results (Before Tests)
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