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ABSTRACT

The work under report includes a study of the behaviour of
scaled piles in uniformly graded plastic silt and the performance and
analysis of full-length field piles in Edmonton soil. All the eight
piles tested were of Concrete Bored-in Type. Piles in silt were scaled
down to a nominal diameter of 5 inches and overall length of about 66
inches. The belled pile and ome of the straight-shaft piles were
instrumented close to the bottom for measuring the load transferred
to the tip. The ends of two full-length piles terminated in the lake
deposit whereas the other two were embedded solely in dense till below,
passing clear through the overlying lake deposit. All the four field
piles were provided with load-cells for measuring the load transferred
to soil at the lower ends of the piles.

Too much emphasis has not-been placed on summarising the
details of published theories of bearing capacity, settlement and other
related topics. A brief review and a large number of references pertain-
ing in particular to the pile load tests have, however, been included.

Availability of free water from fresh concrete or from any other
source, was found to have a major influence on the shear strength of the
shaft soll as also on the ultimate bearing capacity of a pile in silt.
Effect of variation in the embedded length was quite conspicuous for piles
in till, in which the shafts developed a high degree of adhesion and the

ultimate resistance corresponded nearly to the residual shear strength of
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soil. Dominant in the behaviodp of piles in Lake Edmonton soil was
the effect of remolding of the sandy-silty-clayey shaft soil offering
a comparatively small résistance which would correspond roughly to

the remolded strength of the soil. Behayiour of various types of
soils under different physical and environmental conditions being
different, it was concluded that the method of describing the shaft
capacity of a pile by making use of a reauction coefficient such as

o which would absorb all the variations in the shear strength of soil
due to various causes, was the best.

Fq? the type of soil encountered locally, it was established
that correlations for computing shaft and tip capacities of a pile if
based on field penetration N-values, would give more dependable results
than if evaluated froﬁ laboratory test results, Recommendations for

further study in this connection have been suggested.
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CHAPTER I

INTRODUCTION

1.1 General

As a result of the rapid all-round tempo of development during
the recent past, the metropolitan areas have become centres of industrial,
educational and recreational activities, resulting in the ever-increasing
demand for covered accommodation. Want of adequate space has made the
large industrial complexes and apartment buildings rise more vertically
than spread horizontally. This is true of all the major cities the world
over and Edmonton is no exception. Requirement of stronger and deeper
foundations has been the result. Foundation engineers have been answering
it by providing support on piles taken down into the soil deep enough to
‘develop adequate bearing capacity warranted by the structure. The problem
of determining the number, the spacing and the economical depth of the
piles together with the proportion of load shared by skin and the tip of
individual piles driven or cast into non-homogeneous soil possessing
inconsistent characteristics has baffled many a soils éngineer.

With these and many other related problems in mind, the Depart-
ment of Civil Engineering, University 6f Alberta, embarked upon the
programme of testing individual piles, aimed at separating the magnitudes
of the two components, viz., skin friction and tip resistance, for the
local soil conditions, and making recommendations for the design of the

-1 -
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piles invand around Edmonton. The piloneer work in this direction was
done by HARRIS (1964) who studied the behaviour of axially-loaded single
piles embedded in cohesive soil by making use of one-inch diameter,
fifteen-inch long brass tubing piles inst;umented along the shaft and a
little above the interchangeable base (one-inch or two-inch diameter).
The next series included the test-loading of bored, cast-in—placé, scaled
piles in uniformly-graded compacted silt. Five-inch diameter, sixty-inch
long piles (one supported by soil both along the shaft and at base with a
load-cell near the bottom,'the other similar one without any instrumenta-
tion, the third one also without instrumentation but with a clear_gap at
bottom, i.e., supported by skin-friction alone and a fourth one with a
bell at the bottom and provided with a load-cell immediately above the
bell) were test-loaded during summer 1966, and a report on the findings
was submitted by the present author to the Department of Civil Engineering.
A condensed version of the same appears in Chapter III of this thesis.
Full-length field testing of bored cast-in-situ piles was next
taken in hand by the University, in collaboration with Western Caisson
Foundations Ltd., Bernard Hogan Engineering Ltd. and the Department of
Public Works. A site with supposedly representative soil conditions.was
selected in the University Farm and four piles (two in dense clay-till
and two in the upper lake clay overlying till) were installed during
summer 1967, and were test-loaded to failure. The detailed programme of
investigation has been outlined in Chapter IV of this report and the

analysis of the test-results given thereafter.



1.2 Statement of the Problem

The number of piile-supported structures is steadily increasing
and the cost of conducting a full-scale pile-loading test is not Jjustified
for each one of these separately. Pile—léad tests already performed by
various foundation engineering firms give some information on the ultimate
bearing capacity of the pile only for specific locations. No attempt hés
been made either to determine the proportions of shaft and base capacities
of the piles or to generalize the design procedure for the area so as to
economise on the cost of site investigations in the future. An acceptable
design method should consider both the settlement as well as the end-
bearing and shaft capacity of the pile during various stages of loading.
The purpose of this investigation, therefore, is to attempt to evaluate
these factors and to correlate these with the soil characteristics in
. general for cast-in-place concrete piles in uniform silty pit-soil, as
also in the soil type generally encountered in the Edmonton area, by

.making use of load-tests on individual instrumented piles.

1.3 Scope of Investigation and Limitations

This thesis summarises the present state of knowledge about load
tests in general, and reviews the work done in this University on scéled
piles in silt, during summer 1966. Details of field investigation for
full-length tests, fabrication, calibration and installation of heavy-duty
load-cells have been given and the results of the loading tests and their
possible correlations with the soil properties discussed. An attempt has

been made to evolve a rational design procedure for bored cast-in-place
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piies in thé Edmonton area taking into consideration all the pertinent
factors.

The scope of the investigation has, howeQer, been limited by
a number of factors, the most important affecting the results, interpre-
tations and recommendations being the av;ilable time at the disposal of
the present author. Design, fabricatioﬁ, calibration and installation
of the load-cells for use in the scaled-piles testing programme, test-
loading the piles and laboratory testing of soil together with the
preparation of the report, were all completed in a matter of about four
months. Field piles, on the other hand, were installed during July/August
1967, but the loading frame was not available for about five months
thereafter. This dragged the actual testing programme into the midst of
winter, with freezing temperatures reigning all around the site. Erection
of a temporary roofing gave no relief. Gas heating inside was not
effective beyond two to three feet from the source of the heat. Loading
tests on piles in clay were performed when the tempefature inside the shed
ranged from -5 to +5 degrees centigrade. The heating, however, did ensure
that the top soil around the piles did not freeze. Thermal lining of the
shed from inside.improved matters considerably and the remaining two tests ‘
were conducted comfortably thereafter, concluding the series on April 16,
1968. FIGURE 1.1 gives a view of the test site representing the average
conditions prevailing during the entire period of testing.

There was a gap of about 6 to 10 months reckoned from the date
the strain gauges were applied to the pillars of a partlcular load-cell to
the date when the corresponding pile was tested. This, together with

possibly some other unknown factors, presumably made the strain gauges
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strip off the pillars at least in one of the four load-cells, making it
impossible to evaluate the base resistance directly. Indirect methods |
have therefore been attempted for analysis in that case. Affer installa-
tion and prior to testing, there were periods of rain and snow; and
though the pile tops were kept covered, water did find its way at least
into the surrounding soil, thereby changing its strength characteristics
to a certain extent. Two additional test holes were therefore bored
close to thg site and samples obtained for laboratory testing.

Load-cells placed near the tips of the two piles in dense till
indicated, during the process of testing, values of maximum base resistance
much in excess of the design capacity of the cells. Actual values, in
these cases, have Eeen obtained from the calibration curves by linear
extrapolation. It has been presumed that there was no plastic yield of
the material of the cell for loads up to about 1.5 times the design
capacity. A built-in factor of safety of 1.5 was, however, available for
the cells, having been originally designed on that basis.

The correlations developed and the recommendations made are
further limited b& the extent of time-consuming laboratory festing. The
number of strength tests performed in till are relatively few compared to
those in clay for which samples from four test holes were available. A
large number of till samples crumbled during preparation or extraction
from the sampling tubes due to the frequent presence of pockets of loose
silt and fine sand. The average value of strength parameters had therefore
to be obtained from just a few results. Continuously non-homogeneous pro-
file, however, perhaps did merit further laboratory inﬁestigations, but

the available time has once again been a limiting factor.



1.4 Symbols and Definitions

Symbols used in the texE have been defined in APPENDIX O
of this thesis. In general, the terms uséd hereafter are those
recommended by the American Society of Civil Engineers (ASCE, 1958)
or by the American Society for Testing and Materials (ASTM: D 653-64).
All symbols used have however been defined wherever they occur first

in the text.



CHAPTER II

BACKGROUND OF PILE LOAD.TESTS

2.1 1Introduction

Use of piles to supporf structures has been in vogue for
hundreds of years. Their design, however, was purely empirical or based
on past experience. For all these years there has been a continuous
though slow progress both in design and in the construction methods.
There have, however, been periods of gloom and uncertainty when during
the early 20th century, engineers discovered that the empirical rules
for design of piles were far from correct. The opening remarks by
CRANDALL (1936) in the discussion on the Bearing Capacity of Piles are’
quoted below in this connection:

The use of pile foundations used to be a simple problem
and one to which engineers would always resort when in doubt or
difficulty. Pile driving was then a pleasant and profitable
pastime. Today the problem is becoming so complex and involved
that the use of piles may soon have to be abandoned. In the past
it was so easy to drive piles to some resistance by some formula,
multiply the number of piles by this resistance and thus obtain
a foundation. Today we know that our formulae were faulty, that
the resistance of one pile is not indicative of the resistance of
the entire group and that the entire group with its surrounding
soil mass may be constantly settling. Such is progress.

In spite of this, improved methods, both theoretical and those
based on actual loading tests, kept on being developed during the last
thirty years with the result that "the design procedure is now on its

way to becoming a method that can be judged, designed and controlled by

scientifically sound theories (KEZDI, 1965)."
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Having designed a pile-foundation on the basis of theory,
or the available semi-empirical formulae, it is necessary, at least
in the case of certain major or important structures, to verify the
assumptions made in the theoretical design and thus to ensure that a
certain minimum factor of safety against failure.is definitely available.
This, precisely, is the purpose of conducting a pile load test. And
since it is not possible to predict the behaviour of a group of piles
from that of a single pile, and since it is almost impracticable to
perform field tests on groups, laboratory load tests on groups of model
piles have become popular in recent years (WHITAKER, 1957; COOKE and
WHITAKER, 1961; SOWERS and FAUSOLD, 1961; KISHIDA and MEYERHOF, 1965).

Computations of the Ultimate Bearing Capacity of piles have
been based both on the plastic and on the elastic behaviour of soil under
loads. Validity of the simplifying assumptions made'in the two cases
has often been questioned. The assumption that 3 soil behaves elastically
is probably far from true under static loads but is considered valid under
dynamic stress conditions. Many investigators have based their analyses
of the stress conditions for the ultimate plastic failure of the soil by
assuming various possible mechanisms of failufe. The accurady of the
expressions derived by them therefore depends upon the extent to which the
assumed shapes of surfaces of failure approach reality. Most of the
clayey soils in nature are saturated or nearly saturated and behave as
frictionless materials under applied total stresses, provided no change
takes place in the moisture content. The general expression for ultimate

bearing capacity 4 for such soils, based on the assumption that ¢ = 0,
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assumes the form:
q =cN (2.1)

where c¢ is the unit cohesion and Nc the bearing capacity factor.
PRANDTL (1920, 1921), HENCKY (1923), and MEYERHOF (1951) conducted
investigations using circular or strip foundations (smooth and rough
bases) and obtained values of Nc in the above expression, ranging
generally from 5 to 6 for surface loadings. Further contributions in
this respect have been made by TERZAGHI (1943), MEYERHOF (1951) and
SKEﬂPTON (1951) and solutions for deep foundatioﬁs (b/B > 2) have been
presented. The failure mechanism assumed in each case has been dis-
cussed by HARRIS (1964). Additional effect of depth and unit weight
of soil has been considered separately. Assuming plastic failure,
following semi-empirical expressions for bearing capacity of circular

foundations at any depth have been obtained by these investigators:

TERZAGHI (1943): q = 1.3 N, + v, D N+ 0.6erY eee (2.2)

f

MEYERHOF (1951): q = cN_ + y D N+ Ty N, eee (2.3)

f

SKEMPTON (1951): q %-[ch +p 0N - 1) + 1—%—§-NY] D e.. (2.4)

where:

q, = ultimate unit bearing capacity,

q, = allowable unit bearing capacity,
¢ = unit cohesion of the soil,
Y = moist unit weight of soil above water table

or buoyant weight if below water table,

D, = depth of foundation to the bottom of the footing,
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radius of the circular footing,

2]
]

desired factor of safety,

*x
It

P effective overburden pressure at foundation level,

o
B

breadth of the foundation,
Nc’ N , and N = dimensionless bearing capacity factors
dependenz upon the angle of shearing resistance of

the soil for use in equation (2.2); dependent upon

the shape factor A for various D/B ratios and the

roughness of base for use in equation (2.3) and

dependent upon ¢ the angle of shearing resistance

and the ratios L/B and D/B of the foundation

for use in equation (2.4). Here L and D represent

the length and depth of the foundation respectively,
= increased unit weight of the soil produced to counteract

the shear stress developed over the surface of Terzaghi's

outer failure cylinder and the skin friction developed

over the pile shaft (TERZAGHI, 1943, p. 135).

The general equations for bearing capacity given by Terzaghi
and Meyerhof are similar but the values of the bearing capacity factors
differ. Both Terzaghi and Meyerhof have added up the additional component
eqﬁal to 2fs D/r (where fS is the unit skin friction developed over the
shaft) to the values obtained from equation (2.2) or (2.3) above, so as to
obtain the ultimate bearing capacity of a pile. From his general equation
(2.4) above, and for the condition: ¢ = 0 (saturated clays) in which

case the bearing capacity factors Nq and NY equal unity and zero

respectively, SKEMPTON (1951) obtained the expression:

i

cN, +p «eo (2.5)

by

or q = cN, «eo (2.52)

wherein q, = net ultimate bearing capacity,
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and Nc = 6.2, 7.1, 7.7, 8.1, 8.4, 8.6 and 9.0 for D/B ratios of
the pile equal to 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0 and over
respectively. Maximum value of Nc = 9 corresponding to D/B ratio of

4 or more, according to Skempton, is satisfactory both on the basis of
theoretical and on the basis of experimental results. WHITAKER and COOKE
(1966) , however, have introduced another factor w to be determined from

field tests and have re-written Skempton's equation (2;5a) as:

qn = . ch v (2.6)

Herein the value of Nc = 9 has been retained so that the factor o
accounts for the variation in the values of the shear strength due to the
physical and envirommental characteristics of the clay. For diameters of
piles between about 1.5 and 3 feet, a value of w = 0.75 has beeﬁ sug~
gested for fissured London Clay on the basis of results obtained by the
authors.

For the safety of structures, it is essential to ensure that
settlement does not exceed a certain maximum value. Some theoretical and
semi-empirical approaches have been made to predict the total expected
settlement under a loaded area. 1In general, it would include the
immediate settlement Ai due to the plastic deformation of the soil and
the long-time settlement Ac due to the consolidation.of the strata below
the loaded area. Based on the Theory of Elasticity, the immediate settle-

ment of a foundation on the surface of a semi-infinite solid is usually

computed from the following equation (TERZAGHI, 1943; SKEMPTON, 1951):



. BI'];_‘:—J;L— LY (2.7)

wherein:
q is the net foundation pressure,
B is the breadth of the foundation,
I is the influence factor, the value of
which depends on shape and rigidity
of the foundation,

u 1is the Poisson's ratio of the materiél, and

E is the modulus of elasticity of the
material.

For use in the above equation, the value of E 1is taken from the
laboratory stress-strain curve corresponding to the existing overburden
pressure (being the secant modulus) and u for clay is assumed to be
0.5. Values of I which depend on L/B ratio of the foundation and the
thickness of the compressible layer are obtained from Steinbrenner's
curves (TOMLINSON, 1963) or from Terzaghi's approximation of the curves
(TERZAGHI, 1943, p. 425).

The above expression has been simplified by SKEMPTON (1951)
according to whom the immediate settlement for fully-saturated clay
undergoing no volume change under applied stresses (6 = 0 condition) is

given by:

Ai = 2B - ¢ e (2.8)

where € 1is the axial strain in a triaxial undrained test under a

deviatior stress (01 - 03) and is obtained from the relation:

g = %-(cl - 03), E being the secant modulus at the stress_(o1 - 03). The

above expression assumes a rigid circular footing and the value of N, = 6.8.
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Long-time settlement of foundations on clayey soils is
obtained from laboratory consolidation tests run on undisturbed samples.
At any depth 2z below the foundation, consolidation settlement based on
these laboratory tests may be computed from the following expression

_given by SKEMPTON (1951):

Hc
A = [ m .0 .dz ees (2.9)
‘o

The term (mv . cz) in the above expression represents the product

of compressibility and the corresponding pressure determined for the range
of depth O to Hc for the pressures varying from Py to (po + oz), where
P, is the original effective overburden pressure at depth z, and g, is

the iﬁcrement of vertical pressure set up at this depth by the net founda-
tion pressure. Hc represents.the maximum depth of the compressible layer
below the foﬁndation or some depth such as 4B or 2B beneath which the
settlement is negligibie. For obtaining an approximate average value, the

above equation can be written as:

Alab =m, .0, . Hc ees (2.92)

where o, is the increment of vertical stress at mid-depth of layer resulting
from the effective overburden pressure and m, is the average coefficient of
compressibility for the layer under consideration.

Actual settlement due to consolidation may generally be less than
the value indicated by the laboratory tests (SKEMPTON and BJERRUM, 1957).
The value of the reduction coefficient He according to the authors varies

from 0.2 for heavily overconsolidated clays to 1.0 (or even 1.2) for
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véry sensitive clays. The value of settlement so computed shall be
satisfactory for a foundation at the surface. A correction. fD for

depth factor depending upon the depth-to-area ratio and the length-to-
breadth ratio of the foundation may furthér be applied to obtain the
consolidation settlement Ac at any depth and for any flexible rectangular

foundation. Thus:

A e (2.10)

e M’ fD ) Alab
The values of fD in the above expression may be obtained from the cor-
rection curves presented by FOX (1948).

Having computed both the immediate and the long-time settlements,

the total net settlement for foundations on clay is obtained by adding up

the two. Thus:
A =~Ai + Ac | oo (2.11)

It is generally not possible to obtain undisturbed samples of
cohesionless soils. Correlations on the basis of laboratory test results
are therefore not possible. Settlement of foundations on sand is generally
estimated from the field test results. TERZAGHI and PECK (1967) have given
an empirical relationship both in the form of a curve aﬁd as an approximate
empirical formula obtained on the basis of experimental results, as well as
field observations, for obtaining the settlement of any foundation on sand
by extrapolating the results of plate loading tests. The following empiri-
cal relationship due to DE BEER and MARTENS (1957) which makes use of

Terzaghi's formula for obtaining consolidation settlement and is based on
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static cone penetration tests in the field, is claimed by the authors to

give satisfactory results for foundations on sand:

H, P+ %
A = '(_:_— loge P_—— s e e (2.12)
o
C
where C=1.5 kd

5;_ and other symbols used have the same meaning
as before. de here represents the static cone resistance
in kg/cm2 or tons/ftz.

Capacities of piles computed by static formulae discussed
earlier in this chapter make use of a certain reduced value of the shear
strength of clay as determined by undrained compression tests, for the
computation of load-transfer from shaft to the surrounding soil mass, the
coefficient of reduction not having a unique value. Dynamic formulae
which employ the driving energy of the falling hammer can give values as
much in error as 100 per cent (MANSUR and FOCHT, 1956) when'compared with
the field test results. None of these formulae yields the load-settlement
data. Methods of ascertaining settlement are too approximate im nature.
Load-settlement data obtained from full-length pile tests would generally
apply only to a single site and to one pile length. Moreover, the tests
are expensive. Such considerations have made the present-day research
workers think of developing analytical methods for predicting load-carrying
capacity and load—settlement‘data for loaded piles.

HOBBS (1963) presented an analysis on the basis of the theory
of elasticity for obtaining load-settlement curves for a pile.- He derived
an expression for base load in terms of modulus of elasticity of the soil,

Poisson's ratio, settlement at surface and the bearing capacity factor the
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value of which depends upon the rigidity and shape of the base. The
expression accounts for elastic compression of the shaft, load-transfer
from shaft to the soil around and deformation of the soil at base under
the balance load. The expression gives only the immediate settlement
leaving out the deep-seated settlement and the contribution due to
consolidation with time. The analysis given by REESE (1964) and COYLE
and REESE (1966) has been based on the correlations of the ratio of
load-transfer to soil shear strength as a function of pile movement and
presented in the form of curves. Field and laboratory verification
indicates the suitability of the method for general use in the case of
axially-loaded piles in clay. Theoretical solutions to the problem have
also been presented by THURMAN and D'APPOLONIA (1965) for single piles
making use of theory of elasticity and by SALAS and BELZUNCE (1965) based
on Mindlin's solution (MINDLIN, 1936) for stress due to a point load in
the interior of a semi-infinite half space.

Based on fhe results of plate-bearing tests and the general
equation from the theory of elasticity (equation 2.7), BURLAND et al.
have recently (1966) presented the following relationship for computing the
load-settlement data suitable for ﬁlotting the initial one-third portion of

the curve, assuming it to be a straight line:

Ay =K« B . ee. (2.13)
L1t ‘
wherein Ai 1s the immediate elastic settlement,

B is the diameter of the pile,

q and 91t pertain to the loading pressure

on the plate

and K 1is a dimensionless number related to both the
stress-strain properties and the strength

characteristics of the soil;
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its value is given by:
YD 1-u

K=N +— .1, ———
cc, E/cu eee (2.14)

where Y is the average density of the soil within
the total depth D of the pile,

. is the undrained shear strength, and
other symbols have the same meaning as before.
The expressions given in the paragraphs above and many others

have been employed in the past to arrive at the allowable bearing capacity
and settlement of a pile with considerable amount of success but many a
conservative engipeer still fegls that there is no substitute for an
actual load-test at least for specific locations. Various types of tests
and test procedures that have been used in the past, as also the methods
available for separating the magnitudes of skin friction and end-bearing

as well as the design criteria based on such tests have been discussed in the

the paragraphs that follow.

2.2 Types of Load-Tests and Test Procedures

Until recently the procedure of testing known as the Maintained
lLoad Test (M.L. Test) Method according to which increments of loads are
applied and maintained at the pile top while its settlement is continuously
measured, was commonly employed. The increments of load as also the
duration of its maintenance on the pile were quite arbitrary, in some cases
dependent upon a certain minimum rate of penetratioﬁ or a certain specified
period of time after which the next increment would be applied. The load

would be removed completely after each increment and applied again (Cyclic
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Loading) or would be increased continuously (Continuous Loading) and the
pile rebounded only at end, measurements of the settlement being taken
in each case and at each stage. The repeeted unloading and re-loading
cycles enable the measurement of net settlement after each unloading
phase. Cyclic loading, however, is not permitted by many of the standard
building codes (FLETCHER, 1962). The ASTM ﬁethod of testing (D 1143-57 T)
makes use of the continuous loading procedure. Total test load to be
applied is twice the anticipated working load, the successive increments
of loading being 25, 50, 75, 100, 125, 150, 175 and 200 per cent of the
anticipated load. Settlement readings made to an accuracy of 0.001 ft. are
taken before and atter the application of each increment. .A new increment
is applied after the rate of settlement under the previous settlement is
less than 0,001 ft. in 1 hour or until 2 hours have elapsed, whichever
occurs first. Full test load is required to remain on the pile for 24
hours. An alternative method according to which load increments are added
at constant time intervals (minimum, 30 minutes) is also available. After
the completion of loading, the pile is rebounded with the remaining loads
amounting to 75, 50, 25, 10, O per cent of full test load. Final rebound
is recorded 24 hours after the entire test load has been removed.

WHITAKER and COOKE (1961), for their tests on model piles, used
a method called the Constant Rate of Penetration (C.R.P.) Test, which
requires the pile to penetrate at a comnstant speed, the force applied at
the top of the pile to maintain the rate and penetration being continuously
measured. Though the method does not give an indication of the settlement

at loads other than the ultimate load, the major attraction is the rapidity
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by which it can be performed. The other advantage is that the rate of
penetration can be matched with the laboratory rate of testing. For
obtaining the settlements at loads other ;han the ultimate, the authors
recommend that the C.R.P. test be followe& by the determination of
settlement under a maintained load equal to the design load.

Another method, claimed by the authors (MOHAN et al., 1967) to
be simpler than the.two described above, involves the application of each
increment of load about five to ten per cent in excess of the actual and
maintained constant for about five minutes and then allowed to reduce by
itself due to the yielding of the ground. A state of equilibrium is
reached between load and subsequent settlement and the ultimate load is
obtained with fair accuracy from the load-settlement curve. The method
eliminates the need for a load maintainer and is claimed to be quicker,
providing a better indication of the load-settlement behaviour of the pile.
It has been called the Method of Equilibrium by the authors.

Each of the three methods outlined above has its own advantages
and disadvantages. In general, however, load-tests give reliable results
for piles in granular soils and in such other soils where the bearing
capacity cannot be established otherwise. In fine-grained soils they give
the ultimate bearing capacity but the results do not inaicate true load-
settlement relationship due to the subsequent long-time effects of consolid-
ation. Initially the results would indicate relatively large bearing
capacity for a small settlement. With the passage of time, a large proportion
of load carried by skin friction may get transferred to the pile point and the
settlement may suddenly increase. In such cases it is extremely useful to

have a knowledge of the ultimate value of skin frictiom.
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2.3 Loadiné Methods

The method of applyihg load at the top of the pile depends
on its expected magnitude and the equipment available. Where loads
are not too great, reaction can be applied by loaded trucks or by
reaction against the structural members 6f a building. Direct loading,
by supporting a heavily-loaded platform at the pile top may be suitable
if higher magnitudes are required. Application of the reaction obtained
by jacking against the loaded platform or by making use of two or more
anchor piles installed around the test pile permits an easy control and
is useful for cyclic type of loading where it is required to load, unload
and reload the pile many times during a test. Another method suggested
" by CHELLIS (1961) consists in the application of the load by means of a
cantilever arm loaded at the free end with the pile top situated closer

to the hinged end.

2.4 Separation of Skin Friction and End Bearing

Total bearing capacity of a pile is made up of point bearing
capacity and shaft capacity (or mobilized skin friction). Many a time it
is necessary to separate the two components. For instance, in the case
of friction piles in clay, silt or a combination of the two, there is a
gradual transfer of load from the shaft to the tip of the pile, The pile
then starts sinking rapidly. It is thus necessary, not only to determine the
maximum magnitudes of the two components separately, but also to estimate their
variability as a function of time, together with the corresponding settle-

ments. And, since long-time test's are impracticable to carry, it would be
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at least worth while knowing the magnitude of load on‘the shaft; part of
ﬁhich shall eventually be traﬁsferred to the pile base. With that aim in
view, sophisticated instrumentation for mg;sureménts at the base as well
as along the shaff has been developed and.semi-empirical relationships
‘based on the results of laboratory and field tesfing of piles have been
presented. Purely Fheoret;cal solutions have also been offered.

Based upon the value of the bearing capacity factor Nc =9
for deep foundations on saturatéd clay, SKEMPTON (1959) developed from
the field tests on bored piles, the following éxpfession between average
adhesion c, (between clay and pile shaft) and the mean undisturbéd shear

strength ¢ of clay within the depth of penetration of the pile:
cC =a-°cC eee (2.15)

Here o is the coefficient of adhesion the value of which varies from
0.3 to 0.6 for London Clay. Lower value of 0.3 has been recommended for
relatively short piles installed in heavily fissured clay and corresponds
to the fully softened shear strength of the spil whereas the higher value
of 0.6 (with the maximum value of o « ¢ limitéd to 2000 psf) has been
recommended for heavy foundations supported on long piles. In general, an
average value of o = 0.45 could be adopted for sheaf~§trength of the
order of 4500 psi or less. The values of & given by Skempton were ob-
tained by him from the test results in fissured London Clay only. Other
investigators (COOKE and WHITAKER, 1961; WHITAKER, 1962; LO and STERMAC,
1964; HARRIS, 1964; WHITAKER and COOKE, 1965) experimenting with either
model or full-length piles obtained values of « ?anging from as low as

0.248 (HARRIS, 1964) to as high as 1.0 (LO and STERMAC, 1964) for remoulded
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 Lake Edmonton Clay and for stiff clay respectively.

Insgrumeﬁtation of the test pile along the shaft and the base
for obtaining shaft capacity and tip resistance or for checking and
re-calculating the values of Nc and o is éelatively a recent development,
Other ﬁethods employed for the same purpose includg plate-bearing tests
performed at the bottom of the hole (GOLDER and LEONARD, 1954) for
evaluating the tip ?esistaﬁce; use of cone penetrometers passing through
a casing tube for finding out end bearing and friction values by pushing
the two alternately (DELF SOIL MECHANICS LABORATORY, 1936) and provision
of an air-gap at the bottom of the pile for evaluating the skin friction
(MOHAN and CHANDRA, 1961). Stress distribution along the shaft for a
" displacement pile was determined by REESE and SEED (1955) by installing
total pressure and pore-water pressure gages at a number of places along
the shaft. Use of electrical extensometers.installed at various elevations
along the depth of the pile as well as at the bottom was probably first
made by VAN WEEL (1957). A calibrated miniature load-cell with electric
resistance strain gages mounted on it was placed at the bottom of the model
pile for the measurement of tip resistance.by COOKE and WHITAKER (1961).
Installation of resistance strain gages along the shaft and at the bottom
of the pile have now become normal featﬁres of many pile-testing programmes.
WHITAKER and COOKE (1966) and COYLE and REESE (1966), making use of
instrumented piles, have produced comprehensive and valuable test/research

reports for the design of piles.

2.5 Pile Settlement Data from Load Tests

Useful settlement data on full-scale field testing concerning, in
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particular, the shaft and base resistance, is scanty and the informatioﬁ
available cannot be extended to other sites without considerable deliber-
ation. According to a suggestion offered by TERZAGHI (1§42), the ultimate
load on a pile is reached when the net settlement is equal to 1/10 of the
.tip di;meter of the pile. SKEMPTON (1959) and WHITAKER and COOKE (1965)
have now come up with some information for bored cast-in-place concrete
piles. For piles between 12 in. and 24 in. diameter, the settlement at
ultimate capacity of the pile, according to Skempton, is of the order of
0.085 B, where B is the diameter of the pile base. At 907 of the
ultimate load, the settlement averages to about 0.04 B. Whitaker and Cooke,
working in the same type of soil (fissured Londén Clay) found the maximum
resistance td have been offered at é settlement of aboﬁt 10 per cent of the
shaft diameter (i.e., 0.1 B). Taking separately, the maximum shaft re;ist-
ance mobilized at just one per cent of shaft diameter (0.01 B) and maximum

base resistance corresponding to 10 per cent settlement (i.e., 0.1 B).

2.6 Tests on Model Piles

Simplicity and ease of test performance under laboratory conditions
and the impracticability of full-length field-testing of groups of piles
have brought in the use of small model piles for predidting the general pile
performance. Model piles so far ﬁsed, have generally been instrumented.
WHITAKER (1957) performed experiments on groups of 1/8 inch diameter solid
brass piles measuring the loads by making use of probing rings calibrated
by electrical resistance strain gages. Tests on éiles with enlarged bases,
using hollow brass piles of various lengths, were performed by COOKE and

WHITAKER (1961). The piles were provided with miniature load cells near the
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base, thus enabling the authors to separate the magnitudes of base resist-
ance and skin friction. Experiments on groups of piles of diameter 0.5 in.
and 1.25 in. were performed by SOWERS (1961) who evéluated the effect of
various spacings on the bearing capacity ;f the group, as also the load-
distribution among various piles within the group. HARRIS (1964) used
1-in. diameter 15-in. long brass piles (straight shaft and enlarged base)
instrumented along the shaft with strain gages and provided with a small
load-cell near the base and studied the load-settlement relationships both
for the shaft and base resistances. KISHIDA and MEYERHOF (1965) derived

a theoretical equatioﬁ for fhe bearing capacity in sand including lateral

forces on the sideé of the model pile groups.

2.7 Presentation of Test Results

Results of a pile-loading test are presented in the form of the
following curves:
1. Load vs. Settlement of Pile Head,
2. Load vs. Time,
3. Time vs. Settlement.
If the pile has been instrumented to measure the base resistance,
the following two curves may also be plotted:
4., Base Resistance vs. Settlement of Pile Head,
5. Shaft Resistance vs. Settlement of Pile Head.
Making use of the rebound part of the load settlement curve, Net
Settlement, which is the difference between the top settlement under any
load and the total elastic recovery on the removal of the load, is obtained.

A curve represeﬁting the relationship between the load and net settlement
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is then plotted. For purposes of analysis and ¢omparison of results from
any two or more tests, it is convenient to plot the above-mentioned curves,
using dimensionless parameters Q/QT’ QS/QT’ QB/QT and A/B, where Q is
the applied load at any stage, QT the maximum test load and QS’ QB the shaft
and base components of load Q. The design criteria are then developed on

the basis of these curves as described in the paragraph below.

2.8 Evaluation of Test Results, Design Criteria and Safety Factors

For evolving a satisfactory design, the bearing capacity must be
so selected that a ceftain ﬁinimum factor of safety (2 to 3) is ensured
and that the resulting settlement is not objectionable from the point of
view of structural or architectural damage. The first requirement therefore
is the selection of the point on the load settlement curve indicating A
failure. Many criteria based on the steepness of the last portion of the
curve, based on arbitrarily chosen increaéed rate of settlement beyond a
‘certain stage or based on some geometrical construction have been éuggested
by CHELLIS (1961) and FLETCHER (1962). A novel method of determining the
ultimate load capacity of the pile, taking into comsideration the effect of
cyclic loading, the time duration for which each load is maintained and
the settlement, has been described by VAN DER VEEN (1953). The one method
commonly adopted, as also used in this thesis, is to assume the yield load
corresponding to the point of intersection.of the two tangent lines drawn
to the general slopes of the upper and the lower portioné of the curve. The
determination of safe load is based both on the ultimate load capacity and

on gross or net settlement. Most building codes suggest a factor of safety

of 2 on the ultimate load capacity and a maximum net settlement of 0.0l in.
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per ton of total load. Different limits either on the basis of net or
gross settlement have been specified by §ome other codes (TENG, 1962;
FLETCHER, 1962). |

The criteria of evaluating safe load on a pile discussed above
applies to the load tests on non-instrumented piles where data are avail-
able only for the total load. A similar determination, when the base and
shaft resistances have Seen separated out, is complicated by the fact that
the two peak values occur at widely different settlements. Further, in
terms of stability of the structure, which can sustain only a limited
amount of settlement, failure load may be much lower than the ultimate load
capaci;y of the pile. The working load therefore may not necessarily be
based on the ultimate bearing resistance of the pile. TOMLINSON (1963) has
suggested a factor of safety of 2 to 3 on the sum of full base resistance
and the ultimate shaft load calculated on the basis of average adhesion.
With a view to evol&ing an economic design procedure by making maximum use
of the ultimate load capacity of the pile, WHITAKER and COOKE (1965, 1966)
have suggested the choice of two load factors, one for shaft resistance (Fs)
and the other for base resistance (Fb), and calculation of the working load

by making use of the following expression:

Q Q
Working Load W = §§H-+~§§H oo (2.16)
s b
where Qgy = Ultimate Shaft Resistance, and
. QBU = Ultimate Base Resistance.

Knowing the allowable settlement, the value of FS (which is more

significant since the shaft resistance is mobilized more quickly than the
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base resistance) is scaled frﬁm a curve between load factor and settlement
ratio A/B for pile top, drawn by making use of the plot between shaft-
resistance and settlement ratio A/B. From a similar plot for base
resistance, the corresponding load factor Fb for base is read off. Working
values for shaft friction and base load are then determined, shaft compres-
sion calculated and used for determining the revised value Fb now for the
settlement of the pile base. After a few approximations the working load is
finally determined. |

Summing up his comments after the conclusion of the Symposium on
Large Bored Piles, SKEMPTON (1966) ha; suggested the following rules for

arriving at the safe working loads of piles:

i. For straight-shaft piles—-

e .
W. L. = —21 | oo (2.17)

ii. For belled piles—-

Wo Lu = 5 F

or : for B < 6 feet. oo (2,18

Q Q a,b)
W.el., = oo 4B ‘ ‘

For B > 6 feet, working load is required to be evaluated from
settlement calculations.

In the case of straight-shaft piles, friction is fully mobilized
at movements of the order of 1 in. or less in which case a major portion of
the load is taken by the shaft and therefore, according to Skempton, settle-

ment considerations are not critical. For belled piles, however, settlement



- 29 -

considerations would generally govern the design.

2.9 Pile Loading Test Data

For piles loaded to failure or ;ufficiently near failure, driven
wholly within clay or terminating in clay, TOMLINSON (1957) has compiled
complete data for loading tests made on 56 piles. It includes information
about.the soil type, its average shear strength (along shaft and at base) ;
the embedded length, diameter and material of the pile; wultimate load
capacity, estimated cohesion and theoretical adhesion magnitudes as also
the period that elapsed between driving and loading of the piles. A very
large nﬁmber of load-settlement curves for load tests on Friction Piles
together with the relevant soil data for piles of different materials
installed in various types of soils, has been presented by PECK (1961).
Table II-1, included in this report, summarizes data on some load tests on
model as well as full length field piles (both straight-shaft and belled)
giving, in particular, information about the Base Bearing Capacity Factor
Nc, the coefficient of load-transfer o and the corresponding values of the

settlement ratio A/B obtained in those cases.
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TABLE T1-1

PILE LOADING TESY DATA

S, No. | Invastigator, { Type of | Pile Ptle Plie Average Sotl Settlement Ratlo Coef. of Load- Base Bearing Remarks
Year Soll Depth, | Shalt Bage Shear Strength (g ) Transfer: =« Cap. Factor: N
Dlan., |Dtame, | __ K S <
] LS 'b belov | around Cotr. to Corr. to | Corr. to Care. to [Corr. td
b nhale; ultinate a ultimite ultimate |a
. = pile aax pite i P max
b capacity capacity capacity
avetechikisereeh
- SV PUTEIRNIN Prssey e e e - = = z =
20 to 12 - 12 - A000 to | 2000 to 0.1 - Bored cast-in-
1. x!;;::t . g;::o“ 40 fe. | 14 to. | 14 In. { 6000 6100 0.2 sltu concrete
1951 piles
. 0.64 - 9 to Sored cest-in-
2. | colder & London |11 eo |18 - | 18- | Av: Avas
Leonard, Clay 35 e, | 24 tn. | 24 . | 1800 2200 0.7 13 situ concrete
1954 piles.
b Y Tosltnson, T 0.93 av. tor saft clay Based on tast-~
1957 . with cenc. results by o
0.71 av. for firm clay large no. of
with conc. foventigators.
0.49 av. for stiff clay
with conc.
4. Skempton, Landon Vari- - 10 - 10 - 1420 - 0.085 0.3 ~ 8.4 - Bored cast-in-
1959 Clay able 30 tn. | 30 {n, | 6600 4900 (for 12 - 0.6 10 sty conc. piles
up to 24 gn. -« no influence
90 fr. dian.} of length
obaecvad.
S, Caoke & London Varf- 0.75 Vari- 1438 - 1435 - 0.19 - 0.003 0.42 - .51 - 6.4 - 9.6 for —:-- 102 Brass
Vnicakee, Clay able | tn. able | 2870 2970 0.13 0.62 0.69 70 -10.3" "e s} Hodel
1961 (Ren.) Piles
. 8,35-10,3" "= 202
Corme 2% tn. | 1.20 1.2t 1540 164D $ Aluaioum model
cial Ben-f in, in. appxly. piles.
tonlte
(Ren.)
7. Whitaker, Londen 27 g, |15 0. 115 In, | 280 2460 0.38 9.2 Bored cast-in-
1962 Clay oitu concrete
pilas.
8. | yctechman, tondon |70 £e. |36 1o, |73 tn. | 580 1790 Vari- 9.0 Borsd cast-tn-
1962 Clay ahle situ concrate
plles.
9. o, Silty 26 fe. |22 .ln. 8no - 1.0 Displacement
1964 Clay 2000 conc. caisson.
10. Harels, Compacted| It - 1 in, 1and | 2230 - 223 - 0,062 - 0.0047 - | 0,133 ~ 0.248 ~ | 7.53 - 0.34 - Braes model
1966 - L. Pdw, |12.4 2 in. 470 4300 0.157 0.0093 0.309 0.419 9.92 2.57 |piles.
Clay in.
1. Whitaker & London Jo ~ 2% - 48 - o.1 0.01 a.) - 6 to Pull scale
Cooke, Clay 30 fe. | 36 tn. | 72 fn. or less 0.6 9 bored concrate
1963 piles
NOTE 1. Ultimate Bearing Capacity of a Single Pile, °u ®aF ° A' + cth . A°
wvhece
A, = shaft agea in contact with the soil = B, D
& * base aren of the ptle tip = . =(3,)?
2. 1a the table above,

4 = gettlement of the pile measured at the head,

a4 = the ratio of the average adheston between clay and soll to the averige undistucbed shear strength
of clay within the depth af prnetration of the pile,

i‘c = computed value of the base bearing capacity factor = Q

base capacity.
4

p/cy * A,e Yhere Q (s equal to the mersured




CHAPTER III

BEHAVIOUR OF CAST IN PLACE CONCRETE SCALED PILES IN SILT

3.1 Introduction

The next stage, after the performance of tests on small model
piles by HARRIS (1964) was to'ob£éin information on the load-carrying
capacity of piles in uniformly-graded silt. Pile load tests were carried
out in the existing 15' x 12' x 8' test pit filled to a depth of about
6 feet with medium plasticity silt compacted in layers of 6 inches.
Diameter and the depth of the piles were determined so as to utilize the
entire pit soil for perf&rming the four proposed tests. For the unob-
structed developmént of slip-line fields, under the loaded piles, the
maximum diameter of the shaft worked out to 5 inches and depth to 50
iﬁches, diameter of the centrally located belled pile being 9 inches.
‘The available clearance gelow the pile tip and around were checked using
Mindlin-Ruderman Stress Diagrams (BURMISTER, 194b). Lay-out of piles in
the pit and the specially designed belling tool for the centrally located
pile are shown in FIGURES 3.1 and 3.2 respectively. The programme of
testing, characteristics of the silty soil and the results of the pile

loading tests have been discussed in the paragraphs that follow.

3.2 Testing Programme

Testing programme included the installation of three straight-

shaft piles designated A, B and D, each having a uniform diameter of

- 31 -
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FIGURE: 3.1 LAY-OUTOF PILES IN THE TEST PIT.

FIGURE: 3.2
BELLING TOOL
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5 inches and one pile designated G, having the base belled out to 9 inch
diameter. All holes were bored to the required depths b& using an auger.
The bottom éf the‘central hole was subsequently enlarged with the belling
tool. . .

For the elimination of tip resistance, a small air-gap at the
bottom of the hole A was proposed to be retained so as to hold the pile
ih position by skin friction alone. Suspension arrangement used for the
purpose has beén shown in FIGURE 3.3. Data obtaiged from the load test
on pile A had, however, to be discarded since it was discovered that the
effect.of the compression of the air-gap below resulted in an unexpectedly
high failure-load. Another pile designated E, was therefore installed with
air-vent pipes communicating between the gap below and the outside atmos-
phere (FIGURE 3.4). But for this, all other features of Pile E were
similar to those of Pile A.’

Pile B with base diameter equal to the shaft diameter, was
'deéigned to measure the base resistance by means of a load-cell installed
near the bottom of the pile. A three inch long plug of concrete was,
however, introduced below the cell, i.e., at the bottom of the hole so as
to provide a rough surface at base. |

Pile C was similar to Pile B except that ifs base diameter was
enlerged to 9 inches. Load cell was placed a.little above the bell.

Pile in position D was a simple straight shaft without any
instrumentation and installed by concreting the hole so as to be supported
by soil both at base and along the periphery.

Concreting of the holes was done immediately after boring was

complete, by using concrete mix designed to have a slump of the order of
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- FIGURE: 3.3 SUSPENSION ARRANGEMENT USED FOR PILES
A & E (UNSUPPORTED AT BOTTOM).

o i < s 7 - 3 . .0
o Py L B G |

FIGURE: 3.4 PILE E WITH AIR-VENT PIPES COMMUNICATING
WITH AIR-GAP BELOW THE PILE(SEEN PROJECT-

ING OUT OF LEFT FACE OF PILE).

FIGURES: 3.5 and 3.6 PARTS & ASSEMBLY OF 5-in. DIAMETER
" LOAD-CELLS WITH STRAIN-RECORDING

INDICATOR & SWITCH-BOX.

3

#vumi RE n
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3 to 4 inches. All piles were made to project 12 inches above the
surface of the soil.

The two load cells used for measuring base resistance were
fabricated in the central Machine Shop, Uﬁiversity of Alberta,Afrom
Aluminum 65 S-T6. Each cell had four vertical pillars 0.30 in. diameter,
1.50 in. high, snug-fitted into hole;iin the two plgtes 3/§ in, thick,
one each at top and bottom. Four SR-4. resistance strain gages (resistance:
120.5 * 0.3 ohms; gage factor: 1.94 * 2%) were mounted, one on each
pillar, with their axes of length parallel td éhe centre line of the pillars.
A temperature compensation gage was used to counter the effects of heat of
hydration from the freshly laid concrete coming in contact with the cell
after the concreting operation. There was one common lead connecting one
end of each of the gages and four individual leads connected to the other
ends. The strain produced as a result of loading could therefore be read
séparately for each of the pillars, the four added together iqdicating the
load on the cell. FIGURES 3.5 and 3.6 show the two cells, one with the top
and the bottom caps removed and the other properly waterproofed and con-
nected to the aluminum shaft ready to be lowered into the hole. Switch box
and the strain indicator used to record the strain also appear in the
figures. Overall depth of the cell when screwed fully into thg top and
bottom plates was 3 inches. Both the cells were calibrated for known loads
in the Baldwin Compression Machine. Sensitivities of 0.608.micro—inches for
cell No. I and 0.83 micro-inches for cell No. II were recorded, each for
one pound of load applied at the top. Design details of the load-cells,
gage connections, assembly detaills, calibration curves and data appear in

APPENDIX A. With a view to recording the zero-shift, calibration checks were
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made immediately before installation of the cells in the holes as well as
after_their recovery at the end of the testing programme. Before lowering
into the holes, the cells were thoroughly waterproofed by pulling a thin
membrane (double layer) kept in position Sy plastic thfead, as shown in
FIGURE 3.5. All other joints wére also leakproofed and the leads taken out
through the aluminum conduit (also used as the suspender) up to the middle
of the 12-in. high concrete mould fr6m<where they were led out through a
flexible tubing passing through a hole in the side of the mould.

Concrete mix used for casting the piles was designed by the
standard method of mix design (MURDOCK, 1948; LONDE and JONES, 1961;

CANADA CEMENT, 1966) to give a slump of the order éf 3 to 4 inches. Maximum
size of the coarse aggregate chosen was 3/4 in. Fineness modulus of sand
available in the laboratory was 2.53. Since the quantitie; involved were
small, mixing had to be done manually. Actual slump as measured after
mixing, ranged from 2 3/4 in. to 4 in. Crushing strength tests were per-
formed on 6 in. diameter 12 in. high cylinders after 7 days. Grain size
characteristics of the coarse and the fine aggregates as also the details of
mix design and the results of crushing strength tests on concrete cylinders
have been recorded in APPENDIX B.

Only one hole was bored and concreted in one aay. The depths up
to which the holes were excavated by the hand-operated auger have been shown
in FIGURE 3.7. Pouring was done in a single operation in small quantities
carefully, to avoid segregation, tamping the concrete continuously with a
5/8 in. diameter steel rod. Hole E was concreted after suspending the
five-inch diameter close fitting disc and keeping its level two inches above

the bottom of the hole. Rough base, as shown in the figure, was provided



- 37 -

"Lid 1S3L NI ‘S3771d SNORIVA 40 NOILYITIVLSNI 40 HLONIT '€ :34N914

»S '$371d 1TV 4O ¥313WVIQ TVYNIWON

("ONOD)
asvg Tﬁaom
..u.n..n.n 2/ *Aln Zl'*
¥ "w.““./_:mmo..al\... L3N] =¥
113D avon
2 3 S
N\b,s\ ke Y__F o poz ANV RS |
“13A31 DVHAINS [ 1132-AvVO1 WOU4
| 25 Savil 304
S1INANOD
d

g 3(v) :3Ud




- 38 -

for Pile B by installing a 2% in. deep concrete plug below the load cell.
Belled out hole for Pile C was concreted to a depth of about 4 inches
before placing the load-cell thereon. Pile D was constructed in the
ordinary way by filling concrete from botiom to top.

A period of seven days was allowed to elapse for the development

of adequate strength by self-curing before the piles were test-loaded.

3.3 Physical and Strength Characteristics of Pit Soil

Distribution Curve for particle-size analysis (FIGURE 3.8) shows
a uniform gradation of silt size particles. The proportion of silt is as
high as 867 with equal amounts of clay and sand—size particles; In spite
of the predominance of silt-size particles, the soil plots within the °
region of clay of mediﬁm plasticity above the Casagrande A-Line as shown
in FIGURE 3.9(a). The position occupied by it on the Textural Classification
chart is indicated in FIGURE 3.9(b).

A majority of laboratory tests were run in the British Portable
Testing Apparatus (COOLING and GOLDER, 1940) on samples 1 in. diameter,
3 3/8 in. overall length removed by sampling inside the pit, yielding'the
stress defofmation curves directly. Some more unconfined compressive
strength tests were carried out on specimens compacted.in the laboratory at
an average moisture-content corresponding to that in the pit and compactive
effort comparable to standard Proctor Test. Finally, a series of undrained
triaxial tests were run on similar samples compacted in the laboratory. The
results of the strength tests are summarized in TABLE III-1 below. Engin-

eering properties of the pit soil have been reported in APPENDIX C.
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. Sand Sizes Silt _ Sizes ' .
Gravel Sizes Coarse|Medium| Fine |Coarse]Medium]| Fine Clay Sizes
Seive Sizes . .
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: SOIL MECHANICS LABORATORY
80 _ GRAIN  SIZE  CURVE
c . A :
2
L .
£ N
“ 40 %
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REMARKS: Sample for hydrometer analysis kept soaked in distilled water for D10°0.0036mm
24 hours before the commencement of the test. 10 cc. of calgon (6%) Ds0=0.029 mm
added to the mixture during mechanical stirring. Cy=12.4
~ Note: M-1-T

Grain Size Scale

FIGURE: 3.8 PARTICLE SIZE CURVE FOR PIT-SGIL.
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(a) Casagronde's Plasticity chart.

FIGURE: 3.9 SOIL CLASSIFICATION CHARTS SHOWING THE POSITIONS OCCUPIED BY
PIT SOIL. (The soil plots as P] ond P2 on the two charts.)
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TABLE III-1

RESULTS OF STRENGTH TESTS ON PIT SOIL

ORIGINAL -
MOISTURE SHEAR
NATURE OF TEST CONTENT STRENGTH REMARKS
(%) (psi)

1. Uniconfined compression Undisturbed samples
Tests (British Portable as removed from the
Apparatus) 23.3 (avg.) 8.04 pit, earlier com-

' pacted at standard
proctor specifica-
tions at o.m.c.

2. TUniconfined compression Laboratory-compacted
Tests (Chicago Compres- samples (Proctor
sion Testing Apparatus) 23.7 (avg.) 6.4 specifications)

3. Undrained Triaxial Laboratory-compacted
Tests (Farnell Motor- 20.0 9.5 samples (Proctor
ised Machine) 24.0 6.5 specifications)

‘3.4 Loading Procedure

The procedure of loading the piles conformed, in general, to ASTM
Designation D 1143-57 T. It was proposed to lead all the piles to failure,
i.e., to continue loading till rapid progressive settlement occurred or till
the total settlement was of the order of one inch. Pilés with bearing areas
equal to the sectional area of the pile were expected to sustain an ultimate
‘load of about 6400 1bs. each. The one with the base belled out to 9 in.
diameter was estimated to take up to 9000 1lbs. and the fourth pile supported
by skin friction alone would witﬁstand a load of about 4500 lbs. at top.
These loads wefe estimated on the basis of average shear strength of the soil

along the shaft and at base. The loading increments were based on these
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values, the increment of loading having been reduced to half as the
piles aﬁproached failure. Settlement readings were taken immediately
after the application of each load increment,‘before the application
of the next increment and thrice in betwegn. The corresponding strain
indicator readings indicating the load transferred through the base -
were recorded for Piles B and C. At the end of the test, unloading
was done in three increments and the corresponding dial readings were
recorded. Each increment of the load during loading or unloading was
maintained for a period of half an hour.

Loading was done with a 25-ton hydraulic jack calibrated for
known loads in Baldwin-Compression Machine. Calibration curve and data
appear in APPENDIX D.

Jacking reaction was obtained by moving'and fixing in position,
the overhead steel beam coveriﬁg a range of about half the pit area. Test
loading set-up used for Piles B, C and E, making use of the said beain has
been shown in FIGURES 3.10 and 3.11. Since the range of movement of the
overhead beam did not cover the position for Pile D, a different arrangement
had to be used for obtaining the reaction. A one-ton welded plate-girder
was placed across the pit longitudinally and the contact between the top of
this girder and bottom of the overhead beam rolled over to the middle of
the pit, was established by inserting steel plates in between the gap.
Reaction due to jacking was then applied at the free end of the plate girder
. acting as a cantilever for half of its length. This arrangement has been
shown in FIGURE 3.12 and 3.13. Data for pile load tests and the record for

strain indicator readings (for Piles B and C) appear in APPENDIX E.
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OVERHEAD BEAM =
FIGURES:3-10 LOAD TEST SET-UP FOR -, L=
E B.

HYDRAULIC JACK

STRAIN INDICATOR
AND SWITCH BOX

FIGURE: 3.11 LOAD TEST SET-UP FOR PILE E.

TEST PILE

MOVABLE FRAME
FOR HOLDING
DIAL GAGE.

OVERHEAD BEAM

" FIGURES: 3.12, 3.13 LOAD TEST
SET-UP FOR 4 B
PILE D. - P

e

1-TON PLATE GIRDER -
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3.5 Recovery of Piles

The pit soil was partly excavated out to expose all the piles
on one side up to a depth ranging between 6 and 10 inches below the tip
of the piles with a view to studying the failure patterns developed if
-any. The same, hawever, were not noticeable. FIGURES 3.14 and 3.15 show
the expﬁsed views of the piles after the conclusion of the testing pro-
gramme.

The.actual.lengfh and diameter of each pile was measured after
their removal. Whereas the effective lengths and shaft diameters of all
piles were almost the same as desired, the diameter of the bell (Pile c)
was measured to be about 8 in. This was probably due to the caving in of
the sides and the roof of the bell during the time that elapsed after the

removal of the belling tool and the concreting of the hole.

3.6 Analysis of Laboratory Test Results on Pit Soil

Moisture-content in the pit varied from about 20 per cent at the
surface to about 29 per cent at a depth of 54 inches with the degree of
;aturation reaching about 85 per cent. A study of the moisture-content,
shear strength and density data vis-a-vis conéistency of cement concrete
mix used for concreting reveals interesting relationships. Slump of con-
crete (as measured after mixing) and strength characteristics of the soil
have been given in TABLES III-2 and III-3. Values of shear strength before
and after concreting are represented graphically in FIGURE 3.16. Initial
moisture-content profile is also drawn alongside. The drop in sheafing
strength of soil after concreting the holé, was found to have a close

relationship both with the value of slump (in inches) measured after mixing
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FIGURE: 3.14 LOWER PORTIONS OF PILES B, C & E PHOTOGRAPHED AFTER REMOVING
TOP SOIL FROM ONE SIDE OF VERTICAL DIAMETRAL PLANE.

N

SO

FIGURE: 3.15 PILES AS RECOVERED
AFTER EXCAVATION OF

PIT SOIL.
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TABLE III-3

DATA FOR SOIL MOISTURE CONTENT, SOIL SHEAR STRENGTH

AND SLUMP OF CONCRETE

Description . PILE

Soil moisture content 23.7 23.2 22.2
(avg.) before con- :
creting the hole (%).

Soil moisture content 25.6 23.9 23.5
(avg.) after con-
creting the hole (Z).

Increase in M.C. (shaft 8.05 3.02 5.85
soil) as a percentage
of original m.c.

Soil Shear Strength .7.98 8.30 8.12

(avg.) before con-
creting tge hole
(1bs./in.%).
Soil Shear Strength 6.02 8.02 7.10
(avg.) after con-
creting the hole
(1bs./in.2).

Percentage decrease in 24,6 3.4 12.5

shear strengths (shaft
soil).

Slump of concrete (in.) 4 2 3/4 31/2

24.1

26.5

9.12

7.76

6.00

22.6
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the concrete and with the increase in moilsture coﬁtent of the soil after
concreting. As seen from FIGURES 3.17 and 3.18, both these relationships
are found to be linear.

Methods of concrete mix design ére usually based on the value
of the water-cement rétio so as to ensure adequate supply of water for
complete ultimate hydration. The quantity of water, therefore, more often
than not, is in excess of the actual requirement. Further, since the
process of hydration continues for a long time, all the water in the mix
is not immediately needed for chemical action. Initially surplus water
especially along the interface between concrete and soil may have greater
affinity for soil than for the saturated aggregate cement mixture, depending
upon the vapour-pressure gradient set up between concrete and soil, which
in turn would be further dependent upon the initial degree of saturation of
the soil. A reverse gradient might be set up after equilibrium conditions
are established and water, if available, might then be sucked towards the
‘pile for the process of hydration to continue. Moisture content of the soil
immediately surrounding the pile and hence its shear strength thus appear to
be very much a function of water-cement ratio (or slump) for cast-in-place
uncased concrete piles in silt. This aspect becomes all the more important
for short term loading tests wherein adequate time is ﬁot available for
equilibrium conditions to establish. The pertinent factors which appear to
be important in this respect thus are the average size of the soil particles,
initial degree of saturation, quantity of surplus water from fresh concrete

immediately available and the diameter of the pile.
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INCREASE IN MOISTURE CONTENT AS PERCENTAGE OF
ORIGINAL MOISTURE CONTENT (%)
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FIGURE: 3.17 DECREASE IN SOIL SHEAR STRENGTH vs. INCREASE IN MOISTURE CONTENT.
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FIGURE: 3.18 DECREASE IN SOIL SHEAR STRENGTH vs. INCREASE IN SLUMP OF CONCRETE.
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3.7 Pile Loading Test Results

Load tests on.piles were performed in accordance with the pro-
cedure described earlier in paragraph 3.4. Load Settlement Curves
between totdal load at any‘stage and the cérresponding ultimate settlement
after a half-hour interval are shown in FIGURE 3.19. Settlement curves
as related to the duration of loading have been shown in FIGURE 3.20. All

the curves indicate quick building up of resistance, with the maximum

top settlement
pile diameter

loads corresponding to settlement ratios (i.e., ) designated
A/B, of the order of 2.8 to 4.2%. Settlements beyond the point of ultimate
load are relatively large and show a small linear increase in the sustain-
ing capacity of the pile. Total rebound after the removal of tﬁe load in
increments, was of the ofder of 12 to 20% of the total settlement for all
piles except for the one unsupported atbthe bottom in which case it was
about half as much. Assuming modulus of elasticity for concrete to be

6 lbs./in.z, the elastic compression of the concrete shaft would

5x10
amount to 0.0002 to 0.0003 in., which being negligible has been ignored.
The rebound was thus either due to the elastic expansion of the soil below
the tip or due to release of stresses along the shaft. Net settlement at

the failure load averages out to be about 85% of total settlement at that

load.

3.8 Analysis of Tip Resistance

FIGURES 3.21 and 3.22 indicate the Tip Load or Base Load QB
transferred to soil through the lower end of Piles B and C, as recorded by
the load-cells installed near the tips. The rate of building up of tip

resistance for relatively small values of settlement is large compared to
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that for settlements exceeding about 4% of the base diameter. The
effective bearing area of the belled-out pile C is approximately two-
and-é-half times that bf Pile B but the indicated maximum base resistance
is only slightly higher. |

FIGURE 3.23 reveals that only a small percentage of the total
load at failure (6.5 per cent for Pile B and 8.5 per cent for Pile C) is
transferred to the base, the rest all having been taken by skin friction.
The percentage load transmitted through thé base increases more or less
uniformly with settlement up to about 50% of the settlement at failure
load but the rate of increase falls gradually thereafter. The mean curve
in FIGURE 3.24 represents the manner in which the base-res.stance is
mobilized. A major portion of the base-résistance_is built up when the
settlement ratio reaches a value of about 1.5 per cent while the rest is
built up whén the‘settlement further increases to abou; 3.7 per cent of the
base diameter. Depending upon the magnitude of base resistance so built up,
‘the Bearing Capacity Factor Nc (= base load/base area x undrained shear
strength of the soil below tip) varies as indicated by the mean curve ip
FIGURE 3.25. Its values corresponding to the ultimate load are: 6.0
approximately for Pile B and 6.25 for Pile C. Variation of the bearing
capacity factor Nc as percentage Of. Nc at failure for the mean of the
values for Piles B and C has been shown piotted against settlement in the
same figure. Steady increase in the values of Nc reflects the mode of
mobilization of base resistance with increase in the penetration of the pile.

With over 90 per cent load transferred to soil through skin fric-

tion, the piles can be termed Friction Piles. Compared to a natural soil
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stratum where the shear strength, in general increases gradually with
depth, the conditions pertaining in the test pit showed an.opposite
trend. The average value of shear strength near the pile tip is less
than 25 per cent of that near the surface so that contribgtion of tip
resistance to the total load capacity of the pile is not significant.
Pile action, i.e., the mechanism of load transfer from pile shaft to sur-
rounding soil éﬁd at base, is.a function of deformation of the soil. The
stress vs. strain curves (APPENDIX C) for soil sampies at moisture contents
of 227 and 26% respectively representing average conditions for shaft soil
and those close to the pile tip, indicate moduli of deformation of 1650
lbs./in.2 and 380'1bs./in.2 respectively corresponding to about 2 per cent
strain: Fall in the value of deformation modulus with depth is indicative
of the reduction in shear strength and hence in the rate of load transfer.
This is in conformity with the observed behaviour of piles.

Compared to Nc values of 6.0 and €.25in the present series
of tests on pit silt having a degree of saturation of about 90% ob-
served 7 days after concreting the holes), significantly different values
for deep foundations on saturated clay were obtained by other investi-
gators (9.0: Skempton; 10 to 13; Golder and Leonard; 9.3: Meyerhof
and Murdock). The assumption that ¢ = 0 and often found appropriate
for saturated or nea;ly saturated clay soils, forms the basis for all
normal calculations of ultimate bearing capacity in clays but the same for
silty clay is, according to éKEMPTON (1951), sﬁfficiently far from the
truth. In order to verify this point in relation to soil conditions
in the test pit, a series of undrained triaxial tests was run. Typilcal

stress-strain curves and Mohr's total stress diagrams have been
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shown in APPENDIX C. The convex-up shapes of plots are indicative of the
presence of air or the degree of saturation being less than 100 per cent.
The two tYpiéal moisture contenté, viz. 22 per cent and 26 per cent, chosen
for tests represent approximately the averagg-conditions along the shaft
‘and below the tip of the pile. As normal stress on the sample Increases,
the soil rapidly approaches saturation. Thus when the stress corresponds
to the ultimate load on the pile, the angle of shearing resistance falls
down from an average of 25 degrees to 8 degrees along the shaft and from
13 degrees to nearly zero below the pile tip. Pore-water pressures would
build up thereafter. The "¢= 0" failure condition can there be assumed
under the pile tip at the ultimate failure load of the pile. It can there-
fore be concluded that saturated plastic silt shows up ultimate unit bearing
values considerably less than saturated clay under similar conditioms.
Values of Nc generally attainable in saturated clays therefo;e do not apply
for silts. SCHMITTER (1961) has reported a value of Nc equal to 7. Very
low bearing values for saturated silts have also been hinted ﬁt by BOLOGNESI
(1961). The conclusion is in general agreement with the earlier observation
by MEYERHOF (1950).

Major contribution to the settlement of piles in the present case,
unlike that in saturated clays, appears to have been made by the compressi-
biiity of the soil because the soil was not completely saturated and the
soil skeleton being relatively less rigid, particles could shift.positions
by sliding and rolling thus pushingvout air from the voids during the process.
| -Computations for the values of Nc reported in the above paragraphs
have been made on the basis of horizontal portions of the curve between

the load transferred through the cell and time under sustained loads.
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A typical QB vs. time curve for 30 minutes during which a constant load
of 2700 1bs. was maintained on Pile C has been shown in FIGURE 3.26.
Each increment, during the process of ioading, was built up within 1 to 2
minutes and was maintained for half an honr. Maximum transfer of load
through the load cell was recorded in the Beginning and the same fell
thereafter to about 80 per cent of the peak value after about 7% minutes.
The rate of decrease was gradual after that an& a constant value of the
order of 60 to 65 per cent of the peak value was maintained after.about

20 minutes.

3.9 Analysis of the Shaft Capacity

All the physical features of Piles B and D (FIGURE 3.7) being
similar except that B was provided with a load cell at bottom whereas
D was not, the ultimate load capacity should have been approximately
the same. The actual values, however, were 6050 1bs. and 5100 1bs. respect-
ively. Subtracting the tip resistance equal to 330 1lbs. as recorded by the
load cell, the shaft capacity of pile B, at failure load, works out to
4770 1bs. On the qther hand, the shaft capacity of Pile D after allowing
an approximate value of base resistance of 305 1bs. (base area x shear
strength of soil below tip x assumed average value of 6.15 for Nc)’ works
out to 5745 1bs. The difference is accounted for by the variation in the
average value of soil shear strength after concreting, being 5.95 lbs./in.2
in the former and 7.05 lbs./in.2 in the latter case, as recorded in TABLE
III-3. Shaft resistance of Piles B, C and E have been shown plotted in
FIGURE 3.27 against sett}ement. Curve for Pile E (unsupported at bottom)

has been plotted from load test data directly, whereas those for B and C
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have been piotted after deducting the values for tip resistance as recorded
by load cells. This method of analysis, however, ignores the effect of
interaction, since actually the load at top is shared simultaneously by
shaft and base. There is theoretical eviéence fo show (MEYERHOF, 1951) that
the value of end bearing is only about 4 per cent higher for friction acting
along the shaft than for none. Plots fqr Piles B aﬂd E £fall on each other
almost completely whereas the one for Pile C does not, the difference as
stated earlier being due to the enlarged area of the bell and higher
average value of shearing strength of the soil around the shaft. The nature
of variation exhibited by all the curves is the same, bedng indicative of
quick build-up of shaft resistance for small values of pile penetration and
an abrupt fall in the rate-increase thereafter. The maximum shaft resist-
ance built up is over 90 per cent of the total load capacity of the pile
and corresponds to approximately the same value of settlement. Unlike piles
in clay, curves for shaft resistance did not show any pronounced peak. The
manner in which the average skin friction (being the ratio of the load
transferred through the shaft at any instant to the contact area of the
shaft) is mobilized as the pile penetration increases, is shown in FIGURE
3.28. All the curves are coincident to a large extent and so are indicative
of similar behaviour. The development of skin friction is rapid in the

beginning but drops off gradually as the settlement increases.

3.10 Coefficient of Skin Friction

Soil lost part of its shear strength as a result of increase in
moisture content after concreting. Strength decrease has been expressed in

terms of the Coefficient of Softened Shear Strength &%y (TABLE III-4)



‘d9jsuel] peOT JO JUSTIFIIO0) TTeILA0 oy3j sijusssidox »
pue  {UOT3IONPaY JO JUSTOTIFO0) 9y3 sjueseidsx Co

{4y38usa3g aeayg pesusizgog JO JUSTOTII00D 9y3 sjusssiadsx o 'z

*3Feys ayz SuoTe senyea
y18usa3ls TFos sSeasar oy3 juosoadax 1T® .ﬁw pue o %5 ‘aTqe3 2A0qe sy3l ur °T

" —————————————

- 62 -

suoTleueTdxy
¢1°6 0S.°0 096°0 CLL®O 00°9 . 9L L 8°¢G q
58°S 098°0 %660 GL8°0 0T L <T°8 G0*¢L a
¢0°€ 296°0 966°0 996°0 c0°8 0¢°8 00°8 o
§0°8 : S%L°0 186°0 66L°0 ¢0°'9 86°L . $6°S q
) (;'us/*sqr) (;°UF/"5q1) (;"ur/*8q1)
®
w\ 0 = .an 2 .NU
8ur3exouoy |z T ﬁw A w. 1 - - ‘peo] aanTTeq
03 ong jueq . o= mw.u 0 mw.u 0 | $8uF3091100 I933V| : Sur3zovir0d axo3yag e padoTeasq 3TTd
=U0) SIANISTOR = UOTSaYpYy 3ITuf
U @seoxouj . . $SJUITOTIFo0n TTOS 33eys o y3aSusalg aeeyg

LIVHS FHI ANNOYWV II0S J0
INZINOD TNLSIOW NI ASVANONI Ol QALvidy SV ¥a4SNVYI-QVOT A0 INAIDIAIHOD

¥-I1I FT9vVL




- 63 -

where:

. shear strength of soil after concreting
1  shear strength of soil before concreting’

ees (3.1)

Further, the value of unit adhesion or skin friction actually responsible
for the load transfer was found to be further less than the softened
shear strength of soil and has been expressed in terms of Coefficient of

Reduction @y s where:

- unit adhesioﬁ or skin friction developed along shaft,
2 shear strength of shaft soil after concreting

ees (3.2)

The net Coefficient of Load Tran;fer rélating the value of
unit adhesion to the original shear.strength of soil (before concreting)
represented by SKEMPTON (1959) by the letter o is thus equal to (al . az).
The value of @; , as seen from TABLE III-4, ranges between 0.755 and 0.966
but that of o, is close'to unity in all cases. It appears, therefore,
‘that the value of & is more dependent upon the decrease in shear strength
of soil as a result of increase in moisture content than due to any other
cause. This, therefore, has been related to the proportion of water used
in the concrete mix or to the increase in moisture content of the soil as a
result thereof. The relationship in the present case Qorks out to be
linear, and has been shown in FIGURE 3.29.

A very wide range of the values of o , varying from as low as
0.3 (SKEMPTON, 1959) to as high as 1.0 (MEYERHOF and MURDOCK, 1953), have
been reported for bored piles in saturated clays. Under approximately
similar soil conditions, this perhaps cannot be considered accidental. It

is known that the upper section of a pile shaft near the ground surface
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remains relatively ineffective due to the influence of weathering. Accord-
ing to COYLE and REESE (1966), rate of load-transfer increases with the
depth of the pile. Embedded length of the pile therefore may be considered
to be one factor affecting the value of a; Shaft capacity of a circular

pile of diameter d, may accordingly be represented by the equation:

Q =md (a' - ¢; + by + a" . ¢, » b, + al" . cy - h3 + .00) oo. (3.3)

where a'y, ", a'" are the coefficients of load transfer for the ele-
mental depths hl, h2, h3 +++ of the shaft for which the corresponding shear
strengths of the shaft soil 15 Sy Cg ees could be considered comstant.
Evaluation on this'basis is possible only if the pile is instrumented‘along
the entire depth to record the load transferred to the soil at various
sections. The equation Qs = As *a ¢, where As is the peripheral

area of the shaft in contact with soil, thus becomes a special case of the
above general equation. Water flowing out of cléy itself during the process
of boring, as pointed out by SKEMPTON (1959), may be another cause responsi-
ble for the reduction in the value of o, due to soil softening. 1In the
opinion of the author, the most important factor affecting the soil shear
strength after the concreting operation, is the relative abund;nce of water
used in the concrete mix. This would result in the development of increased
pore-water preséure in saturated clays and relatively quick softening of soil
in silts. Other factors remaining the same, the reduction in soil shear
strength of silt, it appears, is directly related to the water-cement ratio
or the slump of concrete measured immediately after mixing. Another factor
which may be of siénificance in this respect is the period between cbncreting

the hole and load-testing the pile; or in other words, the value of o is
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also time-dependent.

3.11 General Softening of the Soil

. Piles B and C provided with load cells near their tips recorded
loads of 79.1bs. and 54 1bs. transferred through the base, immediately
after fresh concrete was poured into the holes, the weight of concrete
poured in each case being about 100 lbs. After a lapse of seven days
when conc;ete had completely hardened, the load indicated by the cell
at B was 625 lbs. and that at C was 405 lbs. What appears to have
happened is that initially excess water immediately available from fresh
concrete found its way into the surrounding soil, softened it within a
certain radius and.caused the soil to lose cohesion to a considerable
extent, Possible migration.of water towards the wall of the hole from
adjacent mass of soil-during the process of auéering, as could be expected
in silts, would be another cause responsible for the increase in moisture
content of soil around the shaft; Horizontal pressure exerted by fluid
concrete would initially make the surrounding soil mobilize considerable
passive resistance. After the setting aﬁd subsequent hardening of concrete,
vhen shrinkage takes place, lower values of coefficient of earth pressure
would be called into play. A portion of soil would thgn perhaps be adhering
to the shaft. Additional load (i.e., load in addition to the pile weight
assumed having been transferred in full) that came to be bornme by the cell
as a result of soil softening works out to be about 15 psi of the bearing

area for the straight shaft pile and 10 psi for belled piie.
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3.12 Summary

Summary of Chapter III, being the results of laboratory tests
on pit soil and the behaviour of loaded p%les in éilt, is given below:
| 1. The test pit soil had initially.a moisture content varying

from ébout’ZQ per cent at top surface to nearly 29 per cent

with a degree of saturation of 85 per cent at a depth of

54 in. Nearly 86 per cent particles of soil, it was found,

were lying within the silt-size range and 7 per cent each

within sand and clay-size ranges.

2. After the concre£iﬁg of holes, moisture content of soil
along the shaft increased by 3 to 9.1 per cent of the
original moisture content, and the cdrresponding shear
strength dropped by 3.4 to 24.6 per cent. Decrease in
strength was found to bear a close relationship (linear)
with the value of slump measured immediately after mixing
and with increase in moisture content (FIGURES 3.17 and
3.18).

3. All the water in the concrete mix is not immediately
needed for hydration. Initially surplus water after
cgncreting flows radially away from the pile-towards the
soil. A reverse gradient may be set up after equilibrium
conditions are once established.

4. Load settlement curves indicate a quick building up of
resistance to penetration. Maximum loads correspond to

- settlement ratio: A/B of 2.8 per cent to 4.2 per cent.

The rebound after the removal of load, is of the order of
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15 per cent of total settlement.
The maximum tib resistance is mobilized at a settlement
ﬁearly of the same order as thanfor total capacity.
Base resistance being very smali, a major portion of the
load on the pile (over 90 per cent) is taken by the
shaft, so that all the piles may be said to have behaved
as Friction Piles.

Load-Settlement characteristics of Piles B and C
have been summarized in FIGURE 3.30 showiné the plots
of settlement ratio A/B against shaft load Qé, base
load QB' and total load Q as proportions of maximum
test load QT'
Values of Base Bearing Capacity Factor Nc’ corresponding
to ultimate load work to 6.0 and 6.25 for the two instru—
mented piles. This being significantly lower than the
usual average of 9 for saturated clays, it has been
concluded that under "¢ = 0" condition, saturated or
near-saturated silt does not behave like saturated clay
and gives smaller values of base bearing capacity.
Curves for Shaft Capacities of the two piles.having the
same base diameter and nearly the same soil shearing
strength are almost identical. Higher capacity for the
third pile could be accounted for by higher shear strength
of soil along the shaft. Shaft resistance is mobilized
quickly for small values of penetration--approximately

the same as that for total capacity.
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A study of mdistﬁre content of the shaft soil before and
after concreting, the corresponding sheér strength and
load tfaﬁsfer, indicated that the value of the coefficient
of load-transfer a depends upbn the decrease in shear
strength as a result of incfease in moisture content.
Increase in moisture cdntent bearéwa linear feiationship
with the decreases in the value of o (FIGURE 3.29).

In order to account for the variation in the value of
as a result of change in the value of shear strength

along the depth of the shaft, the shaft capacity may be

represented by the equation:

Qg = md (a' . ¢, hl + dh s ey h2 +a' . cqy h3 ees)
Average value of o on the basis of present series of tests
in silt works out to 0.83.

0f the various factors responsible for the reduction in the
value of soil shear strength for a bored cast-in—pléce
concrete pile in silt, the most significant is perhaps the
relative abundaﬁce of water used in the concrete mix.

The effect of water from fresh concrete soaking into soil
around the shaft during the seven-day period permitted for
curing was observed in the form of general softening of the
soil and its possible adﬁesion to the shaft resulting in a
considerable increase in the value of load transferred to

pile tip through the load-cells. The softening resulted in
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transfer to the base an additional pressure of the order of 15 psi

of the bearing area for straight-shaft pile and 10 psi for belled

pile.



CHAPTER IV

FULL-LENGTH FIELD PILES: DEVELOPMENT OF TESTING PROGRAMME

4.1 Ihtroduction

The aims and objectives of carrying out the present series of
Full-Length Pile Loading Tests in the representative Edmonton Soil, are
best expressed in the words of Dr. E. W. Brooker. The following lines
are quoted from his letter, dated December 7, 1966, copies of which
were sent to all the interested parties:

««.A properly instrﬁmented pile with a load cell near the

base of the pile would provide information with respect to

amount of load carried by the shaft and by the base during

various stages of the loading test. Such information would

permit a rational analysis of the load test data and would

permit a design procedure to be evolved from the information.

A rational design procedure is needed by the engineering

profession in Alberta. Because the stratigraphy at the Uni-

versity Farm site is typical of many areas in which one would

like to instal a bored-in type of pile foundation, the Dept.

of Civil Engineering believes that tests in this area would be

of a more general value to the profession....We are naturally

less interested in the result of any specific pile loading

test than we are in discovering general design principles...

The decision about the selection of a suitable site inside the
University Farm was earlier taken primarily because of the following
obvious advantages:

1. The characteristics of the soil and the soil profile up to a
considerable depth, as determined tentatively on the basis of preliminary
study of the available existing information in the vicinity of the Farm
as also elsewhere in the rest of the city, were considered to be quite

representative for the entire area.

- 72 -
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2. Unlike other sites, any suitable site wiﬁhin the Farm, being
under the administrative jurisdiction of the University authorities,
would not pose any problem involving tempqrary acquisition of land for
an extended period of time.

After considerable deliberation, the site marked in FIGURE 4.1
was finally selected. Four test holes were drilled, two up to about °
30 feet depth iﬁ the overlying clay, silty-clay deposit and two further
deep up to about 50 feet below.the surface, into dense till. Four
bored-in type of piles, two with their tips resting in clay and the other
two solely in till (being unsupported on sides in fhe upper 27 feet clay
deposit) were then'ingtalled and test-loaded to failure. General geo-
logical characteristics of the area, details about the log data, develop-
ment of the testing programme, instrumentation and the testing procedure

followed, have been discussed in the paragraphs below.

4.2 General Geology of the Area

The Edmonton Formation consisting of interbedded bentonitic
shales and sand-stones with numerous coal seams, the sediments being
poorly consolidated and dipping southwestward at about 20 feet per mile,
were deposited near the end of the Cretaceous time (BAfROCK and BERG, 1966).
The Alberta plains were then subjected to a series of erosion cycles during
Tertiary and early Pleistocene times. The last of these cycles led to the
establishment of a drainage system, now largely buried by glacial deposit.
The preglacial North Saskatchewan River forméd part of the drainage system.
Saskatchewan Sands and Gravels were deposited during the Pleistocene Epoch

(GRAVENOR and BAYROCK, 1968). The deposition of Sands and Gravels ceased
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as they were overridden by Continental Ice Sheet advancing from Northeast
during Wisconsin time, some 20,000 years ago. Deglaciation took place
about 10,000 years ago. The retreat was largely by stagnation. As the
natural drainage of Central Alberta is‘No;theasterly and as the glacier
retreated in the same direction, melt-waters were impounded in front of
the glacier produciﬁg large, relatively short-lived lakes many hundreds
of square miles in area. The rapid recession of the stagnating glacier
allowed these proglacial lakes to find constantly new and lower outlets.
Lake Edmonton at one time covering most of the Edmonton district, was
one such lake, It was finally drained by North Saskatchewan River in
post-glacial times (BAYROCK and HUGHES, 1962).

The city of Edmonton is built upon surficial depositsvof
variable thickness made up of well sorted pre-glacial sands and gravels,
glacial till and proglacial lake sediments in ascending order. Sands
and gravels are in general sandwiched between the bed rock below and the
‘till deposit above, but do outcrop at some places. Percentage of silt
and clay preéent is of the order of 3 and 6 respectively (BAYROCK and
BERG, 1966). Till, which constitutes unsorted unstratified sediment
deposited by the glacier, makes up most of the ground moraine and the
hummocky dead-ice moraine and underlies most of the other glacial deposits
in Edmonton area. Lake Edmonton deposits overlying till are either the
normal deposits consisting of bedded fine sands, silts and clays, not
altered by later action or the modified deposits having been redeposited
with or without additional materials, after being partly or wholly eroded.
The lake basin has the shape of trough and the thickness of the deposit

varies from about 34 feet near the centre of the basin to less than a foot
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at boundaries (BAYROCK and HUGHES, 1962). In general, the sedimehts
consist of varved silts and clays with scattered pebbles. They are more
clayey iﬁ the uppermost few feet than in the lower portions. The lower-
most portions may consist of fine sand. fill—like lenses of clay with

pebbles may be encountered in a few places (BAYROCK and BERG, 1966).

4.3 Field Exploration

Five test-holes, designated BH-1, BH-2(a), BH-2, BH-3 and BH-4,
arranged three in one row and two in a parallel row 20 feet away, were
bored in the beginning, both lines having been oriented in North-South
direction. It was decided to install the four piles at suitable spacings
in a third row.farallel to the alignment of the two rows mentioned above,
being exactly in between them. The relative positions of the bore-holes
vis-a~vis the ultimate locations of the piles are shown in the lay-out
plan (FIGURE 4.2). Two more holes, viz., BH~5 and BH-6, were bored sub-
‘sequently . (after the installation of piles) for obtéining undisturbed
samples in till, their locations having been selected so as to fit in the
whole scheme in an appropriate manner.

Drilling and sampling were done by making use of helical hollow
centre-core auger. Samples were removed both for moistﬁre content determin-
ation and strength tests. Standard ﬁenetrometer N-values were taken for
12-in. penetration every 2 to 5 feet. FIGURES 4.3 and 4.4 indicate the
drilling equipment at work in the field. ng data have been summarised and
plotted in FIGURE 4.5. The dates of drilling of various test holes have

been recorded under the respective logs in the figure.
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4.4 Design, Fabrication and Calibration of Load Cells

Four load cells were to be installed one near the bottom of
each pile. They were fabricated from cold rolled steel. Total sec-
tionél area of the pillars was so provided as to make the stress due
to maximum éstimated working load on it fall well within the elastic
range of the stress-strain curve for the material and at the same time
be reasonably sensitive for smailer increments of loading. FIGURE 4.6
shows the 28 in, diameter load cell as received from the fabrication
shop. Instrumentation consisted of installing two BUDD type strain
gages, one aligned vertically and the other along the circumference
of each of the'eight pi11ars' (FIGURE 4.7). The design details and
the finished dimensions together with the wirihg details and bridge
connections appear in APPENDIX F. These were similar to those used
by WHITAKER (1962) .

Calibration of the load cells was first done by using steel
plates 1 to 2 inches thick, placed one above tﬁe other with decreasing
diameters (FIGURE 4.8). The indicated strains on the recorder were
found to be significantly different from those computed by theory of
elasticity. Consequently, the concrete blocks (FIGURE 4.9) placed one
below and the other above the cell were employed for calibration.

The data so recorded were found satisfactory and were used to plot

the calibration curves (APPENDIX G). At the time of calibration,

the 16 in. diameter cell and one of the two 20 in. diameter cells had
all the four quadrants working satisfactorily. The other 20 in. diam-
eter cell and the 28 in. diameter cell had only three quadrants working
properly, in which case it was decided to go ahead with the calibration

by using only two opposite working quadrants. The curves for calibration
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FIGURE: 4.6 28-in. DIAMETER CELL AS RECEIVED
FROM THE FABRICATION SHOP.

FIGURE: 4.7 LOAD CELL AFTER THE APPLICATION OF
STRAIN GAGES AND WIRING CONNECTIONS.
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FIGURE: 48 CALIBRATION OF THE LOAD CELL WITH
l-in. TO 2-in. THICK STEEL PLATES
PLACED ONE ABOVE THE OTHER.

FIGURE: 4.9 CALIBRATION OF THE LOAD CELL
WITH CONCRETE BOCKS PLACED
BELOW AND ABOVE.
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were therefore plotted for the first two cells mentioned above on the
basis of strain indicator readings from all the four quadrants added
together, whereas those for the remaining two cells were plotted for
the sum of the strain indicator readins for the two opposite working

quadrants only.

4,5 Installation of Test Piles

Lay~-out plan for the four piles has already been shown in
FIGURE 4.2, The distance, 18 ft. 6 in., between the centres of northern-
most and southermost piles correéponds to the effective length of the
available loading beam. The other two piles were located in between to
ensure that the'stressed zone of one did not seriously overlap that of
the adjacent pile. Piles in clay being 16 feet and 20 feet long, and those
in till passing clear through the upper 27 feet of clay deposit and hgld
by side friction and end-bearing entirely in till, being 38 feet and 49
feet 6 inches long; were placed alternately within the available distance.
- The short piles streséing only the upper strata (clay) were thus located
with their centres 13 feet apart and the long piles stressing only the
lower strata (till) were located with their centres 11 feet 6 inches apart.
This gives an average spacing of 4.3B in the former and 2.9 B in the
latter case, compared to 4,35 B adopted by WHITAKER and COOKE (1966).
KEZDI (1957) on.the basis of work on groups of model piles, found out a
minimum spacing of 6 B for the two adjacent piles to act independently
and so did recommend MEYERHOF (1959). 1In the present series of tests, with °

a view to avoiding a double set-up for the loading beam and thus effecting
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an appreciable saving, it was decided to go ahead with thé above-mentioned
arrangement. Location of pile tips at variable depfhs with respect to
each other was, howeve;, a reliéving factqr.

Holes were drilled by means of ﬁelical augers (FIGURE 4.10) to
the appropriate depths, the diameter being about %-in. to l-in. larger
than the nominal diameter of the pile. After cleaning the hole thoroughly,
a concrete plug was placed at bottom and the cell lowered into it carefully,
S0 as to make it rest level at the top of the concrete plug (FIGURE 4.11).

- The suspender shaft was then unscrewed and removed. A closed—end aluminum
pipe 1 3/8 inch diameter, built up in leﬁgthé of 20 feet and holding inside
it a free-standing '5/8 inch diameter rod welded at its lower end to the
plate closing the end of the pipe, was then lowered into the hole. The
closed end was centred and made to rest in the housing at the top of the
cell. This arrangement was used to measufe the compression of the shaft
and the actual settlement at the level of the load cell.

The ‘operation of concrefing performed within one to two hours
after drilling, was slightly different for piles in clay than for those in
till. In the former case, a reinforcement cage was lowered into the hole,
making the rubber hose and the aluminum pipe emerge from within the cage.
Its lower end was kept about 3 inches above the tob of.the cell and the
upper end about a foot below the ground surface. The.peripheral rubber
sleeve on the cell was then inflated to a pressure of about 15 psi. by
supplying air from the compressed air cylinders filled in the laboratory.
Pressufe in the sleeve was maintained during the concreting operation which
was completed in lifts of about 5 feet, vibrating and compacting the mix

after each lift. The inflated sleeve which was supposed to be pressing hard
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FIGURE: 4.11

LOAD CELL BEING
LOWERED INTO THE
HOLE.

FIGURE: 4.10 DRILLING PROCESS IN
PROGRESS FOR 20-in.
DIAMETER PILE.




-86-

against the wall of the hole, was thus helpful in avoiding direct contacf
between top and bottom concrete Wﬁich would have perhaps otherwise
occurred due to the downward flow of cement-sand slurry from fresh con-
crete all around the edge of the cell. Tﬁe top three-and-one-half feet
length of the pile was provided with a steel casing made to project 1 to 2
feet above the ground surface. Concrete was poured up-to the top of this
casing and struck level leaving the aluminum pipe projecting out»iﬁ the
centre and the rubber hose coming out elsewhere, as seen in FIGURE 4.12.
Reinforcing cage was not.used for the two piles 20-in. and
28~-in. diameter installed in till. A 16-in. diameter steel pipe (wall
thickness: 0.28 in.) lowered to within a foot from the top of the cell
and made to project above the ground-surface, was used for each of theée
two piles (FIGURE 4.13). After pulling out the rubber hose from within,
holding the pipe centrally around the aluminum .pipe and inflating the
rubber membrane, the inside of the pipes were concreted up to top. The
level of concrete outside the 16 in. diameter pipe was kept about two
feet below the interface between clay and till, leaving the rest of the
height, about 27 feet, unconcreted. The installed dimengions of the test

piles are shown in FIGURE 4,14,

4.6 Installation of the Loading Beam

It was decided to use a single set-up of the loading beam for
test-loading all the piles,'by employing four bored-in anchor piles to
_support it. The layout plan (FIGURE 4.2) shows the locations of the
anchor piles relative to the test piles. The minimum centre-to-centre

distance between any anchor pile and the nearest test pile works out to
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FIGURE: 4.13 16-inch DIAMETER PIPE
BEING LOWERED INTO

THE 28-inch DIAMETER
HOLE.

FIGURE: 4.12 A VIEW OF THE PILE
IMMEDIATELY AFTER
INSTALLATION.
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about 3 B where B 1is the average diameter of the t@o piles in queétion.
This, though not adequate for avoiding the overlapping of the stressed
Zones, had to be adopted due to the limitqd size of the available loading
frame. The anchor piles, 24-in. diameter.40 feet deep, were réinfbrced.with
4 #10 and 2 #8 mild steel rods and were concreted with 4000-1b. ready mix
concrete. The maximum reaction of 1200 kips provided by the beam for loading
the 28-in. diameter pile would require a skin friction of the order of

14.5 psi. against the approximate estimated weighted average value of 22.5
psi. of the undisturbed peak shear strength of the soil. Actually, however,
the unit frictional resistance required to be mobilized by two anchor piles
on one side would be more than 14.5 psi. since the 28~in. diameter pile was
located 2 feet 3 inches awvay from the centre of the beam and secondly, the
available value of unit adhesion acting in the opposite direction would be
considerably less than 22.5 psi. due to the softening of the soil after
concreting,

These factors, combined perhaps with the effect of possible
heaving of soil due to the loading of the adjacent pile, resulted in
relatively large upward movements of two anchor piles when reaction of
1200 kips was applied by the loading beam. This pile therefore could not
be tested to ultimate failure. FIGURE 4.15 shows a vie& of the anchor piles
concreted up to the ground surface with the reinforcing rods projecting
above.

The loading beam constituted a welded plate girder 22 feet overall
length supporting two cross beams 18 ft. 6 in. apart welded to the plate
girder along the surface of contact and stiffened at the endé by means of
short length pipes and plates as is seen in FIGURE 4.16. This beam had

reportedly withstood satisfactorily loads up to about 1000 kips prior to
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FIGURE: 4.15 A VIEW OF THE ANCHOR PILES WTH THE
REINFORCING RODS PROJECTING OUT,

FIGURE: 4.16 A VIEW OF THE LOADING BEAM AS SUPPORTED
BY ANCHOR PILES.
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. this test.

4.7 Preparation for'Load—Testing of Piles

The entire testing programme waé carried out inside the temporary
wooden shack erected to house the piles and the loading beam. Preﬁaration
for testing included clearing the area around the pile up to a depth of
18 inches or more, cutting off the aluminum pipe flush with the top surface
of the pile as shown in FIGURE 4.17, keeping it heéted when necessary to
ensure that the top soil did not freeze (FIGURE 4.18) and providing a
suitably designed loading head under the hydraulic jack as .shown in
FIGURES 4.19 and 4.20. For the two piles in till, the annular space between
the outside of the casing pipe and the wall of the hole had to be cleared of
any debris or soil that had dropped in due to caving. The site, after being
cleared, is seen in FIGURE 4.18. The 20-in. diameter pile in till estimated .
to withstand over 500 kips of load to failure, was located far away from the
centre of the loading beam.  To avoid possible slipping out of the jack due
to the anticipated curvature of the beam under such heavy reaction loads,
contact between the beam and the jack was established through a specially-
machined spherical head and a cap placed at the top of ram of the hydraulic

jack, as seen in FIGURE 4.20 (cap not shown).

4.8 System of Load Application and Maintenance

Two hydraulic jacks each having a loading capacity of 1600 kips
were used for testing. One jack was made use of for loading the 16-in.
or the 20-in. diameter piles and both of these for the 28-in. pile. Calibra-

~tion was done in the 200-ton TINUS OLSON Machine. No hysteresis loss was



FIGURE: 4.17 PREPARATION OF THE
PILE TOP FOR TESTING.

FIGURE: 4.18 HEATING THE SOIL NEAR
SURFACE TO AVOID
POSSIBLE FREEZING.
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(s

FIGURE: 4.19 SHOWING THE ARRANGEMENT OF THE LOADING HEAD TO PROVIDE
SPACE FOR THE PROJECTING SHAFT-COMPRESSION
MEASUREMENT ROD.

FIGURE: 4.20 SHOWING THE HYDRAULIC JACK CENTERED
ON THE PILE TOP.
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indiéated. Data and the calibration curves appe;r in APPENDIX H.

The required pressures were initially built up by puﬁping and
subsequently maintained overnight by the load maintainer. The apparatus
shown in FIGURE 4.21 coﬁld maintain a loaé of the order of 250 kips
corresponding to a gage pressure of 2000 psi. For the application of
higher loads needed for the two piles in till, the maintainer shown in
FIGURE 4.22, good for use up to a pressure of 10,000 psi., was employed.
Thg valve connecting the pump and jack would be closed after building up
the pressure by hand-pumping and transferring it thereafter to the oil
phase in the one-gallon capacity hydraulic accumulator wherein the pressufe
in upper phase (air or nitrogen) could be maintained at any desired value
by admitting a controlled supply of air or nitrogen from the supply
cylinders seen in FIGURE 4,21 (the accumulator attached at the back of the
panel board is not seen in the figure). The capacity of this accumu1a£or
would be exhausted when the movement of the piston of the jack was of the
order of two incheé. It required refilling by pumping in oil from reservoip
under the hand pump. For higher loads and larger anticipated settlements,
the other apparatus (FIGURE 4.22), capable of supplying oil deficiency in
the jack directly from the oil tank under the hand pump, was made use of.

A schematic diagram illustrating the method of load application and main-

tenance has been included in APPENDIX H.

4.9 System of Measurement

In addition to the settlement at pile top and strain indicator
readings for base resistance at the level of the load-cells, measurements

were recorded for the compression of the shaft, settlement of the cell
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FIGURE: 4.21 LOAD MAINTAINER USED FOR PRESSURES UP
TO 2,000psi.

. '_v‘ ,A, .

FIGURE: 4.22 0A8 MAINTAINER USED FOR PRESSURES UP

L
TO 10,000 psi.
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(being approximately equal to thé tip éettlement) and the upward mﬁvement'
of the anchor piles. Two 01001—in. dial gages placed diagonally opposite-
across the pile top were used for settlement measurements. Actual com-
pression of the shaft was recorded by a 0.0001-in. dial gage firmly
attached to the ffee-stan&ing 5/8-in. rod projecting out of the pile top
at centre, measurements being made relative to the movement of the pile
top. These arrangements are clearly seen in FIGURE 4,23, showing the
set-up used for 20-in. diameter pile in clay. The set-up. used for piles
in till was a little more elaborate. Additional 0.001-in. gages, one on
either side of the pile, were attached to the shaft-compression‘rod and
measurements made relative to a fixed surface so as to record the actual
settlement at the level of the cell. TFour gages, one each attached to the
steel rods projecting from the anchor piles, were employed to record their
uplift at various stages of loading. FIGURES 4.24 and 4.25 illustrate the
set-ups used for 20-in. and 28-in.‘piles in till. A schematic arrangement

has been shown in APPENDIX I.

4.10 Pile Loading Test Procedure

All the piles were tested by the "Maintained-Load" Testing Method.
For piles in clay, each new increment of load waé applied after allowing
the pile to settle for 24 hours under the previous increment, till failure
occurred. Unloading was thereafter done under loads corresponding to
15%, 50%, 25%, 10%, of the maximum load applied, finally reducing it to
zero, the load in each case being maintained for half-an-hour duration.
Measurements for settlement at top, for shaft compression and base resistance

(indicator readings) were recorded immediately after the application of any



FIGURE: 4.23 SYSTEM OF MEASUREMENTS
USED FOR 20-in. PILE IN
CLAY.

FIGURE: 4.24 SYSTEM OF MEASUREMENTS
USED FOR 20-in. PILE IN
TILL.
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increment, and after 2 min., 4 min., 8 min., 15 min., 30 min., 1 hr.,‘
2 hrs., 4 hrs., and 24 hrs. vMégnitudes of various increments of loads
to be applied were approximateiy estim;teq on the basis of unconfined
shear strength of fhe soil, value of a =.0.5 and Nc =9,
| For piles in till, cyclic procedure of loading was adopted.
'Each increment of load was maintained for half anlhéur orvtill such time

as the rate of settlement indicated on the dial gage fell be}oﬁ'O:OOI ft.

2.
»

in one hour, whichever occurred later. Each time a Design Load was
assumed and the pile loaded in increments of 25,.50,.?5, 100, 125, 150
and 200 per cent of that and unloaded in increments of 75, 56, 25, 10, b
per cent of the full test load.(i.e., twice the assumed design load),
after maintaining the maximum load for 24 hours or more. Final rebound
at zero load was also recorded 24 hours after the removal of the entire
load. Settlement and other readings during loading and unloading were
recorded at the same time intervals as used for piles in clay. Magnitudes
‘of various increments were decided on the basis of embedded length and
diameter of pile and the average unconfined compressive strength of till.
Piles in clay were tested first and those iﬁ till thereafter.
With reference to FIGURE 4.2, the order of testing was: I, III, IV, and

II.

4.11 Structural Stability of Piles under Loads

The pile most vulnerable to possible structural failure under
the highest load of 1200 kips to which it was subjected, was the 28-in.
one. Failure could occur either due to the crushing of concrete or due to

-disproportionate side-sway at the upper free end of the pile, the bottom



-100~

end being aésumed fixed. Accounting for the sectional area of the 1é-in.
diameter 0.28-1#. thick steel pipe, the equivalent composite sectional

area of concrete works out to 295 in.> and the maximum stress on concrete
about 4050 psi. against the design strengéh 4000 psi.‘of the mix. A

large margin of'safeﬁy inherent in steel and the redistribution and auto-
matic readjustment of stresses between steel and concrete afeas forcing a
possible plastic behaviour of the composite sect;oﬁ, were proBably
résponsible for the actual value o£ stress in concrete being below 4050 psi.,
with the result that no structural failure was noticeable under the highest
load.

Fixity at the lower end of tﬁe pile and probabiy a very-émall
value of eccentricity of loading helped to reduce the maximum side-sway
under the.highest load to about 0.4 in. (APPENDIX J), which was responsible
for inducing a moment of the ordeé_of 40 k-ft. in the pile at the interface
between clay and till. Increase iﬁ the vertical pressure on one edge due
to this And the cérresponding decrease in stress on the opposite edge of the
steel pipe encasing concrete, would be negligible. Its effect in the lowér
part of the\pile‘wouid be partly dissipated due to larger sectional area of
concrete below the clay-till interfacé. It was assumed that the value of
coefficient of load-transfer a would not be adversel& affected as a result
of development of passive pressures along the shaft due to the above-

mentioned cause.



CHAPTER V
TEST SITE SOIL CHARACTERISTICS, LABORATORY TEST RESULTS
AND DISCUSSION

5.1 Introduction

Visual examination of the soil samples as the drilling proceeded,
showed a large degree of non-homogeneity indicated by the presence of
varves of silt of varying thickness interbedded between clay layers,
numerous pockets of fine sand, ice-rafted pebbles and chunks of tili inside
the upper lake deposit; and relatively loése pockets of silt and sand,
pebbles and coal pieces in the lower till deposit. In fact, there was
hardly a 15-inch long continuous sample removed from any sampling fube,
that showed uniform characteristics even visually. ‘Ihe log data recorded
in FIGURE 4.5 reflect these characteristics only crudely. Though the test
holes were located in a line‘barely 10 feet from the centre line of piles,
the soil properties could very well be significantly different. The actual
difference, whatever it Qas, particularly in the strength characteristics,
could not but be ignored and assumed nil for analyéis. The base Eearing
capacity of the piles, it was obvious, would be considerably affected by
the type and the physical condition of the soil immediately below the tip.
These factors made the laboratory testing programme quite complicated.

Many samples where loose silé and fine sand portions fell apart on removal
from the sampling tube, were not strictly "undisturbed." A large number of

tests of various types were needed to arrive at any meaningful value of
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average shear strength for the purpose of establishing some suitable
correlation with field performance. Strength tests carried out included
Unconfined Compressive Strength tests, Box Shear tests and Undrained
' Triaxial tests on wﬁatever undisturbed samples could be carved out. The
results so obtained indicated a considerable amount of scatter particularly
for till samples. In order to better define the angle of shearing resist-
ance, some Consolidated Undrained tests were run on remolded samples
Arecompacted at original moisture content and density and consolidated at
overburden pressure. Spftened Shear Strength values were obtained by soak~-
ing undisturbed samples_in water for 96 hours and sheariﬁg them at over-
burden pressure un&er undraineé conditions. For the same purpose
Unconfined Compression tests were run on samples removed from wifhon one
to two inches of the pile face immediately after the conclusion of the
tests on piles in clay. Many more tests such as Residual Strength tests
at large strains on undisturbed samples, Sliding Friction tests on hardened
‘concrete against till surface under varying normal loads and Plate Bearing
tests in the field, appeared to be closely related to field performance of
piles and so were amply justified. A number of factors, including lack of
time were, however, reépoﬁsible for holding these up.

Results of laBoratsry tests performed on clay and till are given
in the paragraphs that follow. A discussion on the choice of suitable
strength parameters for amalysis, has also been included at the end of this

chapter.

5.2 Index Properties

Classification tests were run on a large number of samples removed

from various depths below the ground surface. Only those results which are
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of immediate interest in the pfesent.analysis have been presentéd here;
in the form of plots, in'FIGURES 5.1 and 5.2. »

Composition of soil; split into'percentage proportions of clay,
silt and sand-size particles (scaled of f from the individual distribution
curves drawn on M.I.T. scale for samples at various depths)as seen in
FIGURE 5.1(a), is continqously changing along the entire depth. 1It is
predominantly clayey for the upper fourteen feet (percentage of clay being
50 or more) and predominantly sandy-silty for the rest of the depth. Pro-
portion of silt for the entire depth shown is rather high, being not less
than 40 per cent anywhere and over 50 per cent in the depth range 22 to 32
feet. Whereas the amount of clay present in certain sections of the pro-
-file is negligible (less than 10 per cent), that of sand for the entire
depth below 15 feet is of the order of 25 to 45 per cent. A major portion
of sana, as observed from the distribution curves, falls in the fine grade.
The average ﬁroportions of clay, silt and sand worked out from thg plot for
upper lake deposits and for till, agree favourably with those for East-~
Central Alberta in general and with those for Edmonton area in particular
(BAYROCK and HUGHES, 1962; BAYROCK and BERG, 1965).

In FIGURE 5.1(b), the plot of average moisture content falls very
close to the plastic limit. The overconsolidation in fhe upper layers is
due to desiccation and that in till is due to the weight of the receding
glacier.. Soil is highly plastic in the upper fifteen feet bl'J.t shows a rapid
decrease in the value of plasticity index below this depth. The soil in
the region between 15 and 40 fgét depth possesses a low plasticity value.

Degree of saturation (FIGURE 5.1 c) regisfers a sharp decrease

from an average of about 97 per cent in the upper clay region to an average
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of 80 per cent in the silty-sandy region. An average of about 90 per cent
saturation is maintained below 36 feet depth.

FIGURE 5.1(d) indicates relativgly high value of bulk demsity,
being ab§u£-137 pounds per cubié foot for dense clay-till compared to
about 118 pounds per cubic foot for upper lake deposits.

Both the lﬁke and the tillldeposits contain a high proportion
of montmorillonite in the clay fraction, the exchangeable ion present being
calcium (BAYROCK and BERG, 1966).

Plotted on the Casagrande Plasticity Chart, three out of a total
of ten samples (depths 6, 12 and 18 feet) fall in the CH region, two in |
the CI region (depths 43, 48 feet), four in the SF region.(depthé 29, 31,
37.5 and 52 feet), all above the A-line and ome (depth 24 feet) in the MI

region below the A-line.

5.3 Compressibility Characteristics

Eight oedometer tests, four for lake soil and four for till, on
undisturbed samples removed from the groun& at the levels of the pile tips,
were performed. Test-runs on clay, silty-clay saﬁples indicated values of
Compression Index Cc varying from 0.254 to 0.485 and those of Swelling
Index Cs less than 0.11, the higher value of the comﬁression index repre-
senting the silty sample. One sample removed from a depth of 22 ft. 6 in.
constituting a compact mixture of silt, clay and fine sand showed Cc and
C, values of 0.054 and 0.010 respéctiveiy. Maximum value of Swelling
Pressure Ps indicated was 0.3 tons ft.-z. Preconsolidation pressﬁre was

9 :

of the order of 1 to 2 tons ft. °.

Compression and Swelling Indices for samples in till were
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considerably low. Values of C. ranged from 0.094 to 0.159 and those
of CS from 0.030 to 0.038. Highest value of swelling pressure indicated
was 1.5 tons ft.-z. Preconsolidation pressure was of the order of 7 to 12

tons ft.-2.~

5.4 Undisturbed Laboratory Shear Strength

Results of unconfined compressive strength tests performed on
undisturbed samples have been plotted in FIGURE 5.3. The points appearing
in the lower region are relatively small in number compared to those in
clay. This, as stated in the above pafagraph, is due to the difficulty
experiencéd in obtaining intact till samples from the sampling tubes.

Six sets of undrained. tests, each on 3 to 4 undisturbed samples
removed from the same sampling tube, were performed on clay in the
triaxial cell. Four additional sets of triaxial undrained tests were run
on clay samples remolded aﬁd recompacted at fhe original moisture content
and densitf. Nine tests were carried out on samples of till compacted as
mentioned above and sheared at the overburden pressure under undrained
conditions. Values of strenmgth parameters as obtained from triaxial
undrained tests appear in TABLE V-1. Due to the complete change in soil
structure, as a result of remolding, the strength paraﬁeters obtained from
tests on the two types of samples cannot be compared as such. The results
from remolded samples have, however, been used to interpret those from
undisturbed samples in a better way. For'the upper nine feet, the soil
being very hard and brittle, angles of shearing resistance increasing from
3.5 degrees at nine feet depth to about 26 degrees near the surfaée are

indicated. From 9 to 15 feet, angle of shearing resistance hés a value of
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TABLE V-1-

RESULTS OF UNDRAINED TRIAXIAL COMPRESSION TESTS

~ ON UNDISTURBED AND REMOLDED RECOMPACTED

SAMPLES OF CLAY AND TILL

Remolded Recompacted

Depth Undisturbed Samples Samples
below
Ground Soil Undrained Angle of Undrained Angle of
Surface Description Cohesion:c | Shearing Re-| Cohesion:c Shearing Re-
u T
sistance:.¢u sistanceupru
(ft.) (psi.) (degrees) (psi.) (degrees)
3 Very hard brittle - - 13.8 25.4
clay
6 Stiff clay with 26.9 26.0 16.1 14.5
some silt
9 Stiff highly - - 8.5 3.5
plastic clay
12 Stiff highly 13.1 4,5
plastic clay
15 Stiff highly - - - 8.5 3.5
plastic clay
16 Silty-sandy clay 10.1 4,5
9.0 3.5
13.5 8.5
20 Silty-clay sand 7.8 11.5 - -
24 Sandy-clayey silt - - 3.0 19.5
27-30 | Hard silty-sandy- - - 5.5 25.0
gravelly till '
30-45 | sandy-silty clay- - - 4.9 to 5.5 [15.5 to 25.0
till
45-50 | Sandy-silty clay- - - 5.5 25.0
till
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the. order of 3.5 to 4.5 degrees. In the till region, higher values are
iﬁdicated for the layers made up predominantly of sand and gravel and
relatively low values for those whérein clay is present in relative
abundancé. Undrained shearing'resistance’;s obtained by using the
undrained cohesion c, and the angle of shearing resistance being the
average of ¢u and ¢ru » have been superimposed in the plot for shear
strength (FIGURE 5.32. Value of ¢, Dbeing obviously different from
that of ¢u » even its partial use as stated above, may be objectionable.
This had to be done due to lack of test data on undisturbed.samples.
And furfher, as shall be observed from FIGURE 5.3(c), since the number of
points so obtained are very few, its ultimate effect on the mean value
of shear strength may be cénsidéred insignificént.

A large number of box shear tests were carried out on undisturbed
samples at varying normél pressures. The samples for the tests were sé
cut as to ensure that the induced failure surface in the shear box was in
.vertical natural orientation pomparable to field conditions. Values of
shear strength corresponding to the overburden pressure based on the strength
envelope obtained from box shear tests or by making use of the angle of
shearing resistance obtained frém TABLE V-1 have been plotted in FIGURE 5.3,
together with the results from other tests mentioned earlier.

Laboratory data on shear strength being too voluminous to be
presented in full, only a few typical plots have been incl?ded in APPENDIX

K.

5.5 Shear Strength from Standard Penetrometer N-Values

Penetrometer N-values, being the Number of Blows of a 140 pound
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ram having a free fall of 30 inches, required to drive the Standard Spoon
Sampler (2-in. 0.D.) to a depth of 12 in., were obtained at appropriate
depths while drilling the test-holes. The blow-counts for the individual
holes have been shown in FIGURE 4.5. They hav; been plotted alongside

the plot for shear strength of the §oil; in FIGURE 5.3 and a line repre-
senting the mean values hasAbeen drawn through these foints. An approximate
method of estimating the unconfined compressive strength of clay'froﬁ
N-values is given by TERZAGHI and PECK (1967). Table 45.2 (page 347) in
this reference results in the relation: .qu = N/8, where qu is the
unconfined compressive strength in tons per square foot. Assuming the value
of sﬁéar strength to be half the unconfined compressive strength, and
changing the units of undisturbed shear strength c¢ to pounds per square'

inch, this relation can be re-written as:
c = 0-87 N R (5-1)

A plot representing this equation has been superimposed on éhe
plot for shear strength in FIGURE 5.3. The relation has been specifically
mentioned by the authors to be suitable for application in clay so that its
authenticity for soil below about 20 feet depth'may be questionable. In
any case, however, the general_trend indicated is unmistakable and thé value
of shear strength, if based on N-values which reflect the in-situ conditions
at all depths, may perhaps be more appropriate than those obtained from any
laboratory test for the type of soil encountered in the present case.

Values indicated by this plot are slightly on the higher side compared to
those obtained from laboratory tests on undisturbed samples or alternately,

the laboratory strengths; due to disturbance of the samples or in some cases
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due to their partial collapse, are rather on the low side.

5.6 Strength Data from Other Sources

An attempt was made to collect field and laboratory strength
data from local foundation engineering firms. None of those contacted
had carried out ény plate bearing tests in the vicinify of the site.
Laboratory shear strength tests were few and were available for the upper
clay deposit only. Blow count and shear strength data for bore holes
installed in soil with similar characteristics within about one mile
radius of the test site, obtained by courtesy.of R. M. Hardy and Associ-
ates, and Bernard Hoggan Engineering énd Testing Ltd., haveAbeen included

in the plots in FIGURE 5.3.

5.7 'Undfained Shear Strength Values Used in Computations

SKEMPTON (1966) in his summing up address at the conclusion of
the Symposium on Large Bored Piles suggested three methods of drawing the
true laboratory shear strength vs. depth line, viz., the best line dréwn
by visual observation showing the mean values, the line indicating the
lower limit of strength and the average strength line drawn by using statis~
tical methods. Of these, the last method was considered to be the least
satisfying. In the present case, there does not appear to be much justifi-
cation for adopting the lower bound values shown in the shear strength plot
of FIGURE 5.3, since these are mostly indicative of.the disturbed test
specimens not representing the in-situ strength. The mean strength line
drawn as the best fit has been'used for computation and analysis of test

data. For the very hard sandy gravelly till layer around 30 feet depth, a
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uniform value of 49 psi. 'hés been adopted, though the actual indication

as seen from the N~value plot is towarﬁ much higher strengths.

S.é 'Reéidual Strength Parameters for Cla§ and Till

Box shear tests on undisturbed specimens could unfortunately not
be carried out to large strains by repeated reversals in the direction of
- the applied shear force. In the apparatus used, the strains were limited
to a maximum of about 0.4 in. Further, in many cases it was almost impossible
to obtain three truly undisturbed samples at the same depth, and since
samples obtained from other depthé Qogid not possess similar charapteristi;s,
the vélues of Residual Strength parameters reported in the paragraph below
represent only a very rough approximation.

As described in paragfaph 5.4 of this chapter, undrained angle of
shearing'resistance corresponding'to péak shear strength decreased from
26 degrees at the surface to about 3.5 degrees at a depth of 9 feet, below
which a somewhat constant value between 3.5 and 4.5 degrees is indicated.
Only two sets of box shear tests are available for estimating roughly the
Residual Strength parameters of undisturbed specimens for the upper nine
feet depth. Samples taken at 3 feet depth indicate a residual cohesion
value c, of 9.1 psi. and'a residual angle of shearing resistance ¢r of
19 degrees. The other set of results for samples at 8 feet depth, shows a
c, value of 7.9 psi. and ¢r equal to 4.5 degrees. Residual cohesion
values are obviously higher than those expected, since according to
"SKEMPTON (1964) the cohesion intercept vanishes almost completely while
passing from peak to residual. The effect of the applied shearing strains

not being too large, is thus clearly reflected. Residual shear strength



~114-

values which in the preéent context may better by called ultlmatelstrength'
values computed on the basis of these parameters have, however, been
vplotted in FIGURE 5.4 alongside the Undrained Undisturbed Shear'Strength
plot taken from FIGURE 5.3. Relevant dafa on Residual Strength parameters
appear in APPENDIX K.

A majority of samples taken at depths ranging from about 9 feet
to 23 feet indicated plastic mode of failure dufingvtesting. The elastic
moduli were observed to be consistently decreasing until the maximum
load was reached. Almost all the stress deformation cﬁrves flatten
out without shoﬁing conspicuous peaks. The soil in this region being
a mixture of.clay, silt and sand in varying prdportions, it does not
appear to be unreasonable to adopt residual strength parameters to be
slightly less than those corresﬁonding to the peak values. The portion
of the Residual Strength plot in FIGURE 5.4 for dépths of 9 to 22.5 féet
below ground surface has been drawn on this basis,

Soil strata below 25 feet depth abound in course particles
wherein drainage conditions may be assumed to be slightly better than
those above. Undisturbed samples were enough only for a single set
of box shear tests carried to strains of the order of 0.4 inch. The

value of 35.6 psi. obtained in that case has been shown in FIGURE 5.4.

Corresponding data appears in APPENDIX K.

5.9 Softened Shear Strength

Test specimens for obtaining softened shear strength of soil

were prepared by first trimming the undisturbed samples to size, then
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wrapping them up in filter paper, the ends having been covered by
porous discs held in position by thin elastic bands, and‘finally
soaking them in water for 96 hours, Triaxial undrained tests were

run on five samples thus prepared at cell. pressures equal to the corr-
ésponding overburden pressures. Shear strength values, assumed equal
to half the deviator stress at failure (taken at 15% strain for sampies
yielding plastically) have been plotted in FIGURE 5.4. The lower part
of the plot for softened shear strength indicates 5n average of only
three values and is rather on the low side. There appears to be little
justification for using this part for aﬁalysis since the strata at the
corresponding depths abound in sand. Such severe coﬁditions as repres-
ented by undrained tes£s on samples soaked for four days would perhaps
never exist since moisture from any source would get dissipated from
the soil which in general would provide comparatively Better drainage.
The sketching of the upper part of this plot has been facilitated by
an additional set of points representing the undisturbed shear strength
of the soil samples removed from within one to two inches of the faces
of the piles of clay. The data include the results of nineteen tests
on the unconfined compréssion machine and four sets of undrained tests
in the triaxial apparatus. The plot is offset to the left of the mean
undrained shear strength plot for intact soil almost uﬁiformly by horiz-
ontal distance representing a loss of about 2 psi. up to a depth of

24 feet,



CHAPTER VI

PRESENTATION OF FIELD PILE LOADING TEST RESULTS

6.1 Introduction

Presented in this chapter are the various curves representing the
behaviour of field piles. 1In addition to the usual plots of settlement at
top against total load Q and against time-duration, the settlement
behaviour as related to the base-resistance of the pile computed from the
indicator readings for the load-cell, has also been shown. The manner in
which the settlement and the tip resistance of the pile vary with passage

of time under sustained loads has been presented separately.

.6.2 Settlement Behaviour of the Loaded Piles

FIGURES 6.1, 6.2, 6.3 and 6.4 representing the settlement behaviour
of full length piles under loads, have been plotted directly from the field
data and observations summarized in APPENDIX L. ‘

It is not difficult to estimate the Failure Loads for the two
piles in clay (FIGURES 6.1 and 6.2) where the point of intersection of the
two tangent lines drawn to the general slopes of the upper and lower portions
of the curves are easily selected. Yield-point loads of 93 kips and 100 kips
are indicated for the 16-in. and 20-in. piles respectively. If the failure
criteria be taken as the maximum gross settlement not exceeding 0.03 in.
per ton of additional load (CHELLIS, 1961), yield-point loads of 93 and 102

kips are observed. The points on the curves, where a %4-hr. application
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of load céused a permanent settlement of not more than 0,25 iﬁ., corr-
espond roughly to loads of 93 and‘104 kips.respectiQely., Ultimate

" values of 93 kips and.100 kips have therefore been chosen for analysis.
The initial portions of the curves are practically straight lines
indicating negligible amount of settlement up to aboﬁt 90 éer.cent

of the failure load. Additional loading in excess of that, causes

large settlements in both cases. Recovery of settlement on the removal
of the entire load from pile top is insignificant except for last
increment (corresponding to about 10 per cent of the maximum load on

the pile), the total rebound ambunting to 10.7 per cent of gross
settlement for 16-in. pile and 6.5 per cent for 20-in. pile. The yield-
point, on reloading the pile, fell doﬁn from 93 to 88 kips in the former
and from 100 to 98 in the latter case, the lower portion of the two
curves becoming steeper and the gross settlement increasing from less
than 0.1 in, to a little over 0.2 in. in both cases.  Reloading at 120
and 130 kips respectively, béing about 30 per cent in excess of the
failure loads, caused the piles to séttle rapidly.

Piles in till were tested by the cyclic method of loading, i.e.,
by allzwing them to rebound after each increment of load was maintained
for a certain length of time and reloading it thereafter by applying the
next increment. Due to practical difficulties, it was not possible to
maintain the loads for the same duration for every increment. Likewise,
the periods allowed for rebound were also not the same. For the 20-in.
pile in till, load was increased until the pile started settling rapidly.
Failure by obtaining a rapid settlement of the‘28-in. plle, however, could

not be achieved due to excessive upward movement of the anchor piles,
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relatively large deflection invtﬁe_loadiﬁé beam and due to the stress in
concrete having reached the ultimate strength value when the last increment
was applied. The maximum loaa in that case was limited fo‘1200 kips,
éroducing a top settlement of 2.78 in. coﬁpared to 550 kips maximum load
and 6;51 in. settlement in the former case.

Due to'unequal Joading increments and.considerable variation in
the time duration for which a particular load was maintained at the pile
top, the drawing of smooth load-settlement curves for the two piles in till
became difficult. Three curves have been shown for each of the two piles
(FIGURES 6.3 and 6.4). Tﬁé ﬁpper enveloping curves indicate settlement of
the pile head immediately after the application of any load increment. The
lower bound curves have been réughly sketched through the points representing
ultimate recorded settlements. The intermediate curves are the 24-hour
settlement curves drawn on the basis of recorded values of settlement for
each of the loading increments maintained for this period. Tangent lines
drawn to the general slopes of the upper and lower parts of the curves
intersect at points A, B and C as indicated in the figures. Values of the
failure loads represented by these points are-significantly different,
whereas the corresponding settlements are nearly the same. The yield-point
load fell down from 387 kips initially to 348 kips aftér long-time settle-
ment in the case of 20-in. pile and from 785 kips to 742 kips in the case
of 28-in. pile. With a view to providing a uniform basis for analysis,
24-hour settlement curves have been adopted for analysis. Failure loads
indicated are 352 kips for the 20-in. pile and 750 kips for the 28-in. pile
corresponding to settlements of 0.46 in. and 0.61 in. respectively.

All the reloading curves for cyclic loading of piles in till are
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straight and parallel to each other, indicating an average settlement rate
of 0.05 in. per hundred kips up to the failure load; The rebound curves,
also roughly parallel to each other but slightly curving upwards, indicate
total average recovery of about 0.04 in. fer'hundred kips, recovery being
relatively high for the portidn of the curve représénting the removal of
the last increment which finally reduces the load on the pile to zero.

The effect of repéated loading and unloading cycles on the total
settlement of the pile top, as would be observed from FIGURES 6.3‘and 6.4,
has not been too significant. For loads up to gbout 70 per cent of the maximum
test load, the settlement on reioading at a load correspohding,to the
previous increment is approx;matély the same #s the maximum settlement under
that increment. A slight increase in settlemgnt is, however, indicated by

the reloading curves beyond that stage.

6.3 Base Resistance Developed under the Tip of the Penetrating Pile

Values of base resistance at various stages of loading were
scaled off from the calibration curves against the cumulative differeﬁceé
of the indicator readings for all the working quadrants added together.
Load cells under the 16-in. diameter pile (in clay) and 20-in. diameter
pile (in till) worked sétisfactorily. Strain differenées in the opposite
quadrants added togéther indicated approximately equal values, showing
central loading of cells during testing. One quadrant in each of the
remaining two cells was showing erratic values and the same was ignored at
the time of calibration. Some doubt was cast on the base resistance values
obtained on the basis of readiﬁgs from quadrants I and III for 28-in. pile

in till, since the behaviour indicated was not similar to the other pile in
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till. .But since fhere was novmalfunctioning indicated, beiﬁé easily
détectable on the strain indicator, and since the behaviour of a pile in
this type'of glacial till can be very different from that of another one
Just a few feet away (PARSONS, 1966) anﬁ further, since the emﬁedded
lengths of the two piles were significantly different, the'doubt was
dismissed as unfounded. The load-cell under the 20-in. diameter pile in
clay was the only one for which the indicator showed little or no response.
This appears to have happened due to the possible stripping off of thek
gages from the pillars with the passage of time (about six months in this
case). None of the active quadrants of the cell‘functioned properly.

The capacity of two out of the three working cells was overtaxed
and base resistance values had to be obtained by linear extrapolation of
the calibration curves. This has béen agsumed to be quite in ordef since
the maximum stress so induced in the pillars still falls well within the
limit of proportionﬁlity for the material.

Values of Base Resistance Qb s as obtained from the load cell
readings, have been shown plotted against top settlement of the pile in
FIGURES 6.5, 6.6 and 6.7. An alternative method of approximating the Base
Resistance for the fourth pile (20-in. diameter in clay) has been attempted.
in the next chépter. Corresponding values of Shaft Reéistance Qs » obtained
by subtracting the Qb values from corresponding total load Q have also
been plotted in the figures. Both the loading and the rebound portions of
the curves (last rebound cycle for piles in till) have been included in
each case. Data for the plots appear in APPENDIX L.

After the shear failure of the softened soil around the shaft

represented by the pronounced peak in the curve for Shaft Resistance Qs',
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a considerable magnitude of additional léad was transferred to the
Sase of the 16~-in. diameter'pile in clay (FIGURE 6.5). Whereas the
shaft resistance curvevflattened out after the peak, indicating nearly
a constant value of Qs’ the base. resistance continued mounting with
further penetration of the pile. Up to é'settieﬁent of about 3.8
‘inches of the pile head, the base resistance value had not yet reached
its peak value though from the shape of the lower end of the Q-curve,
it can be easily made out that it was very close to that, Removal of
load from pile top left some Residual Load at the tip (acting upwards)
and an equal amgunt of Negative Skin Resistance (acting downwards) to
balance it. The magnitudes are shown in the figure.

Embedded length appears to Se a dominant factor governing
the behaviour of piles in till. Whereas base-resistance build-up is
slow for both the piles (FIGURES 6.6 and 6.7), the difference is
characterized by the curves for Shaft Resistance in the two cases. Skin
friction is mobilized fully corresponding to top settlement of 1.6 in.
for short pile but appears to be still building at the max;mum settlement
of 2.8 in. reached by the long pile., Base Resistance curve Qb for the
28 in. pile (FIGURE 6.7) drawn for the working quadrants (I and III) is
the one adopted for analysis. The other three curves for tip resistance,
shown dotted in the figure, have been drawn on the basis of other combin-
ations of working quadrants, for comparison only; Both the skin friction
and the base resistance curves in the case of these two piies appear to
be levelling off at maximum settlements, indicating load transfer.to the
base of the order of about 60 per cent of the total load, for both piles.
Rebound on unloading is of the order of 6 per cent of the total top settle-

ment for the 20 in. pile and 27 percent of the total top settlement for the 28 in,
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pile. This probably is indicative of the fact that complete shear
failure of the shaft soil had occurred for the 20-in. pile having pene-
trated about 6.5 in. whereas the same did not happen for the 28-in. pile

having penetrated only about 2.8 in.

6.4 Behaviour of Piles under Sustained Loads

Settlement behaviour of piles as a function of time at various
stages of loading has.been shown in FIGURES 6.8 and 6.9. This has been
further amplified in FIGURE 6.10, illustrating the sustained effect of a
single increment of load maintained for a long time. For all loads less
.than failure load settlement increases af a fast rate for the first two
to three hours and then slowly levels off, éhowing no appreciable increase
after about 8 hours. The rate of settlement-increase goes on mounting with
each new increment of load added to the applied load, till the total load
approaches the failure load and the settlement behaviour with respect to
‘time registers a change, the pile then settling rapidly. The;e facts are
amply illustrated by FIGURE 6.10, as also by the preceding two figures.
Time settlement behéviour of piies in elay and till can, however, not be
equated since their load-settlgment characteristics are basically different
from each other, as seen in FIGURES 6.1 to 6.4. Where;s settlement curves
for piles in till are constantly drooping, those in clay show little if
ariy settlement up to failure load. The rate of settlement as a
function of time is therefore, in general, greater for piles in till than
for piles in clay for comparable loads applied at top.

Settlement Recovery on complete removal of load from pile top,

appears to be dependent primarily upon four factors, viz., the number of
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loading and reloading cycles applied up to the maximum test load, com-
pressibility characteristics of soil, modulus of elasticity of the
material of the pile and finally the condition as to whether complete

shear failure of the soil around the shaf£ had been approached or npt.

The rebound decreases with the increase in the number of repetitions and
also 1f complete shear failure has occurred in the shaft soil. Rapid
sinking of the pile at any stage of loading and the apﬁearance of a pro-
nounced peak in the Shaft Resistance curve perhaps indicate total shear
failure having taken place in the surrounding soil. Taking the same value
of tﬁe elastic modulus fof the material of the piles and assuming similar
compressibility characteristics of till below the pile tips, the difference
in the final rebound values for 20-in. and 28-in. piles in till, seen in
FIGURES 6.6, 6.7 and 6.10, can thus be explained‘on the ground that completé
shear failure of soil did take place in fhe former case whereas the maximum
load on pile top was not adequate to induce a similar condition in the
‘latter case. A major portion of rebound for all piles, however, is rela-
tively instantaneous. Recovery with passage of tiﬁe as shall be observed
in FIGURE 6.10 is small.

FIGURES 6.5, 6.6 and 6.7 illustrate also the manner in which the
base resistance falls when load at pile top is reduced‘to zero. Magnitudes
of Residual Tip Load after allowing the pile to recover for 24 hours have
been indicated in the figures. Negative values of Skin Resistance, being
exactly equal in magnitude and opposite in sense to that of the Tip Resist-
ance at zero load, have élso been shown in FIGURES 6.5 and 6.6.

Effect of sustained loads on the values of base resistance has

been illustrated in FIGURE 6.11, Behaviour of piles in clay appears to be
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slightly different from those.in'tiil.' For loads less than the failure’
load, the base resistance for piles in clay buildé up rapidly to a peak
on the application of a new increment, thgn falls down to a certain extent,.
rebuilds slowly thereafter, and finally lévels off, WNo peak is indicate&
when the load approaches the failure load for which settlement goes on
increasing with the passage of time. TFor files in till and for applied
loads less than the failure load, the base resistance builds up in two to
four hours, showing little increase thereafter without recording a peak
anywhere. Mobilization of base resistance as a function of time at loads
close to the failure load, appears to be similar to that of piles in clay.
The difference in behaviour for the two soils indicates quick adjustment
of particles aldng the shaft for piles in till but a temporary reversible
straining of particles for piles in clay, dependent therefore on the shape
and size of thé particles.

_ Data concerning behaviour of piles under sustained loads appear

in APPENDIX M.

6.5 Adjustment of Shaft Resistance and Base Resistance Values

Presence of concrete plugs forming the pile tips makes it necessary
to adjust the measured values of Base Resistance as aléo the cdmputed values
of Shaft Resistance. Estimation of effective magnitudes for purposes of
analysis, in the next chapter, has been based on the assumption that unit
skin friction offeréd by the vertical peripheral surface of the plug in
contact with the surrounding soil, is the same as the average skin fric;ion
along the shaft above the cell. The effective value QB of the base

resistance at the bottom of the plug shall thus be given by:
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H

QB = Qb - ___H . Q8+Wp cee (6.1)
where Qb is the value obtained from the strain indicator readings;
Qs is the difference (Q - Qb); -H the embedded length of the pile
measured above the centre of the cell; H1 the length of the plug
from centre of the cell to tip of the pile; and Wp the weight of

the concrete plug. Effective value of Shaft Resistance QS shall

therefore be the difference (Q - QB).



CHAPTER VII

ANALYSES OF TEST DATA AﬁD DISCUSSION

7.1 Introduction

In this chapter, the results of field tests presented in
Chapter VI have been analysed and correlated with the strength character-
istics of soil presented in Chapter V. An attempt has been made to
evaluate the design parameters for bored-in piles installed in clay and
till. Where field information is inadequate, use has been made of data
from other sources.

In computing the Shaft Resistance by subtracting the. measured
Base Resistance from the total load at pile top, it has been assumed tﬁat
the effect of interaction is insignificant and that fhe two components
‘are independent and hence‘separable.

Essential pile data on which the computations in this chapter

are based have been presented in TABLE VII-1.

7.2 Analysis of Base Resistance for Piles in Clay

Base Resistance Qb as worked out from the strain indicator
readings for 16-inch pile in clay has already been shown in FIGURE 6.5.
Similar values for the 20-inch pile in clay for which the load cell did
not function properly have been approximately estimated on the basis of

measured shaft compression, on the assumption that both the piles in clay
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behaved in.a similgr m;nner.

For any sﬁaft of length -ﬁ and sectional area A, having an
elastic modulus E for the material, the deformation AH under an
axial load Q can be computed‘by using ﬁooke's law giving AH = QH/AE.
In the case of a plle, however, because of.its embedment in soil; the
stress due to the agplied.load Q at top goes on decreasing with depth.
For small increments of load ;n the beginning of a pile test; the effect
of the load does not reach the pile tip (D'APPOLONIA 1963; TROW, 1967
BROMS, 1968). On the lines suggested by TROW (1967), it can be. shown
APPENDIX N) that for a pile of length H ;nd diameter B, the critical
load Qc applied at top when its effect just reaches the tip, is given

by:

q =1/2 xBr’ ; | | e (7.1)

and the corresponding shaft compression is given by:

2 H
AH "3" Qc . XE 4.-- (7.2)

where K = k Yi tan ¢ . In this equation k 1is the coefficient of
: d
lateral earth pressure, Y' the effective unit weight of soil and ¢ the

mobilized angle of friction. ‘

Based on‘thé over-consolidation ratio ranging froﬁ about 6 at a depth
of'3 feet below surface to about 2 at a depth of 20 feet and an average value
of plasticity index of 40, the coefficient ko of earth pressure at rest,
reflecting approximately the value of k for use in the above equation, as
scaled from the ploté by BROOKER and IRELAND (1965), ranges from 0.9 to
1.2, for the 16-in. diameter 20 feet long pile in clay. Using y = 116 pecf.

~and ¢' = 30 degrees, the critical load Qc from equation (7.1) above works
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-
out to about 16 kips. The first increment of the applied load being 20
-kips, it can be assumed that~£he tip started receiving its share of the load
right from the beginning of the test.” Thus when tﬁe applied load at top is
Q and the corresponding measured tip resistance is Q,- the approximate '

deformation of the pile is given by: -

Q .H ' Q-14q) .
'm=-JL——+§.——f—l— .H cee (7.3)
AE "' AE

Using the dimensions given in TABLE VII-1, and adopting E for

3 ksi. (based on the supplied value

composite section equal to 3.625 x 10
of concrete crushing strength), the above eduation for the 16-inch pile

(I) can be re-written as{APPENDIX N):
b % 075 | 4
1 = Q (18-3 + 6.77 "Q—" ) X 10 see (70 )

wherein Qb’ Q are measured in kips and AH, in inches. Axial deformation

1
represented by this equation has been plotted in FIGURE 7.1 (a) along

with the measured shaft compression. The difference in the values indicatedl
by the two lines is not too large. Elastic line for the uﬁobstructed
deformation of the pile is also shown in the plot. Modulus of deformation
indicated by the actual sﬁaft compression line is 3.69 x 103 ksi. whereas
its éverage value computed from the plot of equaﬁion (7.4) 1is a little
higher, being 4.3 x 103 ksi. Measured values of shaft c;mpressioh as

rafio of H/A have been plotted:against'the'base resistance antaken as
percentage of applied load Q at top, in FIGURE 7.1(b) for the 16-inch

pile. Assuming that the relationship represented by this plot holds

for the other pile also, Qb/A values for 20-in. pile have been scaled

off using values computed from the measured shaft compression AH,
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the length H and the equivalent sectiona area A fqr the 20-inch
pile. FIGURE 7.2(b) represents the plot for Qb so determined. Equation
for deformation of the 20-inch pile (III) for the dimensions given in

. TABLE VII-1l, using E equal to 3,625 x 103 ksi.,, can be written as

(APPENDIX N):

Q -5 . '
BE = Q(9.02 + 3.05 2 x 10 vee (7.5)

This relationship as seen from FIGURE 7.2(a) indicates deformation
values comparable to the measured shaft compression plotted in the
figure, and thus confirms the authenticity of the method used for
obtaining Qb values for the 20-in.pile. The assumption that E for
concrete remains unchanged and that sbil under the pile tips at diff-
erent depths offers comparable resistance to penetration, would introduce
an error of the order + 10 percent as observed from the data for the
recorded settlements. For piles of nearly the same length or for tips
resting on strata having nearly the same physical characteristics, this
error would be considerably reduced. Nevertheless, the plot (FIGURE 7.1b)
is not unique, Its use for othef'sites would involve the conditions in
regard to the assumptions being satisfactorily met.

- FIGURES 7.3 and 7.4 show the tip settlement of the piles
obtained by subtracting the compressive deformation taken from FIGURES 7.1
and 7.2. The curves have been further adjusted by accounting for the
contribution made by concrete plugs provided below the piles, using
equation (6,1). Dimensionless parameters have been used for both the plots.
Curves for Shaft Resistance have been obtained by subtracting QB from

the corresponding Q-values.

From the shape of the curves for total capacity (FIGURES 6.1;

6.2, 7.3 and 7.4), it can be made out that settlement under the final
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increment would go on increasing with time., The indicated ultimate values

of base resistance can safely be assumed to be the maximum for purposes

of analysis. Ultimate bearing capacity computed on this basis works out

to 165 psi. for 20-inch diameter 16 feet dgep‘pile and 242 psi. for 16-

inch diameter 20 feet deep pile. As shall be seen from FIGURE 5.1, the

amount of clay present is of the order of 45 and_27 percent respectively

at depths of 16 and 20 feet below ground surféce;J;Q;’rest being a mixture

of silt and fine sand. Soil is nearly saturated (degree of saturation of

the order of 92 percent) and is of medium dense consistency (average N-value:

23), Under the loaded pile tip, it is presumed , it would behave like a

typical c- ¢ material. Immediate drainage under the pile~tip at 16 feet

depth, where percentage of silt and montmorillonite clay is relatively

high and soil is nearly saturated, cannot be expected. Similar conditions

exist under the pile tip at 20 feet, though the composition of soil indicates

a little higher percentage of fine sand. A very small amount of drainage

if at all from the nearly satur;ted compact mixture of clay, silt and fine

sand may take place in that case, For purposes of analysis,vhowéver,

undrained conditions have been assumed. Undrained angle of shearing

resistance as obtained from triaxial Eests (TABLE V-1), has average values

of 5.5 and 11.5 degrees, the undisturbed cohesion being 10.8 and 7.8 psi.

respectively for the soil at 16 and 20 feet depth. Base& on this information,

the ultimate bearing capacity for the soil under the tips of the two piles

has been computed both on the basis of Terzaghifs as well as Meyerhof's Theories:
(a) TERZAGﬁI (1943), Ultimate Bearing Capacity Therory (condition of

general shear failure):

From equation (2.2) (Chapter II), using the parameters assumed in the

above paragraph we have from Terzaghi's Chart:



-147. -

Nc = 7.4, Nq = 1.8, N+ =0 for ¢ = 5.5°, and

N =10.2, N =3.2, N = 1.0 for ¢ = 11.5°.
c 2 Tq Y .

Substitution in equation (2.2) gives q, = 1;0, 161 psi. respectively
for the 16 feet and 20 feet deep piles.

(b) MEYERHOF (1951), Ultimate Bearing Capacity Theory (condition of
_ general shear failure):

Bearing Capacity factor from Meyerhof's charts are:

Nc = 14.0, Nq 2.1, NY = 0.2 for ¢ = 5.5°, and

N, = 20.5, Nq 5.1, NY4= 2.1 for ¢ = 11.5°.
Using equationu(2.3) wé have q, = 179 psi. and 247 psi. respecﬁively for
16 feet and 20 feet deep piles.

Based on Terzaghi s Theory, a simpler approach by KRIZEK (1965)
who dispenses with the use of charts for arriving at the values of bearing"
capacity factors and makes direct use of the friction angle, gives values
of ultimate bearing capacity as 101 psi. and 136 psi. respectively for the
two piles. | ~

Under conditions of ultimate failure, computations based on
Terzaghi's theory, as observed from the results obtained in the above
paragraphs, indicate rather conéervative values of tip resistance. Meyer-
hof's theory on the other hand appears to give values slightly in excess of
the measured ultimate capacity of the base. A look at the slow-rising

lower ends of the mobilization curves for tip resistance clearly indicates
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that the actual ultimate values at a little higher settlement would be
slightly more than the final observed values. In other words, it can be .'
safely presumed that actual values would agree favourably with the
theoretical values if computed on the basis of Meyerhof's Theory. A
greater emphasis on the determination of strength parameters of the eoil
is obviously necessary. ’ _ o : B
bepth of piles installed in the clay-eilt-sand region can be
expected to vary from 15 to 25 feet. Within this region values of the
angle of the shearing resistance increase hith depth as does the percentage
of sand fraction and so also the N-values. The indicated base capacity
can be expressed in terms of the product N x deoth below surface. hut
‘since there is no uniformity in the characteristics of the deposi; at
various depths, the importance of the depth factor is insignificant.
Assuming that the N-values themselves include the effect due to depth,
approximate correlation has been obtained in terms of N—values only. Indi-
cated base bearing capacity equals roughly 9.2 and 9.6 times the respective
N-values for 20-in. and 16-in. diameter piles resoectively. A uniform
value of 9 if adopted would give a conservative estimate for the entire -

depth region. Thus
q, = 9N.. ... psi. oo (7.6)

or q = 0.65N . ... . tsf. .ee (7.62)

where N is obtained by averaging out the number of blows from various

test holes at appropriate depths.
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7.3 Analysis of Shaft Resistance for Piles in Clay

Values df Shaft Resistance, as described previpﬁsly, have been
obtained by subtracting QB from the cor;esponding Q-values. The plots
after making necessary adjustments have béen shown in FIGURES 7.3 and
7.4 for the two piles in clay. Maximum mobilization of skin friction,
being about 50 to- 60 per. cent of the applied total load, occurs at a
settlement ratio of nearly 0.6 per cent of the effective diameter of the
pile. Shear failure in the soil along the shaft progresses slowly from
top towards the tip of the pile as the load on pile-top increases. The
effect of loading having produced ultimate shear failure of the shaft soil
at the level of the tip manifests itself in the formation of a peak in‘the
QS vs. settlement plot. Soil along the shaft at this instant is at
various stages of failure offering maximum resistance corresponding to
the peak of the stress-strain curve for soil close to the tip where relative
ﬁovements are small and offering less resistance corresponding perhaps to
the residual strength of soil near the surface where relative movements are
large. This view draws sufficient indirect support from the shape of the
curves representing the load carried by the pile section at various depths,
as presented by SEED and REESE (1955), MOHAN et al. (1963), CAMBERFORT (1965)
and TROW (1967). The slopes of the curves (representiﬁg coefficient of
load-transfer), for the lower one-third length of the piles being larger
than those for the upper two-thirds, indicates relatively large pick-up of
load by the shaft soil close to the pile tip. With further penetration of
pile, it appears, average valﬁe of resi@ual shear stréngth might be effeétivé.
Mechanism of failure along the shaft, however, is not as simple as described
above. It gets complicated by certain other factors which are simultaneously

operating. Some comments in this connection have been offered in paragraph
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7.10 of this chapter. The decision regarding the éhoice of suitable |
strength parameters for developing a correlation with fielq;performance
is, therefofe, quite intriguing. Developed unit skin friction, 7(3’
computed from total Shaft Resistance QS,.has been plotted against
settlement of the tip in FIGURE 7.5(a). The differenc; in the absolute
values of adhesion indicated by the two piles éan bé éttributed to a
number of cases, the most effective being tﬁeir relative lengths of
embedment. Shear strength of the soil at depths of 16 to 20 feet below
surface is lower than the average shear strength in the upper 16 feet.
In general, therefore, a lower average value should be expected for the
‘16-in. diameter 20 feet long pile. Actual behaviour as indicated by the
plots is in agreement with this observation only for settlements beyond
1 inch. For the initial part, trend is just.the opposite. A very
important factor explaining this point is the sensitivity of QS values
to the very drawing of the curves for total capacity Q and the base
resistance QB' A slight change in the mode of joining various points for
obtaining these plots is reflected very conspicuously in the difference
plot, i.e., the plot for QS' One more factor which deserves mention in
this connection is the use of arbitrary procedure based on relative values
of shaft compression, for securing the Shaft Resistancé values in the case
of 20-in. diameter pile: the extrapolation, admittedly, is very large. 1In
the light of the explanation offered above, the results obtained from the
16-inch diameter pile have b;en allowed to play a larger role in further
analysis.

Plot for mean undisturbed shear strength (FIGURE 5.3) indicates

unequal values at various depths. Assuming weighted average values of
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the undisturbed, undrained shear'strength Cu of 12,9 pounds per square
inch for the_16-inch diameter pile and 13.4 pounds per square inch for
the 20-inch diameter pile, curves for coefficient of load transfer
A being the ratio of developed unit skin' friction to the weighted
average unit undrained sﬁéar strength have been plotted against tip
settlement in FIGURE 7.5 (b). Obtained in a similar way, the plots

for o being the ratio of the developed unit skin friction ;s to the

undrained shear strength of the softened soil cs-have also been shown

in the same figure.' Peak value of.o% works out to be 0,495, the averagé
for large settlements corresponding to maximum test loads on the piles,
being 0.425 for 20-feet and 0.441 for 16-feet deep pile. Even the o
values, shown 5y dotted lines in FIGURE 7.5 (B) are too low. The value
of coefficient of load transfer computed on the basis of softened shear
strength obtained from the laboratory test on the undisturbed samples .
soaked for four days or on the undisturbed samples removed after the con-
clusion of the load test from within one to two inches of the pile face, .
'is thus far below unity. Development of a correlation on the basis of
softened shear strength in this paftiéular case is, therefore, not appro-
priate. It is quite evident from this discussion that some factor oﬁher
than those considered above was responsible for lowering the value of q.
Active in this case probably was the silt and sand content of soil which
varied from 43 percent near the surface to about 90 percent at a depth of
30 feet (FIGURE 5.1). The process of drilling loosened the particles,
remolded the soil considerably, destroying its original structure and
making it lose a large part of its cohesion. Residual cohesion and

the friction component of the silty sandy proportion was effective
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thereafter. Considerable amount of caving observed'&uring drilling

would stand in testimony to.this viewpoint. Low values of cohesion
obtained from laboratory test results on remolded samples (TABLE V-1)
would further support this explanation. .Taking average of Sy values

from this Eable and assuming some contribution from the friction com~
" ponent, the value of o would work out to be close to unity, It
therefore appears that the frictional capacity to the.shaft is governedl
by the shear strength parameters for the remolded soil. Lack of ade-
quate data on remolded soil, however, would not permit a satisfactory
value of average cohesion or the active value of the friction angle

at various depths to be worked out. No attempt has therefore been

made to arrive at any correlation on this basis. Likéwise, the same
applied to the few residual strength values obtained at strains not

too largé. Analysis has therefore béen made on the basis of undisturbed
undrained or unconfined shear streﬁgth for which a large number of
“values are avaiiable. Due to heterogeneity of the soil, value of &

would be expected to vary to a certain extent, but in the absence of
additional information, a constant average of 0.43 applied to the weigﬁted
average value of undrained or unconfined shear strenth ¢ of the undisturbed
soil should give a fairly good approximation of unit skin friction. The

following equation for unit skin friction can therefore be written:

f = 0.43 E ooc(7-7)
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An approximate relationship for obtaining unit skin friction from pene-
tration N-values, has also been attempted. N-values, as seen in FIGURE
5.3, vary with depth as does the shear st;ength. Weighted average for

the entire deéth of embedment has therefore been taken in this case too.
vAverage values of skin friction in pounds perhsquare inch work out to
0.244 N for 16 feet long pile and 0.236 N for 20 feet long pile. 0.24 N

would give a fair average. The relationship can therefore be written as:

£ =0.24F. .. psi. : .. (7.8)
: N
or fS . —.5-8- e o o tSf. D) (7 088>

wherein fs is the unit average skin friction developed along the shaft.

7.4 Analysis of Base Resistance and Shaft Capacity for
20-Inch Diameter Pile in Till

Reference here is made to the séttlement plots shown in FIGURES
6.3, 6.6 and the test results given in APPENDIX L-3.

The curves have been replotted using dimensionless parameters in
FIGURE 7.6. Adjustments have been made for the measured shaft compression
and for the contribution of the concrete plug provided at bottom by making.
use of equation (6.1). Final curves éorresponding to the settlement of
tﬁe pile-tip have been shown by solid lines in the figure. Length of the
plug in proportion to the embedded length of the pile being large, ;he
resﬁlting tip settlement curves have been bodilyAdisplaced to a considerable
extent. Measured base resistance, as seen in the figure, is insignificant

up to a settlement ratio of about 5 per cent. This is inconsistent with the
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expected gener;l performance of a short pile. A certain amount of‘caving
in of the siity—sandy material from the upper strata at the time of
lowering down of the cell is clearly indicated. The initial portion of
the curve obvicusly corresponds to the beﬁaviour of loose 5011 trappec
between the bottom of the load cell and the top of the concrete plug.
Ignoring the initial portion, .the curve for base resistance has been
re-drawn by shifting it bodily to the final position shown in the figure.
Ultimate shear failure of the shaft soil (indicated by the peak in the plot
for Qs) took place corresponding to settlement ratio %- of about 7.5
per cent. The difference in behaviour between piles in till and those in
clay would be explained by the'differcnce in the celative flexibilities
of the pile material and the two soil types, being preconsolidated glacial
till with a high unit weight in this case and a normal silty sandy clay
deposit with relatively low unit weight in the former case. The shaft
resistance falls off at a significant rate after attaining the peak and
nearly levels off corresponding to a settlement of about 23.5 per cent of
the effective base diameter. Base resistance on the other hand, builds up
at a smaller rate and becomes constant‘beyond 23.5 per cent settlement.
Analysis can now be made for the peak value of skin friction and the ultimate
values (at large settlements) of both the base resistacce and the shaft
resistance icdicated cy the plots in FIGURE 7.6.

Ultimate unit Tip Resistance on the basis of value indicated in
FIGURE 7.6 works out to 620 pounds per square inch of the bearing area of
the pile. This depends to a very large extent on the characteristics of
~the soil immediately below the tip. Composition of soil at 38.feet depth,

as seen in FIGURE 5.1, is: clay 24 per cent, silt 33 per cent and sand 43
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per cent. Plasticity Index is very low and the degree of éaturation.is
over 90 perAcent. Available laboratory strength tests are too few to
give a highly dependable averagé; The trend indicated by the undiéturbed
shear strength plot (FIGURE 5.3c) is, howéver, established by the N-value
plot shown alongside. Under the loaded tié, it is extremely difficult

to ascerfain the actual drainage conditions. The one major difference
between this dense glacial deposit (unit weight: abéut 140 pounds per
cubic foot) and the overlying normal lake deposit (unit weight: about

118 pounds per cubic foot) is that in the present case silt and sand are
also present in the form of frequent pockets. This would impart slightly
better drainage characteristics to thé soil. Laboratory values of the
angle of shearing resistance obtained from undrained tests on remolded
recompacted samples, though few, are not too low. Assuming the actual
drainage conditions in the field to be somewhere between complete drainage
and no drainage, the actual angle of shearing resistance would be higher
than that indicated by the undrained tests. Development of any relation-
ship on this basis, however, cannot be attempted since the shear strength
parameters of intact soil are not available. Loss of cohesion on remolding
is too drastic to be of any value. Average shear strength from unconfined
compression tests is, however, available (FIGURE 5.3). A mean undisturbed
shear strength of 45.5 pounds per square inch is indicated. Combined
Bearing Capacity Factor thus works out to 13.6. And since it manifests

in itself the contribution of both the cohesién and friction components, it
may be represented by the dimensionless factor Nc¢' Assuming Meyerhof's
Theory to be applicable, the above-mentioned value of the bearing capacity

factor would work out by hsing an angle of shearing resistance equal to



=158~

4,5 degrees.> This, however, does not compare favourably with the laboratory
value obtaiﬁed from a few recompacted saﬁples. Nc value being very
sensitive to ¢-va1ue,.it is but necessary to average it on the basis of a

. large number of laborétory tests. Having:obtained satiéfactory value ofb
shear strength parameters, the ultimate bearing capacity can be computed by
méking use of Meyerhof's Theory. The simplified relationship in this par-

ticular case, however, can be represented by the equation:

qu = 13.6 c . LN ] (7.9)

where c is the mean value of shear strength of the soil below the tip,
obtained from unconfined compressive strength tests on undisturbed samples.

Correlation with penetration N-values (FIGURE 5.3) gives the following

equations:

q, = 5N.....psi.. . ' eee (7.10)

or g =036N ... tst. ... (7.102)

Coming now to the computation of Shaft Resistance, the peak
value of 68 per cent indicated in FIGURE 7.6 by Qs curve represents an
average skin friction of 39.2 pounds per square‘inch of the shaft area in
contacﬁ with the soil. Weighted average value of shear strength obtained
for the corresponding depth from the plot in FIGURE 5.3(c) works out to
be 43.8 psi. In effect, as shall be observed from the extension of the
upper bound curve towards right showing some values even beyond
80 psi., the actual average value of shear strength would be a

lot higher than the indicated value of 43.8 psi. obtained from mean plot



-159. -

drawn on the low side, in particular, in this high-strength region from

25 feet to about 40 feet below surface. Developed adhesion assuming

shear strength value of 43.8 psi., works out to be about 89 per cent of

the average shear strength along the pile.face, i.e., the value of coef-
ficient of peak adhesion apeak is 0.89. This is in sharp contrast to

the behaviour of piles in silty-sandy clay deposit wherein the normally

laid soil particles first got remolded by drilling and then got softened
after absorbing water from frésh concrete, thereby losing the natqral
cohesion to a large extent. Large scale laboratory and fie}d testing of
till in this region might place the mean shear strength at a value above
43.8 psi., in which case the value of o would drop down. Shaft friction
appears to have settled down at tip settlement corresponding to about

23.5 per cent of base diameter (FIGURE 7.6). Adhesion indicated is 33.4 psi.
giving o-value of 0.76. This appears to correspond closely to the only
value of 35.6 psi. (APPENDIX K) being the residual strength of till obtained
at not too large a strain. A more definite statement in this respect, how-
ever, cannot be made without large-scale testing of undisturbed samples
carried to large strains in a shear box. For the time being, therefore, the
shaft capacity shall be expressed as a function of average undrained shear

strength © in the following form:
f =0.76 ees (7.11)

Using penetration N-values obtained from FIGURE 5.3, the following

equation can be written:
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fs-': 0.42 'ﬁ e o o o o pSi- ' - (7.12)
or | §£ = N tef L .. (7.12a)
) 8 33 * o e @ - . . LA A4 .

where fs is the ultimate unit skin friction and N is the weighted

average of N-values for the depth of embedment of the pile.

7.5 Analysis of Base Resistance and Shaft Capacity for
28-Inch Diameter Pile in Till '

Based on the settlement curves shown in FIGURES 6.4 and 6.7,

plots for the settlement of the tip adjusted for shaft compression and the
contribution of the concrete plug at bottom have been redrawn in FIGURE

7.7 using dimensionless parameters. Summary  of the corresponding test

data appears in APPENDIX L-4.

| The rate of build-up of shaft resistance is higher than that of

tip resistance as in the case of other'piles and the fall thereafter has
been abrupt. Capacity of anchor piles supporting the loading beam having been
reached, complete ultimate failure of this pile could not be achieved. Base.
and Shaft Resistance indicated by the appropriate curves in the figure,
however, do appear to have nearly settled down to uitiﬁate average values
corresponding to a settlement ratio of about 7.7 per cent of base diameter.
The shape of the shaft resistance curves clearly reflects the type of the
strata through which the pile passes. For the upper half of the embedded
length of the pile, soil is extremely stiff, plasticity index low, modulus

of deformation very high, settlement of the pile very small and the QB

versus settlement curve shows a quick, steep rise. For the lower half,
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however, conditions are exactly opposite and the curve flattens out
sﬁowing a very small additional build-up for relatively large settlement.
The pile tip, as shall be observed from the soil profile, rests on a
layer constituting fine sand and some sili.and clay below which some free
water is also encountered. The drainage under the base can therefore be
assumed as good and the tip bearing capacity can be cdmpuéed accordingly.,
The soil at various depths is so heterogeneous in character that matching
comparisons from existing information cannot be easily drawn. A couple of
appropriate references bringing out the extent of variation in the behaviour
of piles in till and the effect of pile length on the shape of the Shaft
Resistance curve are, however,'quoted here in this connection. PARSONS
(1966) commenting on the variability of load-test results on two piles of
equal diameter and approximately the same length with their tips embedded
in glacial till at a certain test site répérts an ultimate load of 110 tonms
corresponding to a gross‘settlement of 0.9 in. on one pile and a load of
‘150 tons corresponding to a settlement of only 0.7 in. on the other. Even
when a soil can be assumed homogeneous, the variation introduced by different
embedded lengths both in the shapes of the curves for shaft and base resist-
ances as also in their ultimate magnitudes is tremendous. As the length -
increases, the curves flatten out and the peaks occur ;t larger settlements
(MOHAN et al., 1963; COYLE and REESE, 1966; VESIC, 1967). Load-transfer
in the case of short stiff piles is therefore relatively large,

Taking into consideration the observed characteristics of local till
combined with the effect of difference in embedded length, the mobilization
of base resistance and the shaft resistance for the two piles in.till is

quite commensurate with the environment.



Ultimate values of unit tip resistance and unit average sﬁaft
capacity computed on the basis of values indicated by the respective plots
in FIGURE 7.7, work out to 907 psi. and 23.2 psi. respectively. Assuming
cohesion to be small, an angle of sheariné resistance of 20 degrees approxi-
mately is represented by the developed base bearing capacity. 1In the
absence of adequate laboratory test information, both the base resistance
and the éhaft resistance can be expressed, ;s before, on the basis of uncon-
fined compressive strength as also the penetration N-values obtaine& from

FIGURE 5.3, by the following equations:

q, = 25.5 ¢ vee (7.13)

q, = 8.4N..... psi. | ver (7.14)

or q, = 0.6 N..... tsf. ) ees (7.14a)

£, = 0.55 <€ eee (7.15)

f,=0.25N ... .. psti. _ eee (7.16)

or f = -ji- . tsf .o (7.16a)
. 5 55 L ] L ] . L ] L] L ] L]

wherein the symbols 9,5 C» <, fs’ N, N have the same meaning as given

before in this chapter.

7.6 Further Comments on the Evaluation of Bearing Capacity
of Piles in Till

It is possible to compute the base resistance of two piles from
the measured values of shaft compression as in the case of piles in clay.

This, however, has not been done since the major contribution to shaft
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compression here is made by-the free~standing length of the piles (about
27 feet) and the,extrapolatidn based on the shortening of.tﬁe relatively
small embedded length would be too wild. Indirect verification has,
however, Been made by comparing the plots for measured shaft compression
. vs, total load, using known values of base resistance and the modulus of
elasticity of the composite section. The curves obtained (not shown) are
practically coincident, implying thereby that the base resistance can be
computed from the measured shaftvcompression values provided the modulus
of elasticity of composite section (concrete with steel used as rein-
forcement) is correctly known.

While develoéing the correlétion between penetration N-values and
base or shaft resistance, the depth variable has not been included since
it is presumed that the effect of the overburden pressure is indirectly
reflected in the N-value itself and since the éenetration values, due to
varying characteristics of the soil, do not indicate a consistent pattern
(FIGURE 5.3) within the test depth.

Unit skin friction in tons per square foot for the two‘piles in
silty-sandy clay, as indicated by equation (7.8a), is N/58 and that for
28-in. pile in till (equation 7;16a) is ﬁ?SS. These values are comparable
to those given by MEYERHOF (1956) and WOODWARD et al. (1961) for sands. A
higher value equal to N/33 (equation 7.12a) results in the case of short
pile embedded entirely in very hard and stiff till. Absolute values of
unit skin friction developed for short and long piles in till would work out
to 4800 psf. and 3340 ésf., the former representing the exceptionally stiff
soil. MATICH (1967) gives an ultimate skin friction value of 3200 psf.

obtained from load tests elsewhere in till possessing similar characteristics.



-165-

7.7 Some Remarks on the Residual Tip Resistance and Shaft Compressiou
on the Removal of Load from Pile Top

After each loading °Y°1¢g the load at top is reduced to zero
but some compressicn_in the shaf;'is retéined. The locked-in compression
is a function cf tne mobilized skin friction acting downwards which
enactly balances the residusl tip resistance acting upwards. There appears
to be existing some consistent relationship between the residual tip
resistance or che equivalent balancing total skin friction (reflected by
the residual shaft compression) and the maximum base resistance developed
before the removal of any load. The pattern of the above-mentioned rela-
tionship changes relatively abruptly as the failure load is approached.
. The computed values being too few to define it clearly, attempts at making

a quantitative evaluation have been abandoned.

7.8 Effect of Repeated Cycles of Loading and Unloading

As would be observed in FIGURES 6.3 and 6.4, the top setclement
under any repeated load is approximately the same as the ultimate settlement
under the previous increment for all loads up to failure load. Additional
settlement caused by'repetitions for loads beyond the failure load is

noticeable, but does not appear to be very significant.

Effect of repetitions on the mobilization of base resistance and
hence also the shaft resistance is also not appreciable. Difference in the
measured values at a particular load under various cycles of 1oaddng, as
seen from the actual readings (APPENDIX L-3) is quite insignificant.

From the data obtained in the present series of tests, it can

therefore be concluded that the method of testing a pile by cyclic loading



-166-

neither produces any aﬁpreciable amount of‘additional settlement nor
changes the proportions of base and shaft capacities; at least up to the
failure load. And further, sincé it yields.additional useful data and
helps in thg evaluation of net settlemenﬁjiﬁ a bettef way, it may be
worth while employing this procedure for any load test. Slight additional
settlement, if any, obtained as a result of repeated loading, would only

add to the available factor of safety.

7.9 Settlement Considerations

As pointed out in Chapter.II, it isiéxtremely difficult to
ascertain settlement under a loaded pile. Apart from the physical charac-
teristics of the soil below tip, it depends on the propdrtion ﬁf load
transmitted immediately on loading as also on the gradual transfer of a
part of shaft load to base with the passage of time.- Extent of variaﬁility
in the profile and tﬁe drainage conditions too play an important role in
determiﬁing immediate as well as long-time consolidation settlement.

Methods of computation outlined in Chaptér II are very approximate and are
suitable only when cértain speciai cénditions are met. 24-hour settlement
curves d?awn for various field piles in Chapter VI represent a condition
somewhere in between the immediate and ultimate long-time settlements that
the piles would experience. Equation (2.7) for immediate settlement would
thus indicate settlement values less than those indicated by load;settlement
plots. Consolidation settlement on the ofher hand, obtained by using the
oedometer test results, ﬁould be higher. The soil behaves like av c-¢
material and the condition "¢ = 0" does not operate in any case. Evaluation

of immediate settlement from the general equation (2.7) is complicated by the
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choice of a suitable value for u and the inadequacy of strain-data for
undisturbed soil specimens of the silty sandy depth regions below the pile

tips, needed for the computation of plane strain modulus of deformation

B/ - h).

‘In view of the facts stated above, it has been considered appro-
priate to make use of the actual field performance data for.developing a
suitable correlation so as to give a rough idea of the nature of settlements
expected to take place under the service piles. Terzaghi's settlement

formula (TERZAGHI, 1943) in the following form has been employed:

' +0
A . Po z : .
.}I—.B Cc - loge g i . XX (7017)

c . o
wherein A 1is the 24-hour settlement_under any base load QB' (obtained
from FIGURES 7.3, 714, 7.6, or 7.7), c; the corresponding induced ve;tical
stress at the cenﬁre of the.compressible zone of depth Hc. cémputed ffom
the QB-valﬁes by using BOUSSINESQ's equation, P, the initial effective
‘overﬁurden pressure and C the constant related to the compressibility of .
soil. It is difficult to establiéh the depth Hc of the compressible layer,
since according to OHDE (1951) and MEYERHOF (1959), the centre of the zone
of compression lies a little above the pile tip. . It has Been tentatively
located at a height of 1 m. above tip by OHDE and can Be_worked out |
approximately from the zones of coﬁpression around the tip and the shaft .
drawn by MEYERHOF. In the present case, however, it has been assumed that
the stresses under the loéded tip are effective up to a depth equal to twice

the diameter of the tip. " The above relationship can thus be re-written as:
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, P o
A o 2 i . ‘
2B C loge ( .’ po ‘ ) LN} (7.18)
+0
A . Py z. _ _
or 3 2C 1oge ( -——;:—j ) ese (7.182)
p.+o
—A- = . o z
or B Cl loge ( 7 ) ¢+ oes (7.18b)
where C1 = 2C ees (7.19)

If.the relationship is linear, C1 shall represent the slope
of the plot between A/B and loge [(po + oz)/po]. The ploﬁs between
these two quantities for all the four piles have been shown in FIGURE 7.8.
They are approximately linear in the beginning but start droopiﬁg down
showing exqessive settlément for loads roughly in excess of the failure
loads determined in Chapter VII. Magnitude of séttlément after the sliding
zones develop cannot perhaps be calculated by any known method. Tﬁe cor-
relation developed here is therefdre related only to the initial straight
line portions of the plots.

For the two piles in clay average C,-values of 1/150 and 1/180

1
for 16-in. and 20-in. diameter piles respectively are indicatéd. Computa~
tions if made on this basis, shall yield values of settlement slightly on
the conservative side. It would be appropriate to rewrite the values of
slope C1 in terms of known values of field characteristics of soil,
namely, the overburden pressure P, at a depth equal to B below the tip
and the average penetration N—vaiue. Effective overburden pressure beiﬁg
17.4 and 14.3 psi. in the two cases and the respective N-values from

FIGURE 5.3 being 27 and 24, the values of C; work out to Ci%? . %?0 for
. )
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16-in. diameter pile and (E%Z-‘ %}9 for 20-in. diameter pile. An approxi-
o .
mate value of C, = = .X would be suitable for application to both
1 200 P,

the piles. From equation (7;19), the value of C would then be CZ%E -

P

The following equation for settlement can then be finally written:

'po + Uz '
A = C * H * log (—'_—'—) . see (7-17)
o
where cC = i S . for piles in clay . (7.20)
. 400 po ® L ] L] L ] > ..l [ ]
Here bbth A and Hc are measured in inches. C 1is the

constant of compressibility, the value of which is not dimensionally satis-
fied (po being taken in psi.). Proceeding in a similar way for the 28-in.
pile in till which is considered to be more representative in behaviour
than the other pile, the value of compressibility constant C fo; till

works out to (3-(])'—6 . -I;—), i.e.,
o

C =555 "3 -+« ... forpilesdntill ... (7.21)
o
where Py is measured in pounds per square inch.

The computation of o, for use in the above equations is required
to be made from the values of base resistance developed under the pile tip
and shall have to be approximétely determined by subtr;cting the shaft
resistance (computed on the basis of correlations developed earlier in this
chapter) from the total.load supposed to be applied at pile top. Due to a
large number of assumptions involved, the computations on this basis shall

give nothing more than a very crude approximation of settlement.
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7.10 Relation of Load-Transfer to Soil Shear Strength and
Mechanism of Pile Failure ‘

The subject of load-transfer and mechanism of pile failure has
been discussed in detail by D'APPOLONIA (1963) and COYLE and REESE (1966).
A few comments made here as a consequence of analysis made in the foregoing -
paragraphs, peréain in particular to the behaviour of piles in local soil.

As the loads applied at top increase, failure of shaft soil in
shear progresses gradually towards the tié of the pile, following the develop-
ment of maximum shear strains. Complete failure along the shaft occurs
when finally the soil near the base is strained beyond a certain stage and
tip of the pile starts punching into the strata below. This stage is
indicated by a steep rise in the base-resistance curve as reflec&ed by the
peak in the shaft resistance curve. Soil from top to bottom is then at
various stages of shear failure. Referring to the stress-strain curve for
the soil (FIGURE 7.9), the above-mentioned situation is represented by
. Stage 1 of the pile for which the resistance developed at tip has been shown
to correspond to the strain & at peak value of shear strength Tge
Imagining the pile to be moving from left to right relative to the strength
plot with its centre line parallel to the strain-axis, the soil along shaft
mnear the top must have been subjecte@ to a.ﬁtrain equal to €y hgving
earlier passed through the peak value when the tip was somewhere to the left
of the origin and had yet not experienced any strain. Stage 1 thus'repre—
sents the beginﬁing of the mobilization of base resistance at a high rate
and the simultaneous development of peak in the shaft resistance curve. The
skin friction offered at various points along the pile then varies in pro-

portion to the shear strength represénted by the plot between X and X,.
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As the imagined movement of the pile continues'towards right through
Stages 2 and 3, whiéh would correspond to applied loads at top being
in excess of the failure load, the entire length 6f the pile would be
ultimately éhrown into the region of the plot representing residual
‘shear strength T, Resistance offered at each point along the shaft
being the same, the settlement curve for total skin friction Qs would
tend to become parallel to the settlement-axis. The mobilization of
skin resistance at various depths along the shaft is thus a funcéion
of the relative deformation of the pile with respect to the surrounding
soil.

The development of the straight-line portion of ioad-settlement
curves mentioned above is affected possibly by a number of factors
giving rise to a slight upward trend to these curves at large settle-
ments, as observed in some of the plots in the present case. At least
one of these factors in the development of high pressures approaching’
passive pressures exerted by MEYERHOF's sliding surface impinging

against the lower part of the shaft with increased penetration of the

pile.

Referring again to FIGURE 7.9, it may be restated that the .
residual value of shear resistance shall be active at very large strains
and would be applicable only for analysing the data ffom a field test where
observations are made for loads beyond the failure load making the pile settle
rapidly. In the case of service piles where allowable settlements are
limited to small values, it is only the initial part of the stress-strain curves

that would be really active. Further, the stress-strain curve shown in FIGURE 7.9
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pertains to'a typical undisturbed sample. The actual behaviour of

the shaft soil may be quite different since it would depend upon the
composition of soil, the degree of disturbance during drilling, the.
amount of excess water available from fresh concrete and the period
elapsed between concreting the hole and test-loading the pile.

Taking for example the case of the two piles in silty clay, the soil

on being disturbed at the time of drilling of holes got remolded and
lost a major portion of its cohesion. The shaft resistance could better
be relaged to the remolded than to the residual shear strength. Cond-
itions were different for piles in stiff till. A high degree of adhesion
was developed since there was apparentiy.no loosening of particles,
Actual degree of softening of the soil ground the shaft can perhaps
never be ascertained correctly at least for the type of soil encountered
in the present case. Developiﬁg a correlation on the basis of four-déy
soaking of samples would therefore be a futile experiment. The best
method of estimating the shaft resistance, in the opinion of the éuthor,
is to evaluate the undisturbed shear strength carefully from a very
large number of samples and apply a reduction coefficient such as O

to be established for field tesfs. Alternately, the correlation.may

be developed on the basis of measured cone resistance or penetraﬁion

N-values.



CHAPTER VIII

SUMMARY STATEMENT OF THE FINDINGS

8.1 General

This chapter includes a summary of important results

of laboratory tests on soil specimens, field test data and analysis,
detailed discussion about which has been given in the three foregoing

chapters, namely, Chapters V, VI and VII.

8.2 Strength and General Characteristics of Soil

The soil encountered was quite heterﬁgeneous in
character throughout the entire depth of exploration. Profiles shown
in FIGURES 4.5 and 5.3 do not include details of varves of silt or
thin layers of sand encountered off and on. The results of laboratory
tests summarized below are therefore required to be viewed in the back-
ground of the aforesaid informatlon.

1. The results of classification tests were presented in the
form of plots in FIGURES 5.1 and 5.2, Composition and other physical
characteristics of soil at various depths below surface indicated con-
siderable amount of variation, Percentage of fine sand and silt (M.I.T.
scale) vary within the limits of 45 percent near the surface and about
92 percent at a depth of 27.5 fget, the rest being the clay fraction.
The soil is highly p;astic in the upper fifteen feet, nearly non-plastic
within the next 25 feet and possesses low to medium ﬁlasticity charact-

eristics below 40 feet depth. Average value of moisture content within
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the lake deposig is of the order of 30 to 35 percent and that within
till is nearly unifofm at 14 percent. Degree of saturation decreases
from an average of 97 percent in the ubpef clay deposit to an average
of 80 percent in the silty-sandy region. Saturation of 90 percent is
maintained below 36 feet depth. -

2. Both the lake deposits as well as the till deposits are
over-consolidated, the.former by dessication and the latter by the
weight of the receding glacier. Preconsolidation pressures of the
order of 1 to 2 tsf. are indicated by the samples removed from the
upper layers and from 7 to 12 tsf. by those from tiil deposit,. Lab-
oratory oedometer tests show thg_lake deposits to be of a medium comp-
ressibility and till of rélatively low compressibility. |

3. Results of strength test have been plotted in FIGURES 5.3
and 5.4, and mean lines indicating average undisturbed undrained
shear strength, softened shear strength and ultimate shear strength
(used in preference to residual shear stréngth) at strains not too

'large have been drawn. Undrained shear strength gradually drops from

a value of 20 psi at surface to 11 psi at a depth of 15 feet. High
values up to 49 psi are indicated within the sandy silty and gravelly
region between 20 and 35 feet below surface. Indicated average étfength

is of the order of 35 psi. for soil below this depth.
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8.3 Summary of Pile Loading Test Results

Load-settlemént plots have been shownAin EIGQ3ES 6;1, 6.2,'6.3,
and 6.4 of éhapter VIi. Increments of load appliéd at various stages for
testing piles in till could not be maintained for the same duration of time,
which in general was 24 hours or more. Settlements, it was recorded, were
increasing even after 24 hours of sustained loading. Three sets of curves
have been dra&ﬂ in each case, that is, those representing immediate settle-
ment, 24-hour settlement and the maximum recorded long-time settlement.
Failure-loads have been arrived at on the basis of 24-hour settlement curves
corresponding to the point of intérsection of tangeﬁts drawn to the initial
and final parts of 'these curves. These results‘together with the recorded
rebound on the complete removal of load from the pile top have been sum-
marized in TABLE VIII-1.

2, Modes of moﬁilization of Base Resistance QB and Shaft Resistance
QS, obtained by subtractiné the ordinates of QB from those of correspond-
ing total load Q, vary depending upon the embedded length of the pile and
the characteristics of the soil. Shaft Resistance curve indicates a pro-
nounced peak for piles in élay and sustained peak for piles in till. Long
piles tend to further flatten the development of peaké showing maximum
values at different absolute settlements but nearly thé same settlement
ratios A/B as reported in the next paragraph. The rate of build-up of tip
resistance is slow for small settlements but increases after the settlement
corresponds to the peak in the QS curve.

3. Both the magnitude of Residual Tip Resistance and the elastic
recovery of pile after removal of lqadfrom plle top appéar to be relatgd to

the ultimate settlement of the pile tip. When complete shear failure of
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shaft soil has taken place and the tip has started punching into the strata
below, the magnitude may be relatively small compared to that when the
extent of punching is small or nil. |

4, For all sustained loads up to the failure load, settlement increases
at a fast rate for the first two to three hours and then slowly levels off,
showing no appreciable increase after about 8 hours. The rate of settlement
increasé goes on mounting with each new increment of load added to the
applied load till the total load approaches the yield point. The pile at
that stage starts sinking rapidly. In general, the rate of settlement-
incfease as a function of time is greater for piles in till than for piles
in clay.

5. Settlement recovery as measured at pile top depends upon such
factors as the number of loading and reloading cycles appliéd up to maximum
test load, compressibility characteristics of soil and modulus of elasticity
of the material of the pile in addition to the one already mentioned in
sub-paragraph 3 above.

6. Rapid sinking of the pile at any stage of loading and the appear-
ance of a pronounced peak are perhaps indicative of total shear failure
having taken place in the soil surrounding the shaft.

7. A major portion of rebound is relatively insgantaneous. Recovery
with passage of time is small.

8. Effect of sustained loads on the mobilization of base resistance
appears to be slightly different for piles in élay and till. Particles of
till get adjusted quickly to the stress change as a result of addition o.f- a
new increment of load at pile top. No peak is therefore observed in the

plots between QB and time. For piles in clay, a temporary reversible
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straining of particles takes place under similar circumstances. Ploté
indicate a rapid build-up of base resistance to a peak immediately after
the application of a new load increment. There is then a fall to a certain
extent and relatively slow increase thereafter. All these changes take
place in less tﬁan an hour when total applied load is less than the failure
load. QB values finally level off about 2 hours after the application of
any increment. At loads close to the failure load, the behaviour is
similar for all piles when settlement goes on increasing with the paséage

of time.

8.4 Results of Analyses

Base Resistance valﬁes for the 20-inch pile in clay, owing to
the malfunctioning of the load-cell, were not directly available. Approxi-
mate computations made from measured values of shaft compression on the assump-
tion that behaviour of the two piles in clay is similar and that the value
of E for concrete remains unchanged, give satisfactory values for further
analysis, the error introduced in this case being of the order of * 10 percent.
The plot (FIGURE 7.1b) drawn in this connection is however not unique. Extréf
polation to other sites would involve the conditions in regard to tﬁe assumptions
being satisfactorily met.

2. Final tip settlement curves for Base Resistance and Shaft Resistance
after necessary adjustments for shaft compression and the contribution of the
concrete plug drawn by using dimensionless parameters indicate the maximum
mobilization of skin resistance cofresponding to a settlement ratio A/B
of about 0.6 per cent for pilés in clay (FIGURES 7.3 and 7.4) and about

7.5 per cent for piles in till, indicating a tremendous difference between

the behaviour of piles in the two materials. The difference is explained. on
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the basis of relative flexibilities of the pile material and the two soil
| types, being the preconsolidated glacial till with a high unit weight

in the lafter case and a normallsilty-sandy clay deposit with relatively
low unit weight in the former case.

3. Soil under the pile tips behaves like a true c - ¢ maferial
and the contribution of friction component to the ultimate bearing
capacity is very significant. Soil being nearly saturated and clay being
rich in montmorillonite, drainage under pile tipé in clay has been assumed
to be insignificant. For till, however, due to the presence of numerous
pockets of sand and silt, the actual drainage would perhaps be better.

The angle of shearing resistance in that case is somewhere in between the
conditions of complete drainage and no drainage. Values of ultimate
bearing capacity computed on the basis if Meyerhof's theory agree favqurably
with the measured values using angles of undrained shearing resistaﬁce as
obtained from laboratbry tests on undisturbed clay~samp1es. Terzagh;'s

- theory on the other hand gives very consérvative values. The samg, however,
could not be verified completely for piles in till due to lack of laboratory
information.

4. Peak value of developed skin friction for piles in clay is of the
order of 6.4 psi. The ultimate value at large settlements réngés from about
5.5 to 6.0 psi. against weighted average soil shear strength of 12.9 to
13.4 psi. For piles in till mobilized ultimate skin friction values of
33.4 psi. and 23.2 are indicated, the higher values being applicable to the
short pile. Weighted average undisturbed shear strength of soil in the
two cases 1s 43.8 and 42.3 psi. respectively. The influence of the depth

of embedment on the developed skin friction was found to be quite significant.
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5. Both the magnitude of developed skin friction at peak and the
corresponding settlement are sensitive to the very plotting of curves for
total capécity Q and base resistance QB' A slight change in the mode
of joining wvarious points-for obtaining these plots is reflected conspicu-
ously in the difference plot, i.e., the curve for Qs.

6. Total Ultimate Skin Resistance for all piles is of the order of
48 to 57 per cent of the maximum applied load causing rapid settlement.

As a rough approximation the load at top at that stage may be assumed to
be shared equally by the tip and the shaft of the pile. This proportion
will, however, change when piles in till also embrace the lake deposits.

7. Peak value of the coefficient of load-transfer for piles in clay
is 0.495, the aver;ge ultimate at large settlements being 0.43. This is
in sharp contrast to the respective values of 0.89 and 0.655 (being the
average of 0.76 and 0.55) for piles in till. It appears that the normally-
laid soil particles in the former case first got remolded by drilling and
then got softened after absorbing wafer from fresh concrete, thereby losing
the natural cohesioh‘to a iarge extent. This, however, did not happen in
the case of piles in dense till wherein an intimate bond was established
between relatively undisturbed soil and concrete. Ultimate unit shaft
friction roughly corresponds to the remolded shear strength of the soil
in the former and perhaps to the residual strength in the ;atter case.

8. Correlations for computing base capacity and shaft resistance
have been developed by the usual method by using shear strength values from
unconfined compression tests or undrained triaxial tests on undisturbed
samples. Due to the difficulty in obtaining truly undisturbed samples
of local soil especially those of till ‘which contains numerous loose

pockets of silt and sand, it was considered appropriate to depend more .on
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’

the penetration N-values whicp ;efléct the 1n-situ strength characteristics
of the soil in a better way. -The relationships déveloped infbhaptér Vil
have been summarized in TABLE VIIiI-2.

9. There appears to be existing some consistent.relétionship
between the residual tip resistance or the equivalent bélancing total skin
friction (reflected by the residual shaft compression) and the maximum base
resistance developed before the removal of any load.

10. From the data obtained in the present test,serieé, it can be
concluded that the method of testing a pile by cyclic loading neither
produces any aﬁpreciable amount of additional settlement nor changes the
proportions of b&se and shaft capacities, at le#st up to the failure load.

11. A rough approximation of settlement under service piles can be

made by using the following relationship due to TERZAGHI (1943):

: P, + o,
AH = C ] Hc . loge (—_) oo (7.17)

Py
-wherein A is the 24-hour settlement in inches and C (dimensions: inch

square per pound) is the Compressibility Constant, the value of which as

- obtained from field data, is given by:

1 N
C = 700 " 2 SRR for piles in clay oo (7.20)
: 1 N
and C | Y T 4 e e e o for piles in till ese (7-21)
' 300 P, .

Here Hc in inches is the depth of the compressible layer below the pile
tip assumed equal to twice the effective diameter of the pile base, P,

the overburden pressure in psi. at a depth equal to %Hc below the tip;
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N is the average penetrﬁtion value and <, the vertical stress in psi.
induced by the tip load Q at the centre of the layer. o

For the computation of AH, the values of Qg shall have to be
iﬁitially estimated by subtracting the shaft resistance (computed on the
basis of correlations developed for QS) from the expected total load
Q at top.

12. The skin friction offered to the penetration of a pile is
different at various depths along the shaft and depends upon the degree
of straining of the soil particles as also on the fact as to whether
ultimate shear failure at a particular depth.has taken place or not. This,
at any instant, can be related to the stress-strain curves for the soil.

13. It is only at very large settlements during a pile test carried
to failure that the skin resistance offered would correspond to the
residual shear strength of the soil ., It could be the remolded shear
strength if the soil constitutes a normally consolidated mixture
‘of clay, silt and sand when the very process of drilling makes the
soil lose a considerable part of cohesion. Different conditions may
develop in other situations.

"14. In service piles where allowable settlements are limited to small
vglues, it is only the initial part of the stressjstrain curve that is,
really active. -

15.  Actual behaviour of shaft soil depends upon the composition of
soil, the degree of disturbance during drilling, the amount of excess water

-available from fresh concrete and the period elapsed between concréting the
hole and test-loading the pile.

16. Softened shear strenmgth obtained by testing of undisturbed samples
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after soaking, doesvnot represent the ﬁctual strength of shaft soil
1n.a11 cases. Tﬁe best method of estimating'the shaft resistance is
perhaps the application of reduction coefficient such as « to the
undisturbed original shear strength obtained from a very large number
of tests. This coefficient would then absorb the effect of all varia-
_tions arising out of any of the factors responsible for affecting the
solil shear strength in specific cases., Alternately, a correlation may
be developed on the basis of measured cone-resistance or penetration

N-values.



CHAPTER IX

RECOMMENDED PROCEDURE FOR DESIGN

' 9;1- Introduction

Results from the analyses of present series of tests are
supposed to be helpful in evaluating the expected approximate pile
bearing capacity of bored piles installed in Edmonton soil. As mentioned
in Chapter V, the interface between the lake deposit and till below is
bowl-shaped in which the thickness of lake sediments varies from 16 feet
to nearly 36 feet (BAYROCK and HUGHES, 1962; BAYROCK and BERG, 1966).
Deposition within the lake area having taken place under similar environ-
ments, the mechanical composition of soil at various.iocations and depths
is comparable. Data published by various authorities including those
mentioned above, confirms this. In the present series, till was encountered
at a depth of about 25 feet below surface and the soil characteristics at
test site, as mentioned in Chapter V, compare favourably with the average
characteristics elsewhere. The site chosen was therefore quite repre-
sentative,

Short bored piles are not justified unless they are resting on
an extremely firm substratum (BUISSON, 1964). Ignoring the contribﬁtion
of upper 4 feet depth which would be affected by seasonal changes, it
perhaps shall not be appropriate to rest the pile tips at a depth less than
15 feet below surface. Investigation in Chapter VII has aiready been made
for piles installed with their tips in the depth region 15 to 25 feet where

-187-
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the deéth 25 feet represents the interface between lake soil and till.,
For thickness of lake_deposits greatér than 25 feet, suitable modification
where necessary has to be made.

Design recommendations made in this chapter have been based on
test results of only two piles in clay and two in till, Extent of labora-
tory investigation on soil wés toﬁ little compared to that warr;ntéd by
the importance of the projéct required to lay down general design parameters.
Extrapolation of the results to other sites, obviously, would need very
careful consideration. Another prerequisite for application of results
elsewhere would be the requirement of drilling and éoﬁcreting procedure
similar to the one used for the test piles (Chapter IV).

It must be stated here that the correlations developed and the
procedure outlined below apply only to éingle piles 6r where they are
isolated so as to ensure that the stressed zones of adjacent piles do not
overlap. Further also, the nature of settlements under a single pile is
very different from that of a group of piles for which additional investi-
gation would be necessary. The approximate settlements computed for single

piles therefore would not apply.

9.2 Computation of Ultimate Base Bearing Capacity

As has been shown in the previous-chapteré, the frictional com-
ponent plays a very important role in the determination of ultimate base
bgaring capacity of all piles having depth of embedment greater than 15 feet.
It would be extremely difficult if not impossible to procure truly intact
samples for laboratory testing and if obtained would show considerable

amount of scatter on the shear-strength plot. Evaluation of mean on the



 -189-

basis of a few tests may often be misleading or in some cases even danger-
ous. Compgtation of tip bearing capacity in the absence of in-situ test
‘values would always'be a tricky affair inasmuch as local soil profile,

in particular its portion in till, is cohcerned.‘ Of the correlations
developed in Chaptér ViI, it would always, therefore, be safer to make use
of a relation involving the»mean.penetration N value oBtained from tests
in various bore-holes in preference to the one iﬁ§olving laboratory shear
strength as the parameter.

Due to the heterogeneity of the strata it is impossible to lay
down a single rule for computing ultimate bearipg capacity QBU at all
depths. It appears to be necessary to split the depth int& thfee regions,
viz., 15 to 25 feet, 25 to 40 feet, and over 40 feet. For pile-tips
resting anywhere at depths from 15 to éS feet, Meygrhof's-general formula
for ultimate bearing capacity (equation 2.3) is applicable, the values of
the angle of shearing resistance to be used béing those obtained from
‘triaxial undrained tests. In the absence of such tests, equation (7.6)
making use of field N-values may be employed. |

Very high N-values approaching those for rock are reported for
upper till for a depth of about 15 feet below the intefface. Plot 1 in
FIGURE 9.1 represents the equation (7.6b) énd the shadéd portion shown on
it between 15 and 25 feet depth 1s the one recommended for use in the above
paragraph. The remaining part in till would give very high values which,
though nearly correct, would not be recqmmended for general use. Thick
short horizontal lines shown on.plots 2 and 3 represent the depth at which
the tips of the two piles in till rest. These two plots have been drawn

on the basis of correlation for q, developed in Chapter VII. Test vaiues
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DEPTH BELOW SURFACE(#+.)

UNIT ULTIMATE TIP RESISTANCE 9y (tons/ft.2)

0 0 2 30 40 50 60 70 9 80
] 1 I I | ] 1 1 | !

100

0

EQUATION 7.6 (b)
25

TILL

35 -

PégsuNAno
N 7.10a
0} ’

0.6N
(EQUATION 7.14q)

55 L.

60 -

NOTE: THICK LINES AND SHADED BAND INDICATE THE
DEPTH OR DEPTH REGION FOR WHICH THE
DERIVED EQUATIONS HOLD EXACTLY.

FIGURE: 9.1 CURVES REPRESENTING TIP BEARING CAPACITY BY VARIOUS
EQUATIONS AT VARIOUS DEPTHS.
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of ultimate bearing capacity are represented by the points of intersection
of these plots with the small horizontal lines. Exact variation in the
depth region 25 to 40 .feet which constitutes very hard silty-sandy-gravelly
till is not known. It is definitely higher than the values indicated by
the upper portion of plots 2 and 3 and ﬁould be close to those represented
by plot 1. 1In the absence of additional information, a linear variation
in " q, values fqllow;ng a similar variation in the N-values plot (FIGURE
5.3) may be adopted from 25 to 37.5 feet as shown.by the dotted line AB
in FIGURE 9.1. For the rest of the depth where conditions are similar, plot
2 should give satisfactory results; Very high value of q, shown by the
long pile in till appears to be an exceptiona} case where the tip inci-
dentally was resting on a layer of sand which exhibited a value similar to
that in the region immediately below 25. feet depth. '

In summafy, in the absence of dependable laboratory strength
values, ultimate base bearing capacity under a pile at any depth in the
local soil may be approximately predicted from the following relationships:

1. For piles wholly within the lake soil:
QBU = 0,65 N. Ab e e e s . ton | .ee (9.1)

where: Ab is measured in square feet.
2. For piles with their tips resting within the upper 12.5 feet of

till deposit:
QBU = (30 + 1.05 d) A.b . 3 ton e (9‘2)

where d is the depth in feet within the till layer and varies

from 0 to 12.5 feet. Values computed by this relationship are
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likely to be on the,conservétive side.

3. For piles with their tips resting more than 12.5 feet below

till inferface;

L s

Qpy = 0.36 N. A . . .. . ton .er (9.3)

9.3 Computation of Shaft Resistance

Ultimate Total Capacity of Pile Shaft can be estimated from the

following formulae:

EG'E'A e« s« s« ¢« o ton q_o.(904)

QSU S

or QSU =8 + N AS « o« o o« . ton. eees (9.5)

wherein o is the coefficient of skin friction beiﬂg the ratio of

ultimate average developed skin friction fs to the weighted average
undisturbed shear strength of the soil T both measured in tons psf.
.Symbol B represents the coefficient of reduction to be applied to the
weighted average value of penetration N (number of blows) for the embedded
length of the shaft. AS in the above equation is the contact ‘area between
shaft and soil measured in square feet. Computed values of a and B are
recorded in TABLE VIII-2 of Chapter VIII. For the portion‘in lake soil,
value of o has been obtained on the basis of a large number of undisturbed
samples of soil whereas that for till depends upon relatively small number
of tests on samples not entirely undisturbed in the true sense of the word.
a-values for till recorded in the above-mentioned table shall therefore not-

be recommended for general use. Computation on the basis of N-values, how-

ever, it is believed, shall give a more dependable estimation. PB-values of
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1/58 and 1/55 which may be considered equal for all,practical.purposes
are applicable for all piles iﬁ clay and for the long pile in till.
Increase in its value to 1/33 for the short pile -in till is due to the
very hard strata of the dpper till region. Assuming a ﬁniform value of
1/58 for the entire profile, nominal increase in the value may be
effected by introducing a suitable factor to account for variations in the
length of émbedment. Estimation of total Shaft Resistance may therefore
be made by using the following general formulae:
l. For piles wholly within the lake soil, ultimate shaft
capacity is represented by equaﬁions (9.4) and (9.5) where
¢ = 0,43 and B = 1/58. o

2. For piles with their tips resting in till:

Qqy = B(ﬁl-A +m-N, -A )......t:on eee (9.6)

S1 2 S2

wherein B equals 1/58, ﬁi and N2 represent the weighted
average N-values for embedded depths in lake soil and those
in till respectively, ASl and A82 are the corresponding shaft
contract areas in square feet. Value of factor m varies
from 1 to 1.6, the smaller being applicable for a total depth
of about 50 feet and the larger for about 40 feet or less;

values for intermediate depths to be interpolated suitably.

9.4 Factors of Safety and Evaluation of Working Load

It is essential to ensure that a certain minimum factor of
safety is available both against bearing capacity failure as well as

against excessive settlement at the pile tip. The two would assume varying
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degree of iméo;tance in different cases. Taking'for eﬁample the present
series of tests, the short pile in till rests on stiff but excessively.
deformable strata and so is more vulnerable té failure by setélement than
the long pile Which is resting on a bed of sand in which case the settle—
ment would be small and of immediate nature depending upon the proportion
of load transferred to the tip. In general, if the soil is homogeneous,
long piles would deform more and settle less compared to short ones

showing the opposite effect, since a considerable portion of total load

is prevented from reaching the bottom in the former case. In the present
case, however, all piles resting anywhere betwegn 25 and 35 feet would
behave as short piles, but since their tips would be bearing'én hard and
relatively incompressible sandy-silty-gravelly strata, they would probably
be safe both against bearing cgpacity failure and against exceésive
settlement. Structural capacity of the pile would then be the governing

| factor in design. Similar conditions are encountered at a depth of 50 feet
‘below surface. Elsewhere in till (depth 35 to about 45 feet), settlements
may be more critical. Both the conditions may be equally important for
pile tips resting between 15 and 25 feet below surface. In each case, however,
it would be necessary to ensure that the structural.capacity of the pile,
assumed to be behaving as a short column, is not reachéd.

For a normal pile test, a singlé factor of safety applied on the
yield-point load may be employed to arrive at a suitable working load or
alternately the Qorking load be obtained on the basis of maximum allowable
gross or net settlement. A @ifferent procedure shall, however, be necessary
if the total capacity is computed by adding up the base capacity and shaft

resistance by making use of the equations developed in paragraphs 9.2 and
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and 9.3 above, since in that case the samevfactor of safety applied to the
two components would not be compatible ‘with the corresponding settlements.
It can be observed from the settlement cufves’that shaft resistance builds
up to the peak value very fast, i.e.,.for a small value of seftiement
corresponding to which the mobiiized base resistance is relatively ingig-
nificant. A factor of safety if applied on Shaft Resis;ance shall result
in only a minor change in the overall factor of safety available for the
service pile. The Shaft Resistance component of Total Load Capacity is
therefore of major importance. |

FIGURE 9.2(a) shows plots for net settlement of the tip for the
two piles in clay. Right up to the failure loads of 93 and 100 kips
respectively for the 16-in. and 20-in. piles, the settlement indicated is
insignificant. And»further, since the curves correspond to ultimate
settlements afﬁer 24 hours, it is reasonable to presume that primary
consolidation of soil is nearly complete. Long—time transfer of load
from shaft to the tip can be presumed to be small and hence also additional
settlement. In this case, therefore, the smallest practical factor of
safety can be applied on the yield-point load. Before suggesting a suitable
value, it would be ﬁecessary to study the possible effect on shaft capacity
as a result of any factor of safety F applied to totél load capacity and
vice-versa. Idealized plots for QB' and QS calculated on tﬁe basis of
approximate relationships given in paragraphs 9.3 and 9.4 have been shown
in FIGURE 9.2(b). Base capacity is assumed to have reached its uitimate
value at a tip settlement of 1.5 inches ‘obtained by adopting the actual
settlement‘at 75 per cent of ultimate base load, as shown. For drawing the

initial portion of idealized shaft capacity curve, a settlement value
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corresponding to QS value indicated by the lower end of the peak has

been chosen. For overall factofs of safety F varying from 3 down to

1.2 applied to the yield-point load of 93 kips, working values have been
obtained from the idealized total capacity curve plotted by synthesizing
the corresponding values of QS and QB (FIGURE 9.2). Values so obtéined
have been split up into the respective components QS and QB -;nd the
available safety facto;s Fs’ Fb' on these components obtained by using

the ultimate values-of shaft and base resistances. The plots shown in
FIGURE 9.3 indicate the relationship between the applied overall factor of
safety F and the derived safety fac;ors Fs’ Fb. A very high factor of
safety is available on the base capacity corresponding to any value of

F or Fs' Assuming primary consolidation to be nearly complete, there is
no likelihood of any serious long-time settlement taking place. But still
if a portion of shaft load is eventually transferred to the tip, sufficient
margin of saféty for base load would still be available. Both the share of
shaft load as well as the ultimate shaft resistance values in that case
would drop correspondingly. It is believed that the original factor of
sgfety on shaft capacity would be nearly maintained. Appropriate factors
of safety can thus be chosen from the Fs vs. F plot (FIGURE 9.3) ensuring
compatibility between settlements at the values of shaft and total capacities.
An overall factor of safety of 2 corresponds to Fs value of 1.61 and of
2.5 corresponds to Fs value of 1.84. Appropriate value, depending upon
the degree of control of operations during drilling and concreting, can be
chosen. For normal operations carried out by experienced foundation
engineering firms, an overall factor of safety of 2 is suggested to be applied

to the results of a load test wherein settlements were recorded for 24 hours.
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DERIVED FACTOR OF SAFETY Fg ON SHAFT AND Fp, ON BASE CAPACITY

15

10 /

1 2 3 4 5 ) 7
APPLIED FACTOR OF SAFETY F ON TOTAL PILE CAPACITY

FIGURE: 9.3  RELATION BETWEEN OVERALL FACTOR OF SAFETY F AND
DERIVED FACTORS OF SAFETY Fg AND Fp, ON SHAFT AND
BASE CAPACITIES.
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Approximate value of working load in the absence of a load test can thus

be computed from:

Q Q
W.L. ‘FS‘U""'EHJ' oo (9.7)
s b

wherein QSU and QBU are the computed ultimate values obtained by
using the correlations presented in paragraphs 9.2 and 9.3 and Fs’ Fb
can be chosen from FIGURE 9.3 corresponding to any desired overall factor
of safety F.

The above relationship can be applied for computing working ioad
for piles in till also, but Fs and Fb values shall be different. It is
not possible to spell out these values in this case, since the piles are
embedded solely in till passing clear through lake soil. Complete embed-
ment would cause the shaft resistance and the base resistance curves to
flatten out showing ultimate mobilization at relatively large settlements.

Having computed the working load by method of synthesis, appfoxi—
‘mate check for ultimate settlement both under the working load and under
the would-be yield-point load ma& be made by using equation (7.17). Section
of pile should finally be checked against structural failure due to crush~

ing of concrete at pile head. An appropriate factor of safety should be

provided.



CHAPTER X

CONCLUSIONS AND .RECOMMENDATIONS

-10.1 General

The inveétigation under report comprises two.phases of load
tests on piles. The first one summarized in Chapter III concerns tests
on four scaled bored piles in uniformly graded plastic silt and the second
one constitutes invgstigation of full léngth field fests also on bored
piles, two installed in Edmonton lake-deposit and two in dense till below.
The scope of investigation has been,quité limited in the former case where
only a preliminary study of the general behaviour of loaded piles in silt
was undertaken. Laboratory testing was mainly restricted to unconfined
compression testé. The conclusions drawn below are quite limited in
application to the actual field piles by direct extrapolation, since the
effects of scaling down were not studied. Work on field piles, on the
other hand, was of a more elaborate nature. Based on actual performaﬁce,
some rules have been suggested to arrive at the working load for full-
length piles. Extensive laboratory testing, particularly on samples of
ﬁill, could not be carried out for want of time. The rules suggested
herein shall therefore require confirmation before being used for predicting

the working loads.

10.2 Conclusions and Recommendations Based on the Results of

Load Tests on Scéled Piles in Silt

1. Load-settlement curves for total pile capacity, tip resistance
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and shaft capacity are all similar in shape Qiéh the peak values occurring
almost simultaneously at settlement ratios (A/B) ranging from 2.8 per cent
to 4.2 per cent. Contribution of base resistance being‘less than 10 per
cent, piles under similar conditions may be designed as friction piles.-

2. Magnitude of shaft capadiﬁy developed'is closely related to the
‘ 2 being

the ratio of unit load transfer to unit shear strength of softened soil

shear strength of softened soil around. Coefficient of adhesion a

has a nearly constant value approaching ﬁnity. It is therefore the strength
reduction coefficient ags being the ratio of soil shear strength after and
before concreting the hole, which is responsible for fall in the value of.
coefficient of load transfer a(= oy 02), after concreting. Average
value of a obfained from tests in silt works out to 0.83.

3. Additional load capacity obtained as a result of belling the
pile tip is relatively insignificant primarily due to low shear strength
of soil at base. It can therefore be concluded that for deep piles in
‘saturated silt where bearing area is small compared to total shaft area,
enlargement of pile-base is neither economical nor useful.

4. The values of beéring capacity factor N, are much lower (of the
order of 6 to 6.25) for nearly saturated silt (degree of saturation about
90 per cent) than for clay under similar conditioms, tﬁat is, on the
assumption that "¢ = 0" condition is applicable. Relatively slow rate of
mobilization of base resistance is due to the compressibility of silt or
the possible shifting of positions by the individual particles under the
effect of load.

5. Reduction in shear strength of soil bears a linear relationship

to water-cement ratio (measured here in terms of slump) of concrete after
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mixing and with the increase in moisture content, Coefficient of skin.
friction o is also similarly related to increase in moisture content
of the soil around the shaft. |

6. Silt loses part of its apparent cohesion on coming in contact
with water.

7. There is some evidence to show that during the process of
drilling, water from surrounding soil migrates to the éhear 2zones,

8. It appears that a more elaborate study is necessary to under-
stand the exact behaviour of piles in this type of soil. Strict control
during drilling and mixing of concrete must be exercised. Effect of free
water from concrete on total pilé capacity is very d;astic. Water-cement
ratio fo be used should be standardized, since otherwise even an actual
load test might be grossly misleading. This aspect would assume greater
importance in view of the uncertainty of silt regaining strength with the
passage of time. Instrumentation of the pile should preferably be done
"along the shaft in addition to providing a load-cell at bottom, so as to
measure the load transferred at various sections of the pile. This would
permit the use of the genefal equation (3.3) for computing shaft resistance.,
Appropriate instrumentation to study the effect of loading on the pore-

water pressures developed is also highly desirable.

10.3 Conclusions Derived from Results of Tests on Full-Length Piles

Foliowing conclusions appear to be justified in connection with
load tests on field piles:
1. Compression of the shaft is a function not only of the applied

load Q at top and modulus of elasticity E of the matérial but also that
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of mobilized base resistance at any stage of loading. It is therefore
possible to estimate roughly the values of base resistance from a know-
ledge of measured shaft compression. If actual operating value of E

for the material is obtained from a 1§ad test on an instrumented pile,

a correlation can be obtained between the measured values of shaft
cogpression, the applied total load and the resulting base-resistance in
terms of E and the pile-lenéth H. This can then be employed for ascer-
taining QB-values elsewhere under similar assumed conditions, The method
used in paragraph 7.2 shows good agreement between computed and measured
values.,

2. Effects of pile-length and soil type are clearly brought out by
the results of tests on field piles. ‘Shaft Resistance curves indicate
pronounced peaks after a steep rise (i.e., corresponding to very small
settlements) for piles in clay and sustained peaks for piles in till. Long
piles tend to further flatten the develoﬁment of peaks showing maximum
values at different absolute settlements but nearly the same settlement
ratio ( A/B ) of about 0.6 percent for piles in clay and 7.5 per cent for
piles in till. This tremendous difference has been explained on the basis
of relative flexibilities of the pile material and the two soil types being
norﬁally consolidated silty sandy clay deposit in the former case and dense
glacial till in the latter case. ‘

3. Both the magnitudes of Residual Tip Resistance and the elastic
recovery of pile after removal of load from top, appear to be dependent upon
ultimate settlement of pile tip. When complete shear failure of shaft soil |
has taken place and the tip has started punching into the strata below, these
magnitudes are relatively small compared to those when the extent of punch-

ing is smail or nil. Complete shear failurevof shaft soil is indicated by
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rapid settlement of pile during testing and the"appearance of a peak in
the Shaft Resistance curve.

4, The rate of settlement-increase as a function of time is
greater for piles in till ﬁhan for piles in clay.

5. Soil under pile tips behaves like a true ¢ - ¢ material and
the contribution of.friCtion is very significant. Analysis of results
concerning piles in clay shows that ultimate Bearing Capacity can be
safely computed on the basis of Meyerhof's Theory. Terzaghi's Theory, on
the other hand, gives conservative Qalues. These sfatements, however,
could not be confirmed for piles in till due to lack of laboratory data.

6. Both the magnitude of developed skin friction at peak and the
corresponding settlement are sensitive to the ver& plotting of curves for
total capacity Q and. the base resistance QB'

7. Developed ultimate shaft resiséance corréspon&s roughly to the
remolded value of sﬁear strength for piles in clay silty sandy lake deposit
.and probably to the resiﬁual value of sﬁear stfength for piles in till,

8. Correlations for computing ultimate capacity of pile based on
field N-values, it is believed, better represent the in-situ strength, in
particular of the local soil, and so are more dependaﬁle than those based
on laboratory test results.

9. The developed skin resistance depends upon a number of factors.
It may roughly correspond to softened shear stréngth, remolded ‘shear
strength, or residual shear strength in different situations. The best
method of obtaining a correlation for it is to apply a reduction cﬁefficient
such as o to the undisturbed shear sﬁrength based on the results of a

large number of tests. This coefficient o« would then absorb the effect
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of all the variations arising out of any of the factors responsible fo?
affecting the soil shear strength in specific cases. A correlation
based on N-values,. or cone-resistance values is better suited for piles
in cohesionless soils as well as in till.

10. From the data obtained in the present test series, it can
be concluded that the meéhod of testing a pile by Cyclic Loading
neither produces any appreciable amount of additional settlement
nor changes the proportions of base and shaft capacities, at least up
to the failure load.

11. Characteristics of Edmonton soil vary constantly with depth
and it is not possible to compute ultimate base bearing capacity QBU
by making use of a single formula. Approximate pfedictions for various

depth regions can, however, be made from the following relationships:

a., For biles wholly within the lake soil:

QBU= 0.65 N.. Ab a ¢ o o o+ @ tonS . se0 (9.1)

b. For piles with their tips resting within the upper 12.5
feet of till deposits
QBU = (30 + 1.05 d) A.b ¢« ¢ o o o & o tOn -.-(9.2)
¢. For piles with their tips resting more than 12.5 feet
below till interface:
QBU = 0,36 N - Ab e e s s « . ton eee (9.3)
Ab in the above relationships represents the bearing area of the pile

in square feet, and d in feet is the depth of embedment within till.
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.12 Approximate estimation of Total Shaft Resistance may be made
by'using the following formulae:
a. For piles wholly within the lake soil:

QSUEQI'E'AS-Q--Aoton eee (9.6)

or QSU=3-'ﬁ-A‘s.....ton ves (9.5)

whereiﬁ o = 0.43 and B8 = 1/58.
b. For piles with their tips resting in till:

QSU =g (Nl . ASI + m, N2 . ASZ) « + « ton .es (9.6)

wherein B = 1/58 and ﬁi and ﬁé represent the weighted average N~values

for depths of embedment in lake soil and in till respectively, AS and A.S

1 2
being the corresponding shaft contact areas in square feet. The symbol ¢
in the above equation is the weighted average undisturbed shear strength

of soil along the shaft. Value of factor m varies from 1.0 to 1.6, the
smaller one applicable for a total pile depth of about 50 feet and the

larger one for about 40 feet or less; intermediate values to be interpolated
suitably.

13. Working Load can be obtained by applying alsuitable overall factor
of safety F to the yield-point load if a pile test has been carried out.
If, however, total ultimate capacity has been worked out by synthegizing the
base and shaft capacities by employing the relationships presented in para-

graphs 12 and 13 above, compatibility Between the corresponding settlements

shall have to be ensured. In that case working load is given by:

Q Q
o su o, Sy

F

WOL .
Fs b

eee (9.6)
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wherein values of F and F » being the factors of safety for shaft
and base resistance respectively, can be obtained from FIGURE 9.3 for
any desired overall factor of safety F for piles in clay.

14. Settlements are not critical for piles installed in Edmonton
eoil,in particular, for pile tips resting within 35 feet depth below
surface. An approximate check on the computed values of working load
may, however, be made by using equations (7.17),(7.25) and (7.21).

15. Piles restieg on relatively unyielding strata can withstand
high loads. Selection of the pile should therefore-finally be checked
against structural failure due to crushing of concrete at pile head.

An appropriate margin of safety shoul& be available.

16. The profile shows relatively low'values of settlements and high
bearing capacities in the depth region varying from about 15 feet below
top surface.extending up to about 10 feet below till interface. It is
therefore suggested that design length of piles be determined accordingly

‘on that basis. |

17." sShaft Compression is small and so may be ignored for oBtaining

net settlements in the case of plles in clay. Its effect for loﬁger piles

installed in till is, however, significant anﬁ should be accounted for.

10.4 Recommendations for Further Study of Full Length Piles

Evolution of an appropriate design method suitable for general
soil conditions within a certain area is a slow and a continuous process.
With each and every test conducted in the future, there would be scope for
'considerable imprdvement.. It is, however, not always necessary to test

load the piles exclusively for this purpose, though the establishment of
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some sort of ;iaison between the University and the various Foundation
Engineering firms appears to be desirable, so that wherever they happen
to conduct any test at a particular site, an observer from the University
is pfesent."Some of the recdmmendations based on the experience égined
from thé present series of tests are listed below:

1. With a view to avoiding caving and sloughing, it would be
desirable to provide casing for.the excavated hole within the lak; deposiq.
While withdrawing the casing and concreting the hole, it must be ensured
that concrete is in intima;e contact with the wall.' By whatever practical
methods possible, ca;e should be takén to see that particles of soil are
preventéd from mixing with concrete. Likewise, the bottom of the hole must
be cleared of any loose particles of soil before concreting is commenced.
A chute, it is recommended, should be used to deposit concrete in small
batches without impact.

| 2. . The larger the number of infact specimens of soils obtained and
tested, the more realistic are the ultimate values of strength parameters
‘obtained. It would be preferable to obtain confinuous samples from feﬁ
test holes rather than procuring the same number'of'samples from a large
number of holes. Continuous sampling would, in addition, give better
indication of variétions in soil profile. .

Laboratory testing on undisturbed samples ghould include both
drained and undrained triaxial tests with pore-water pressure measurements,’
shear box tests carried to large strains and tests on remolded as well as
softened soil specimens in addition to the usual unconfined compression
tests. If instrﬁmentati;n in the field has been done to record the actual

developed pore-water pressures, suitable parameters can be selected and
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actual behaviour analysed.

3. In preference to tests on undisturbed samples mentioned'above,'
correlations developed on the basis of in-situ strength characteristics
of soil would give more dependable results under local soil conditions.

It is therefore recommended that N-values be measured at 5 foot intervals
or else static cone resistances be obtained for the entire profile.

4. In order to do away with the avoidable variations, the method
of drilling, the size and proportions of aggregates for concrete mix
design, water-cement ratio and slump, maximum allowsble period between
drilling and concreting a hole, must be standardized.

5. Instrumentation for a field test pile may include arrangements
for measuring load-transfer at various depths in ‘addition to providing a
load measuring device at the pile tip. Piezometers installed near the
bottom and also elsewhere shall help obtain the actual variations of the
developed pore-water pressures as a resslt 6f loading. Moisture-meters,
1f installed, would help msasure the rate of diffusion of water from fresh
concrete radially away from the pile as also migration of water at all
stages of test,

6. In the case of bored piles, mﬁtual migration of water between
concrete and surrounding soil goes‘on taking placs for.a certain lsngth of
time. And since the capacity of the shaft is directly related to the shear
strength of shaft soil at the time of testing, it would be necessary to
specify the period to be allowed to elapse before commencing test—loading.

7. Inséead of applying maximum test load equal to the usually
recommended value of twice the expected working load, it appears appropriate

to carry the loads up to ultimate failure when rapid settlement is recorded.
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. This would give a better idea of available margin of safety and may even
‘be economical since it would be possible to reduce the pile section or
the length of embedment.

8. Settlements at various stages of loading of a‘test pile may
preferably be recorded up to 24 hours, so as to permit a major portion of
Primary consolidation to take place. This shall eventually ensure a
. 8reater degree of safety inasmuch as ultimate settlement is concerned.

9. During the érocess of testing, unexpected rapid settlement may
start taking place when applied load approximates the failure load. And
since it might have to be left overnight, automatic recording of all
instruments is recommended. | .

10. Repeated loading, it has been observed, neither produces any
appreciable amount of additional settlement nor changes the proportions
of base and shaft capacities, at least up to the failure load. And since
it ylelds useful data helpful in the evaluation of net settlement, it is
recommended that the method be employed for test loading piles in the

future,
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APPENDIX A

DESIGN OF THE LOAD CELL, PROPERTIES OF CELL MATERIAL,

GAGE CONNECTIONS AND CALIBRATION CURVES

(SCALED PILES IN SILT)
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PROPERTIEST OF ALUMINUM ALLOY: 65 S~T6

(at 25° C)
1. Ultimaté tensile strength: 46.5 x 103 psi.
2, Yield Strength: 40.0 x 10° psi.
3. Modulus of Elasticity: 10.0 x 106 psi.
4. Brinell Hardness Number: 95
5. Ultimate Shear Strength: 30 x 103 psi.
6. Compressive Yield Strength: approximately the same

as for tension for short
cylinders (i.e., small

%-ratio).

7. Coefficient of Thermal Expansion: o = 0.0000238/°C.

NOTES: 1. Yield strength taken at 0.2% of original
gage length,
2. Main alloying constituent: magnesium or

magnesium silicate

tFrom Handbook of Aluminium, Aluminium Company of Canada, 1961.
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LOAD-CELL DESIGN

Material: Aluminum Grade 65 S-T6.

Desired Sensitivity: 1 1b. load on the cell indicating a strain of
1 micro-inch/inch.

‘Try: 4 solid cyiinders

Gage-length of the available strain-gage (in the Structures Lab) = % inch.

Assuming one gage to be mounted on each cylinder, and with
separate indicator reading for each gage (ignoring the effect of Poisson's

ratio for rough calibrations), sectional area for each pillar needed,

A = 2L 1xk
= 22 g —
10x10 x1x 10

o

Ee - 6

= 0.05 in.2,

giving a diameter of 0.252 in.

Since the minimum trim width of the gage under consideration is
11/32 in., it was feared that during mounting it might get stretched
laterally and so get damaged. It was therefore decided to raise the
diameter to the praétical minimum of 0.3 in. (A = 0.071 in.z).

Total load expected to be transferred to the tip in the case of

belled-out pile was estimated to be roughly of the order of 4000 1bs.
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' 4000
Estimatgd maximum stress 0.28%

= 14,100 lbs./in.z,
which is well within the eiastic range for the material.
Practical minimum length of the pillars from considerations of gage~
installation is about 1.5 in. This gives length/diameter ratio of 5

which is quite satisfactory for a short cylinder under compressive loads.

14100 6

Strain for %" gage length = g X% =705x10 " 1in.
. 10 x 10

vhich is well within the recording range of the indicator.

Total strain for one pound load at the top of cell, therefore, shall equal

%g%a-x 4, 1.e., 0.705 p~in.

<. PROPOSED CELL:
4 solid aluminum 65 S-T6 cylinders, 0.30 in. diameter,
1.5 in. high snug-fitted into holes in the two parallel
plates, each 3/8 in. thick;
4 strain gages (with one dummy-compensating gage) having

a gage length of  inch (grid width: 9/64 in.).
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STRAIN INDICATOR.

ALUMINIUM
SHAFT EMBEDED
IN CONCRETE
ALONG THE ¢
OF PILE SHAFT

LEGEND -
1,2,3,4. GAGES MOUNTED ON PILLARS.
5. DUMMY (TEMP. COMPENSATING) GAGE.
C  COMMON LEAD (ACTIVE).

LLM,N, 2 INDIVIDUAL LEADS FROM GAGES (ACTIVE).
D, D LEADS FROM THE DUMMY GAGE,

FIGURE: A.4 GAGE CONNECTIONS WITHIN THE CELL(PILESIN PIT SILT)
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DATA FOR PLOTTING CALIBRATION CURVES

(Cells: I and II)

LOAD o " NET TOTAL STRAIN

in 1bs. (micro-inches)
CELL I CELL II

0 . 0 0

500 : 846 1,022
1,000 1,710 ‘ 1,859
1,500 . 2,571 2,576
2,000 3,388 3,348
2,500 4,181 3,990
3,000 4,830 4,604
3,500 5,765 5,173
4,000 6,630 5,662
4,500 7,270 6,196
5,000 7,920 6,755

. =227~
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APPENDIX B

CONCRETE MATERIALS, MIX-DESIGN, CYLINDER STRENGTH

(PILES IN SILT)
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Sieve Size

lll

3/4"

3/8"

i+

Pan

Total

COARSE AGGREGATE ANALYSIS

(Concrete Mix)

Weight Retained ' 4
(1bs.) . Retained

0 0

0.30 1.1

15.63 ’ - 58.4

10.03 37.5

0.80 3.0

26.76 100.0

=231~
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Cunulative
% Retained

1.1

39.5

97.0

100.0



B-2

FINE AGGREGATE ANALYSIS

(Concrete Mix)

Wwe. sample unwashed: 580.8 gm. : (100.0)

Wt. sample washed: o 566.4 gm. : ( 97.5)
Wt. passing - 200 ASTM sieve: 14.4 gﬁ. s € 2.5)
Sieve No. Wt. Retd. Percentage Cumulative
(gm.) - Wt. Retd. Z Retd.
- 3/8" 0.0 0.0 - 0.0
4 - 17.5 3.0 3.0
8 . 85.2 14.7 17.7
16 54.6 9.5 27.7
30 60.0 10.3 37.5
50 208.4 35.8 ©73.3
100 122.9 21.1 9.4
Pan 17.8 3.1 97.5
Silt 14.4 , 2.5 . 100.0
Total 580.8 100.0 253.1
Fineness Modulus (F.M.) = 2.53.
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B-4

CONCRETE MIX DESIGN °

Quantity of Concrete Needed:

, .
T IES) % 50 x _13. = 0.67 cft. per pile
(127)

General Requirements:

Small Slump--water/cement ratio to be just adequate
for complete hydration of cement——wéter"prdportion to be
such that vapour-pressure gradients set up between concrete

and the surrounding mix are the minimum.

Strength Requirements:
Maximum Load Expected: 5 tons _
Sectional Area of the Pile: 19.7 in.2
Intensity of Loading: 5 x 2240/19.7

= 565 lbs./in.2 (maximum)

Crushing Strength Requirement: 3 x 565

or (say) 1700 1bs./in.2

Early development of strength necessary.

28-Day Strength Requirement: 3000 lbs./in.zl(giving approximately 2/3 rd.

strength, i.e., about 2000 lbs./in.2 after 7 days).

Quantity of Water Needed (Canada Cement)

= 6% dmp. gallons per bag of cement used.
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Quantities of Materials (3/4-in. maximum size for coarse aggregate and . .

F.M. of 2.50 for fine aggregate):
wétef: 37 gallons per
cement: . 5.9 bags per

fine aggregate: 1490 1bs. per

coarse aggregate: 1460 lbs., per

~-Properties to be adjusted to give a slump

account the initial moisture content of the

=235~

cu. yd. of concrete,
cu, yd. of concrete,
cu, yd. of concrete,

cu, yd. of concrete.

of 3" to 4", duly ‘taking into

aggregates.



COMPRESSIVE STRENGTH OF CONCRETE

" (at seven days)

Concrete Slump Ultimate Unit
for Pile : " (Crushing) Ultimate
Strength . Strength
A 3 A 58,500 - 2,070
B 4 _ 55?500 1,970
C. 2 3/4 79,500 2,820
D ‘ 31/2 65,600 2,320
E 4 ' 64,000 2,260
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APPENDIX C

ENGINEERING PROPERTIES OF PIT SOIL AND

TYPICAL STRENGTH PLOTS
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ENGINEERING PROPERTIES OF PIT SOIL

1. Particle-Size Distribution (M.I.T. Scale):

Sand size particles ( > 0.06 mm.): ' 7%,
Silt size particles (0.06 to 0.002 mm.): 86%,
Clay size particles ( < 0.002 mm.): 7%.

Dy = 0.0036 mm,

D60 = 0.029 mm.

D
e, = 32 = 12.4
10

2. Specific Gravity: 2.70.
3. Atterberg Limits:

Liquid 1limit (W): 34.2%,
Plastic Limit (Wp): 21.9%,
Shrinkage Limit ~(Wg): 19.0%,
Plasticity Index (Ip): 12.3.

4., Compaction:
o.m,c. Maximum Dry Density

Standard Proctor: 21.52  100.7 1bs./ft.>
Modified AASHO: 15.3% 113.0 1bs./ft.3

5. Unconfined Compressive Strength .
(for soil remolded at Standard Proctor conditions):

average: 6.4 1bs./in.2

6. Compressibility Characteristics
(for soil remolded at Standard Proctor conditions):

0.143,
0.019.

Compression Index: C

-238-
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UNCONFINED COMRESSION TEST |
SOIL TYPE: PLASTIC SILT

DATE:
SPRING No. A-12

~ STIFFNES 14.7 Ibs./in2
SAMPLE. No.:

STRAIN (%)

15 10
, 20 | . 5 0
— I °
L T RASTC AR a
. _’_:.—-—::' I, .......;/-----1-------- 2 _
&.-‘-/“-:,/ ,,..---i..\-n---“ . — 1t 3 ‘:‘\E.
v"‘“‘l'!":—-—'-'-...‘ - L U g
| \ 4 =
e /'__-_--_‘-‘ v . . T —
//'.j.u..-' . “‘-....\- . 5 ﬁ
» ;ﬂ// -.'.‘.,-. -‘B-R-l‘TTL.E '--‘..--- L Lo PR 6 E
T L FalluRe—, =y 7 o
c".‘ ',-"" - \'.. sss
/f,T:“M ’.-.n"" .--u---l" 8 g
/::"".' .---"' \
V.‘-u"‘ \\
. P My -\
s L e
0.6 0.4 0.2
0.8 J 00
\0 DEFORMATION OF SPECIMEN (in.)
MOISTURE CONTENT CONTAINER No.: MAXM. COMP

MOISTURE CONTENT

% DRY DENSITY

Ibs/ft3

(DOTTED LINES REPRESENT SUPERIMPOSED MASK.)

STRESS:
3.5 Ibs/in2

FIGURE: C-2 TYPICAL RESULTSON THE BRITISH PORTABLE COMPRESSION
TESTING MACHINE.
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SAMPLE: A -1

260 (o,- 0. ); =66 psi ot 78% Strain -
o, = 20 psi

— m.c. = 22%

[]
[
o

n
o

w
o

MODULUS OF DEFORMATION -
ET{TAKEN AS SECANT MODULUS

AT STRAIN CORRESPONDING TO

HALF THE PEAK VALUE)

21650 lbs./in.2 1.

S

DEVIATOR STRESS (o, - o
S
|

S B I ) | 1 ) L ! )
8 12 16 20
AXIAL STRAIN %)

o
o
o~

w
R

(b) SAMPLE: B -1

30+ (o,-0,, )f = 20.8psi ot 11.8 % Strain
= o, = 10 psi
Q 25 m.c.=26%

N
o
i

o
T

IR . MODULUS OF DEFORMATION -
77 , E (TAKEN AS SECANT MODULUS
AT STRAIN CORRESPONDING TO
. HALF THE PEAK VALUE) A
= 380 lbs./in.2 -

(& ]

DEVIATOR STRESS (o;-0o,)
)
|

i | | | I 1 l | ! I
0 4 8 12 16 20

AXIAL STRAIN (%)

FIGURE: C-3 TYPICAL STRESS-STRAIN CURVES FOR PIT SILT.
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APPENDIX D

CALIBRATION CURVE AND DATA FOR 25~-TON HYDRAULIC JACK

(SCALED PILES IN SILT)
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DATA FOR HYDRAULIC JACK CALIBRATION

Load on
the Ram

(lbs.)

(1000 psi. gage)

Pressure
Indicated

(psi.)

500
1,000
2,000
3,000
4,000
5,000
6,000
7,000
8,000
9,000

10,000

~243-

90
132
230

| 321
420
510
602
698
792
888
982
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APPENDIX E

LOAD TEST DATA

(SCALED PILES IN SILT)
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LOAD TEST DATA FOR PILE B

Weight of hydraulic ram and other weights on pile: 150 1bs.

Reading on the Indicator Dial
(Cell No. I) Gage
: Strain Gage Number Read-
Initial ing
Reading 1 2 3 4 x 103
(before in.
concreting] 12,370 12,820 11,110 12,225
Initial '
Reading
(after ’
concreting] 12,325 12,775 11,070 12,205
LOADING
Load Reading
on Pr, |
(1bs.) |Gage
(psi.)
0 12,020 12,555 10,840 11,910 0.0
1,000 182 11,990 12,530 10,785 11,890 8.9
11,990 12,530 10,785 11,890 9.1
11,990 . 12,530 10,780 11,890 10.1
11,990 12,530 10,785 11,890 11.0
11,990 12,530 10,785 11,890 11.0
2,000 | 274 11,980 12,505 10,750 11,870 | 17.4
11,980 12,505 10,745 11,870 21.0
11,980 12,505 10,745 11,870 21.3
11,980 12,505 10,745 11,870 21.9
11,980 12,505 10,745 11,870 22.0
3,000 367 11,975 12,495 10,690 11,845 30.0
11,970 . 12,490 10,680 11,845 35.0
11,970 12,490 10,680 11,845 37.5
11,970 12,490 10,680 11,845 38.0
11,970 12,490 10,680 11,845 38.2
4,000 462 11,960 12,470 10,615 11,830 50.0
11,955 12,455 10,590 11,840 60.0
11,955 12,445 10,585 11,840 64,5
11,255 12,445 10,580 11,840 67.5
11,950 12,440 10,575 11,840 70.5
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LOAD TEST DATA FOR PILE B (continued)

E-1

5,000 [ 555 11,870 12,405 10,505 11,830 90
11,855 12,365 10,495 11,810 131

11,850 12,370 10,485 11,800 | 147

11,860 12,379 10,488 11,800 | 159

11,855 12,379 10,488 11,800 | 170

6,000 | 650 11,835 12,270 10,415 11,760 | 230
11,840 12,305 10,440 11,740 | 352

11,850 12,338 10,440 11,735 | 425

11,850 12,340 10,450 11,735 | 490

11,850 12,349 10,450 11,730 | 555

7,000 | 745 11,740 12,300 10,400 11,700 | 650
11,745 12,300 10,400 11,700 | 860

11,745 12,300 : 919

11,745 12,295 10,900 11,700 | 935

11,745 12,294 10,395 11,700 | 986

5,000 555 956
3,000 [ 367 945
(] 90 964

fUnloading each increment at % hour intervals.

-247-




LOAD TEST DATA FOR PILE C

E-2

Weight of hydraulic ram and other weights on the pile: 150 1bs.
Reading on the Indicator Dial
(Cell No. II) Gage
Strain Gage Number ?gad—
Initial ng 3
Reading 5 6 7 8 x 10
(before in.
concreting) - 13,000 12,410 12,380 12,700
Initial
Reading
(after .
concreting) 12,980 12,390 12,365 12,675
LOADING
Load |Reading
on Pr.
(1bs.)|Gage
(psi.)
0 90 12,670 12;290 12,185 ’ 12,545 0.0
400 | 128 12,650 12,280 12,155 12,515 4.5
12,640 12,270 12,150 12,525 5.0
12,635 12,270 12,145 12,525 5.5
12,630 12,270 12,145 12,525 6.0
12,630 12,275 12,140 12,525 6.0
1,000 | 182 12,605 12,245 12,055 12,515 8.0
12,615 12,255 12,065 12,515 9.0
12,615 12,250 | 12,070 12,515 9.5
12,615 12,245 12,075 12,510 10.0
12,610 12,240 12,070 12,510 10.0
2,000 | 274 12,530 12,210 12,015 12,500 16.0
12,540 12,220 12,025 12,510 17.5
12,535 12,215 12,025 12,505 18.5
12,555 12,229 12,030 12,510 19.0
12,555 12,230 12,030 12,515 19.5
3,000 | 367 12,470 12,195 . 11,970 12,500 26.5
12,480 12,195 11,980 12,500 28.5
12,485 12,195 11,985 12,505 29.0
12,485 12,195 : 11,985 12,505 29.0
12,490 12,200 11,995 12,510 29.0
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LOAD TEST DATA FOR PILE C (continued)

E-2

4,000 | 462 12,345 12,161 11,940 12,495 |41.0
12,390 12,160 11,940 12,495 | 46.0
12,395 12,160 11,945 12,495 | 47.5
12,390 12,155 11,945 12,495 | 48,5
12,390 12,160 11,945 12,500 | 49.0
5,000 | 555 12,300 12,125 11,900 12,490 |57.0
12,300 12,120 11,890 12,485 | 65.0
12,285 12,110 11,890 12,485 | 68.0
12,290 12,115 11,890 12,490 | 70.0
12,280 12,115 11,890 12,490 | 71.0
6,000 | 650 12,160 12,055 11,820 12,470 | 82.0
12,130 12,035 11,795 12,460 [107.0

12,120 12,030 11,785 12,465 | 122

12,130 12,030 11,780 12,455 | 130

12,120 12,030 11,785 12,565 | 137

6,500 | 692 12,065 12,010 11,750 12,450 - | 147
: 12,050 12,005 11,745 12,450 | 189

12,045 12,030 11,740 12,445 | 228

12,070 12,035 11,735 12,445 | 247

12,065 12,050 11,730 12,445 | 261

7,000 | 745 12,020 12,050 11,710 12,420 | 280
12,040 12,080 11,710 12,410 | 360

12,035 12,090 11,715 12,410 | 393

12,030 12,100 11,715 12,410 | 415

12,035 12,105 11,720 12,405 | 427

7,500 | 797 11,950 12,100 11,700 12,375 | 462
11,945 12,120 11,700 12,365 | 540

11,925 12,125 11,700 12,355 | 620

11,925 12,135 11,710 12,360 | 681

11,915 12,130 11,705 12,350 | 712

8,000 | 840 11,885 12,120 11,705 12,340 | 760
11,860 12,140 11,710 12,330 | 845

11,840 12,140 11,700 12,330 | 895

11,830 12,140 11,700 12,330 | 935

11,825 12,140 11,695 12,325 | 960

6,000 | 650 943
3,000 | 367 933
0 90 820
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APPENDIX F

DESIGN AND FABRICATION DETAILS OF LOAD CELLS

FOR FIELD PILES
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F-1

8 o A/2 S
: B8/2
! 8 PILLARS
//®_>~—""7EQUALW I '
. : ) SPACED ON -
. THE ROOT C
CIRCLE - - -
CONTACTING]
ACCESS TO
celLFrom Top  |P JREACES
- - [ o
C
T WELD
ELEVATION !
—{F < & o F et
¥ .
F
f 3
PLAN VIEW
1E (PILLAR DIAM.)
4
- _J_ ¢ -
DETAILS OF THE PILLAR o

SCHEDULE OF DIMENSIONS

ESTIMAT-

ED LOAD] A 8 c D E F G H !
50% [16.00" 10.50'0 0.75”]3.00¢'(0.625"| 0.100"| 2.800] 0.50"|4.000"]
200%(20.00"13.15" | 1.25" |4.000'[1125" |0.125"|3.750"| 0.85"| 5.700"
400" |28.00"120.00"1 1.75 " 15.500"11.600 " | 0175 "[5.150" [1.20 “ | 7.90"

Note ALL MATERIALS : COLD-ROLLED STEEL.

" FIGURE: F-1 DESIGN DETAILS OF LOAD CELLS FOR FIELD PILES.
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FINISHED DIMENSIONS OF LOAD CELLS

Actual Overall

Nominal Actual
Diameter Diameter Depth
(in.) (in.) (din.)
16 16.5 4,75
20 (A-1) 21.25 6.75
20 (A-2) 20.75 6.75.
28 28.5 8.50
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F-3

(o) DIVISION OF PILLARS INTO FOUR QUADRANTS

(b) DISPOSITION OF GAGES

ON ANY PILLAR

(R ||

TO SWITCH 2 O———
BOX AND |
STRAIN - G
INDICATOR 3 0——

40
EXPLANATION:
A ACTIVE GAGES (
C COMPENSATING GAGES
HERE B.R.G.W. REPRESENT BLACK {d) ACTUAL A A
RED, GREEN AND WHITE WIRES JSED WIRING
FOR DISTINCTION. DIAGRAM
ON THO (f
ADJACENT C
PILLARS. C
G R B8

FIGURE: F-3 WIRING DETAILS FOR FULL
BRIDGE CIRCUIT.

33 2 1 4

l.'\\LONGITUDINAL

A I AXIS OF THE GAGE

() FULL BRIDGE CIRCUIT FOR
TWO ADJACENT PILLARS iN
THE SAME QUADRANT

w

J

"JO SWITCH BOX AND STRAIN-
: INDICATOR
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APPENDIX G

CALIBRATION CURVES AND DATA FOR LOAD CELLS

(FULL-SCALE PILES)
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(p-in)

STRAIN INDICATOR, CUMULATIVE DIFFERENCES

6000

5000

4000

3000

2000

1000

FIGURE: G-5 CALIBRATION CURVES FOR 16 INCH DIAMETER LOAD CELL

CALIBRATION LOAD (Kips)

a n u,y: WORKING QUADS)
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APPENDIX H

CALIBRATION CURVES AND DATA FOR HYDRAULIC JACKS

AND DETAILS OF THE LOAD MAINTENANCE SCHEME

USED FOR FIELD PILES
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CALIBRATION DATA FOR HYDRAULIC JACK NUMBER I

Calibrating Load Gage Pressure Gage Pressure

Ceips) (psi.) (psi.)
0 10 20
25 I 200 205
50 g 395 400
75 8 570 580
100 2 740 750
125 930 950
150 1,140 1,150
175 1,305 1,330
200 1,505 1,520
225 1,710 o 1,720
250 1,900 g 1,905
275 2,090 S 2,080
300 2,295 > 2,290
325 2,470 2,470
350 2,640 2,650
375 2,830 2,840
400 3,000 3,000
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CALIBRATION DATA FOR HYDRAULIC  JACK NUMBER II

Calibrating Load
(kips)

Gage Pressure
(psi.)

Gage Pressure

(psi.)

25
50
75
100

125
150
175
200

225
250
275
300

325
350
375
400

10
210
405
580
760

LOADING <«————

950
1,140

¢ 1,330
1,530

1,730
1,900
2,070
2,280

2,460
2,650
2,810
3,000
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10
210

400

570 -
750

950
1,150
1,330
1,520

1,720
(<]
& 1,900
gz,oso
2,290

2,460
2,640
2,830
3,000
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APPENDIX I

SCHEMATIC ARRANGEMENT OF SET-UP USED FOR

MEASUREMENTS FOR PILES IN TILL
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APPENDIX J

RESULTANT SIDE-SWAY AT TOP OF 28-INCH DIAMETER

PILE UNDER A LOAD OF 1200 KIPS
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LOAD AT PILE TOP (Kips)

1200 - : // ;

EXTRAPOLATED
1100 {///FROM THE
/ ACTUAL- PLOT .
1000 / | / PROBABLE
ALTERNATIVE
900 MEAN VALUES

800

700

600

500

400
300
200
100

0

OF DEFLECTION
AT TOP

CURVE PLOTTED
FROM MEASURED
VALUES

(DIAL GAGES 11,12.)

0 01 02 03 04 05

~ RESULTANT SIDE-SWAY OF 28-in PILE (in)

FIGURE: J-1 RESULTANT SIDE-SWAY AT TOP OF 28 IN DIAMETER PILE UNDER A

LOAD OF 1200 KiPs.

J-1
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APPENDIX K

PARTIAL DATA FOR SHEAR STRENGTH

OF FIELD SOIL
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R-5.

50 -
(e) B. H. No. 3,
~ 4k DEPTH: 20 #1. .
z (UNDISTURBED SAMPLES)
E :
g 0
w
o
[
%)
[+ 4
<
1
5
L L | ] 1 ]
0 10 2 30 40 50 60 70 80 90 100
NORMAL STRESS: o (psi)
0r
(b) B.H. NO. 4
7 " (UNDISTURBED SAMPLES)
k ' |
g 30
w
ol
-
e B[ /—\
- X u= 45°
x
Cu=
10.1 psi
0 L 1 | ] ] { )
0 10 20 30 40 50 60 - 70 80 9 100

NORMAL STRESS: o (psi)

FIGURE: K-5 (a,b) MOHR'S ENVELOPE FOR TOTAL STRESSES.
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K-13

sk

0r

SHEAR STRESS: + (psi)

B.H. NO. 6,

DEPTH: 3 Fr.

Y= 18.7ps

Py = 12.41bs.

T (psi)
S
.

15F

SHEAR STRESS:

0rF

0.1 0.2 . 03

Te= 201

15F

SHEAR STRESS: « (psi)

10

0.1 0.2 0.3

Py = 37.21bs.

¢ = 138 psi

0.1 ' 0.2 0.3
HORIZONTAL SHEAR DISPLACEMENT (in.)

FIGURE: K-13 STRESS DEFORMATION PLOTS FOR BOX SHEAR TESTS.
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K-14

SHEAR STRESS: -+ {psi)

SHEAR STRESS: T (pii)

SHEAR STRESS: - (psi)

B.H.NO. 6, -
, DEPTH: 8 fr.
15 "‘ ' ' , T = 13.6 psl o
Py = 124 e,
10 -
T = 7.7.psl
o [ dp
5 =
0 [} ] [
0 0.1 _ 0.2 0.3
15 - Te= 138pst \
Py = 24.8 Ibs.
L o ?, = 7.9psi
a
5k
0 L 4 | i
0 0.1 . 0.2 0.3
'5 - " “ = “.3Pl‘
37.2 Ibs.
10 - . Y = 8.0psi
s =
0 L % ) )
0 0.1 . 0.2 0.3

HORIZONTAL SHEAR DISPLACEMENT (in.)

FIGURE: K-14 HORIZONTAL SHEAR DI SPLACEMENT (in.) STRESS DEFORMATION
PLOTS FOR BOX SHEAR TESTS.
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K-16

. BH.NO. 6,
DEPTH: 3 Ft.
; = (-]
~ e =19
k n
4
w
o
[
()
o
< |
wr
5 I
_ |
|
=9 1psi
s |- k/- OVERBURDEN PRESSURE
4 : 1 [ 1
0 2 4 [ 8 10
NORMAL STRESS: o (psi)
B.H. NO. 6,
DEPTH: 8 Ft.
H |
v |
[ 2]
vy
w |
-4
5 I
v
% ! .
S 10K . | ‘ .
- .
“ |
- 9, =45°
8 - i
‘ | |
€ = 7.9psi }’/ OVERBURDEN PRESSURE
] 1
6 1 ? 1 |

0 2 4 6 8 10

NORMAL STRESS: o (psi)

FIGURE: K-16 'UNDISTURBED AND RESIDUAL STRENGTH PARAMETERS
FROM BOX SHEAR TESTS.
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APPENDIX L

SUMMARIES OF LOAD TEST DATA AND COMPUTATIONS

(FULL-LENGTH FIELD PILES)
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APPENDIX M

DATA FOR TIME vs. SETTLEMENT AND TIME vs. BASE-RESISTANCE

PLOTS UNDER SUSTAINED LOADS

(FULL-LENGTH PILES)
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DATA FOR TIME vs. SETTLEMENT PLOTS UNDER SUSTAINED LOADS

(16" Diameter Pile in Ciay)

LOAD AT TOP, Q = 100 KIPS (LOADING CYCLE):

Time Elapsed Top Settlement Settlement Ratio
(hrs.) (13.) %I-x 100 (2)
0 0 0.22
0.5 0.045 '~ 0.26
1 0.056 0.32
2 : 0.057 . 0.33
3.5 ' 0.069 - 0.40
8 0.084 T o9
24 | 6.753‘ 4.36

B1 = 17.25 in. (Effective Diameter of Pile I)
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DATA FOR TIME vs. SETTLEMENT PLOTS UNDER SUSTAINED LOADS

(20"-Diameter Pile in Clay)

LOAD AT TOP, Q = 110 KIPS (LOADING CYCLE)

Time Elapsed Top Settlement Settlement Ratio
: A
(hrs.) (in.) -{}— x 100 (%)
) _ .
0 0.132 0.60
0.5 0.182 . 0.83
1 0.244 1.11
2 0.366 © 1,66
'3 0.523 ' 2.42
4 0.559 2.54
5 0.594 2,70
6 0.627 A 2.85
7 © 0.651 12.96
8 0.674 3.06
24 0.746 - 3.39
B, = 22.0 in. (Effective Diameter of Pile IIT)

w

-320-

M-2



DATA FOR TIME vs. SETTLEMENT PLOTS UNDER SUSTAINED LOADS

(20"-Diameter Pile in Till)

LOAD AT TOP, Q = 400 KIPS (LOADING CYCLE)

Time_Elapsed Top Settlement Settlement Ratio
A
(hrs.) (1n.) —— x 100 (%)
. 4

0 0.502 2.28

0.5 0.530 2.41
1 0.538 2.45

16 0.676 3.07

21 0.685. 3.11

30 0.753 3.42

184 0.912 4,15

UNLOADING FROM 400 to 0

Load 0
400K

0.912
0.890
0.832
0.793
0.753

- 0.704

0.707
0.739

KIPS IN 2 HOURS
4.15
4.05
3.78
3.60
3.42
3.20
3.21
3.36

B4 = 22.0 in. (Effective Diameter of Pile 1V)
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DATA FOR TIME vs. SETTLEMENT PLOTS UNDER SUSTAINED LOADS

. (28"-Diameter Pile in Till)

LOAD AT TOP, Q = 1000 KIPS (LOADING CYCLE)

Timé Elapsed Top Settlement Settlement Ratio
A .
(hrs.) (4n.) -{%— x 100 (%)
: : 2

o 1.023 3.47
0.5 _ 1.137 3.85
1 1.166 = $3.95
2 1.194 4.05
16.5 1.292 4.38
25,5 , 1.319 4.47
103 : 1.412 | 4.79

. . UNLOADING FROM 1000 to O KIPS IN 2 HOURS
LOAD 0 1.412 » 4,79

1000k 4 o 1.355 4.59
l 1 1.255 4.25
1.5 1.130 © 3,83

0 2 | "1.031 : 3.49
2.5 - 0.952 3.23

17 0.932 ' 3.16

67 ‘ ' 0.924 ' 3.13

B2 = 29.5 in. (Effective Diameter of Pile II).
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APPENDIX N

DETERMINATION OF CRITICAL LOAD Q, _ON THE PILE TOP

WHEN ITS EFFECT JUST REACHES THE PILE TIP

AND

COMPUTATION OF SHAFT COMPRESSION FROM KNOWN

AVERAGE VALUE OF ELASTIC MODULUS

AND MEASURED DIMENSIONS

OF PILES
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. N-1

DETERMINATION OF CRITICAL LOADjQc APPLIED AT PILE TOP

" WHEN ITS EFFECT JUST REACHES THE TIP

(AFTER TROW, 1967)

. 1.  The resistance offered by soil increases with the depth of the

pile and at any depth x below surface, its value is given by:

R
x

x
f ky'x tan ¢d- B . dx
o

, 2
ky' tan ¢q + "B !2(—

2 .
K.-nB.’z‘— ' | vee (1)

>
]

where ky' tan P

coeffiéient of lateral earth pressure,

=
n

diameter of the pile,

-]
]

¢d mobilized angle of friction,
Y' = effective unit weight of soil around ﬁile.
The Net Axial Load on the pile at depth x is then equal to (Q-R), where
Q 1is the applied load at top. When the effect of load just reaches the
tip, Q =R,
or the Critical Load, Qc = KnB - m ' eon (1)
where H is the length of the pile.

2. The total axial compression AH is given by:
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ﬁhére' Q, “is the net axial B
load on the pile at any depth x,
and A the sectional area of
pile. '

' 2
I X
= Zﬁ'i (Qc ~K-+1uB Efbdx

s % ok B
AE AE 6
Buﬁ from relation (ii) above,
HZ 2Qc
KnB
S s T S
b AE 6 3 AE
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COMPUTATION OF SHAFT COMPRESION FROM KNOWN AVERAGE VALUE

OF ELASTIC MODULUS AND MEASURED DIMENSIONS OF PILES

(a) Using equation (7.3) and data from TABLE VII-1, the shaft

compression - AH, for 16-inch diameter pile (I) in clay is-given by:

M. = Q 41.25 177.85 177.88 2

1

where AHl is measured in inches, Q and QB in kips, ‘Ae

inches and E in kips per square inch.

Simplifying, we have:
_ 1
AHl = K'e—.-—E (?159.83 Q + 59.29 QB).
For the 16~inch pile, A =241 in.2 and E = 3.625 ksi.

Q% -5
B = Q (18.3 +6.77 5B x 10

(b) For 20-inch pile (III) in clay,

AR, = 42 130.63 130.63

= Q"_".—"""Q '——-—+(Q-Q)._T—'
3 Ae E B Ae E B Ae E

<

1
Ke—‘_i (129.09 Q + 43.54 QB)

=329-
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ArE" "B TAE B "A,-E 3

2

3

in square
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3

Here A, = 39 in.2 and E = 3.625 x 10> Kei.

| ' P T
By = Q (9.02+3.05 ) x 10
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APPENDIX O

LIST OF SYMBOLS USED IN THE TEXT
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C
ru

D, D

LIST OF SYMBOLS

Sectional area of pile shaft
Sectional area of pile base (pile bearing area)

Equivalent sectional area of pile (inclusive of transformed
area of reinforcement)

Contact area between shaft and soil

Shaft contact areas for portions of embedded length within
lake soil and till respectively

Breadth of foundation (diameter of file)

Constant of Compressibility

Compression Index -

Swelling Index

Static cone resistance in kg./cm.2 or tons/ft.2
Unit apparent cohesion of soil

Average unit adhesion between soil and shaft
Average soil shear strength below base

Softened shear strength of soil (mean)

Undrained shear strength of soil (meaﬁ)‘

Mean undisturbed shear strength of soil along shaft
Residual unit cohesion of soil (undisturbed soil)
Undrained cohesion (remolded soil)

Depth of foundation to the bottom of the footing, depth
of pile

Depth of pile‘embedment below clay-till interface
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0-2
Modulus of elasticity of the matérial or -equivalent
modulus of pile material (composite_section)
Measﬁred modulus of pile materiéi : |
Desired (overall) factor of safety
Factor of safety on Ultimate Base Capacity
Factor of safety on Ultimate Shaft Resistance

Depth factor for correcting the value of consolidation
settlement '

Average unit skin friction developed over the shaft

Length of the pile or effective length of coﬁtact between
pile shaft and soil from top up to mid-depth of load-cell

Effective length of contact between pile shaff and soil
from mid-depth of cell up to bottom of concrete plug

Maximum depth of compressible layer

Influence factor the value of which depends upon shape
and rigidity of the foundation

A dimensionless number related to stress-strain properties

-and the strength characteristics of the soil, used in

computing immediately settlement. Also K = key' tan %4

Coefficient of lateral earth pressure of soil against pile
shaft

Coefficient of earth pressure at rest
Length of foundation

A factor (value varying from 1 to 1.6) ﬁsed for computing
Shaft Capacity :

coefficient of volume compressibility

standard penetration values (below counts) for 12-inch
penetration

weighted average value of N taken for the entire depth in.
question

General bearing capacity factors (dimensionless)
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Swelling pressure

Total overburden pressure at foundacioh level
Effective overburden pressure at foundation level
Applied load at any stage

Critical load applied at pile top when its effect just
reaches the tip .

Failure load on pile (yield-point load)

"Maximum test load on pile

Base reeistance‘component of Q at the level of load-cell

Base resistance component of Q -at pile tip
J

Ultimate base capacity

Shaft reeistance component of Q corresponding to Qb
Shaft resistance component of Q corfesponding to QB
Ultimate shaft resistance

Maximum value of QB

Maximum value of QS

loading pressure on pile shaft

Allowable unit bearing capacity

Ultimate value of q

Net ultimate unit bearing capacity

Ultimate unit bearing capacity, or unconfined compressive
strength as detailed in the text

total resistance offered by soil to the penetration of
pile shaft

Weight of concrete plug below the load-cell

Any depth below foundation
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Coefficient of load transfeér

Coefficient of reduction being the ratio of soil

shear strength after and before concreting used for piles
in silt

Coeffieient of adhesion, f.e., the ratio of unit load-
transfer to unit shear strength of softened so0il used for
piles in silt

. Coefficient of load transfer computed from weighted average
of mean undrained or unconfined shear strength = f /c

Coefficient of load transfer computed from weighted average
of mean undrained softened shear strength = f /c

Coefficient of reduction to be applied to weighted average
value of penetration N (number of blows) for computing
shaft capacity .

Moist unit weight of soil above water table or buoyant if
below water table.

Effective unit weight of soil

Average density of soil within depth D of pile

Increased unit weight of soil produced to counteract the
shear stress developed over the surface of Terzaghi's outer
failure cylinder and skin friction developed over pile shaft
Total settlement of foundation (A, + A ) or settlement of
pile tip or 24-hour settlement as &escribed in the body of
thesis

Settlement of load-cell

Consolidation settlement from laboratory oedometer test
Immediate settlement under the foundation

Long-time consolidation settlement under the foundation
Axial compression in shaft

Change in strain indicator reading (micro-inches)

Axial strain in a triaxial undrained test

=335~



0-5

Poisson's ratio for the material - e

Reduction coefficient to be applied to léboratory settlénen

. value : , , ‘

Shear stress on the plane of failure

ﬁaximum,value of 1 at failure and the residual value of
shear stress ’

Unit normal stress

Deviator stress in a.triaxial test

Normal stress at é depth 2z below the loaded tip

Anglﬁ of shearing resistance

Effective angle of shearing resistance

Mobilized anglé of friction

Undrained angle of shearing resistance (undisturbed soil)
Residuél.angle of shearing resistance

Undrained angle of shearing resistance (remolded soil)

A factor accounting for the variation in the values of

shear strength due to physical and envirommental character-
istics of soil
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