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THE LATERAL CAPACITY OF DEEP AUGERED FOOTINGS
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HECYIAS CMIOCOBHOCTb HA TOPUIOHTAJILHYD HATPY3KY BYPOBHX OMOP

J.I. ADAMS, Supervising Engineer, Ontario Hydro

H.S. RADHAKRISHNA, Engineer, Ontario Hydro (Canada)

SYNOPSIS. The available methods of analyzing laterally loaded piles are generally based on an earth pressure

theory or on the concept of modulus of subgrade reaction.

In the case of rigid pier foundations that are

subjected to large overturning moments as in the case of a steel pole foundation, these methods tend to

produce an overly oongervative dessignm.

The results of a testing program carried out both on scaled models and full-size footings eonfirm that the
elastic theory of subgrade reaction considerably overestimates the lateral deflection and rotation of the
foundation. The ultimate capacity of test footings was in fair agreemsnt with that indicated by earth
pressure theories. However, the recorded soil pressures distribution was not according to the parth pressure
theory. The load-deflection response of a laterally loaded rigid footing is shown to be non-linear and is
greatly influenced by the footing width, the deflection decreasing markedly with the feoting width. Anm
improved method of predicting the deflections of the footing is indicated by considering the soil as a
layered mass and selecting the modulus of subgrade reaction value for each layer based on the considerations
of stress level and degree of non-linearity in the soil response.

INTRODUCTION

The use of tall steel poles to support high voltage
transmission lines has come into fairly common use
by power utilities in North America. Their use has
been brought about by the increasing scarcity of
right-of-way land particularly in built-up areas

and by the quest to improve the appearance of trans-
mission line structures. A major foundation problem
in the design and construction of the single-pole
structure is the provision of adequate lateral soil
support to resist the high overturning moment due

to wind and ice loads which reach magnitudes in
excess of 5 million foot-lbs, A common design
requirement is to limit the horizontal movements

at ground level to between 1/2 to 1 inch under
meximum loading.

The foundation normally considered for this type

of structure is a cylindrical augered footing

6 feet or more in diameter varying in depth from

15 to 40 feet, depending on the type of soil and
loading. The theories available for the derign of
these foundations include those of passive earth
pressure and those utilizing the theory of horizon-
tal subgrade reaction. The earth pressure theories

provide a means of estimating the ultimate cepacily
while the subgrade reaction theory provides a means
of calculating the deflectione at ground lavel. The
latter method assumes elastic behaviour of the
supporting soil, The correlation between the mod-
ulus of horizontal subgrade reaction and conventional
soil properties is not well developed which results
in an overly conservative approach in selecting
these paramsters. .

Due to the uncertainties in the design of steel pole
foundations a comprehensive study of the problem
was undertaken by the Ontario Hydro (Canada).
Initially the literature on the subject was reviewed
in detail. Model tests were conducted in silica
sand in which the width and eccentricity of loading
were varied. Full-scale field tests were then
carried out in two different soil conditions in
which footing sizes were varied ard measurements of
load-deflection and soil pressure were obtained. In
this paper the results of the field and laboratory
tests are presented and discussed and the discre-
pancies between theoretical and actual behaviour

are brought out.
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REVIEW OF THEDRIES

In determining the uitimate capacity and the load-
deflection behaviour of the steel pole foundation
it i1s assumed that the foundation member is rigid
and, therefore, the properties of pier do not have
to be considered, This assumption is reasonable

for reinforced concrete footings if the depth to
vidth ratio is 5 or less (Broms, 19%4). The
principal forces and reactions acting on the founda-
tion are shown in Figure 1.
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Figure 1 - Soil-Pole System and The Geometry of
Pole Rotation

The ultimate capacity of a rigid pier under a lat-
eral load is determined from the considerations of
limiting equilibrium between soil resistance and
the applied overturning forces by meking an assump-
tion of the mode of soil failure. In sand the
ultimate soil resistance 1s calculated by the
passive earth pressure theory modified for the
three dimensional geometry of the footing. Broms
(19%4) assumed a triangular pressure distribution
and used the passive Rankine's earth pressure coeffi-
cient multiplied by a factor of three to calculate
the ultimate soil resistance against the pier
foundation. He assumed the centre of rotation at
failure to be at the bottom of the footing and the
high negative earth pressure developed close to the
heel of the footing was replaced by a concentrated
load. In clays by assuming a bearing capacity

type of failure Broms (1964) calculated the ulti-
mate 90il resistance to be uniform with depth

and equal to nine times the undrained shear
strength.

.
Hansen (1961) calculated the ultimate soil resis-
tance agailnst the pier foundatlon in both cohesive
and granular soils by considering a general mode
of soil failure changing from a passive earth pres-
sure type at shallow depths to a bearing capacity
type at greater depths. He derived earth pressure
coefficients No and Ngq similar to that of bearing
capacity factors expressed as functions of depth
and angle of internal friction.

Hansen's theory of ultimate soil resistance is well
suited for the calculation of ultimate soil resis-
tance in a layered soil with different values of
soil parameters ¢ and @. When the effective
strength parameters c' and @' are used in the cal-
culation, the soil pressures correspond to the long-
term resistance.

The main disadvantage of the methods based on
modifications of the passive earth pressure theory
or bearing capacity theory is the necessary simpli-
fications regarding the zome of soil under stress
and the complex pattern of the mobilized soil
resistance with depth below the ground surface.

Furthermore,the amount of footing movement at

ground level required for tne full develop—
ment of ultimate soil resistance may be in

terms of feet rather than inches and therefo-

re the pole foundation design is invariably
governed by the allowable deflection rather
than the ultimate capacitye.

In computing the deflection at ground level
most investigators have utilized the theory
of subgrade reaction in a form similar to
that used for the design of grade beams and

floor slabs resting on soil.For piles,Terzag-

hi (1948) defined the modulus of horizontal
subgrade reaction as knp= P, where p is the

N

s80il pressure at the soildpile interface and 3

y 1s the resulting deflection at the point
under consideration.Terzaghi (1955) also
showed that kp, the modulus of horizontal

subgrade reaction within a uniform soil depo-

sit varies inversly with the width of the
pile, For piles in clay he proposed kh=¥h ,
where kn is the modulus D

of subgrade reaction for a vertical beam of unit
width and D is the width or diameter of the pile.
In sands he assumed kp, to increase uniformly with

3 X
depth, ie, ®y = Ph 5§, where ny 1s the constant

of horizontal subgrade reaction and X is the depth
below ground surface. By using kn and ny, perameters
Broms (1964) derived expressions for the deflection
of rigid piles at ground surface which indicated
that the deflections are independent of the pile
width, This is based on the assumption of purely
elastic behaviour of =0il for the entire depth of
the footing and the mass of soil under stress being
proportional to the pile width. These assumptions
are not valid for all stress levels and therefore a
marked departure from theory and practice may be
expected.



The modulus of subgrade reaction values are gen-
erally inferred from the deformation modulus 'E!
and Polsson s ratio, vof the soil determined in the
laboratory tests or from field plate load tests.
The pressuremeter tests in boreholes provide a
direct measurement of the horizontal deformation
modulus of the soil from which the horizontal
subgrade modulus values can be inferred, Menard
(1962). A method of calculating the deflections of
a laterally loaded rigid pile in a layered soil
deposit was presented by Mori and Tajima (1964)
which divides the soil into a number of layers
having different values for modulus of subgrade
reaction. By solving the equations of equilibrium
between the applied forces and resisting forces,
the centre of rotation and footing deflection are
calculated for various depths and widths of footing.
This method lends itself well to computer applica-
tion. In this method the modulus of subgrade
reaction is not considered as inversly proportional
to the footing width as suggested by Terzaghi (1956)
and therefore the calculated deflections are in
inverse proportion to the footing width.

The major faults in the subgrade reaction approach
are the assumptions of purely elastic behaviour of
the surrounding soil and the load-deflection behav-
iour being independent of the footing width. The
laboratory and field load test program described
in this article were carried out to resolve these
discrepancies and to indicate a more realistic
design procedure.

LABORATORY MODEL TESTS

A geriea of model tests were carried out on three
different sizes of cylindrical model footings par-
tially buried in sand. The model footings were made
of 2-inch, 3-inch and 4-inch diameter steel pipe
about 32 inches in length which were buried about

18 inches in sand. The 2~inch and 3-inch pipes
were filled with cement grout to make them rigid.
The sand used for these tests was uniformly graded
silica sand, The properties of sand are summarized
in Table I.
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pressures against the footing. These cells con-
sisted of a thin metal diaphragm braced to the
golid brass cell 2 inches in diameter in such a
way that the surface of the diaphragm conformed
vith the cylindrical surface of the test footing
in which it was housed. These cells operated on a
simple principle of volume change due to the
deflection of the metal diaphragm under external
pressure.
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Figure 2 - Load vs Deflection Curves
From Model Tests in Sand

Typical load-deflection curves are shown in

Figure 2, Also shown on these plots are the pre-
dicted load-deflection relationships using Brom!s
theory (19%4) and subgrade modulus values suggested
by Terzaghi (1955). Typicul soil pressure distri~
butions measured in the dense sand and loose sand
are shown in Figure 3,

FULL-SCALE TESTS
Two test locations were selected on a proposed

transmission line at London, Ontario, one in sand
and another in denmge till, The soil comditions

TABLE I

Properties of Silica Sand Used For The Model Tests

Dry Unit Angle of
Condition Weight Friction Effective Uniformity
lbg/cft (degrees) size (mm) Coefficient
Dense 110.0 45 0445 1.45
Loose 97.8 n 0.45 1.45

The model footings were initially positioned in the
test tank and the sand was packed around in 6, inch
thick layers to the required density by means of
plate vibrator. Almost all the tests were carried
out in dense sand with the relative density of
nearly 1.0 and only two tests were carried out in
loose sand. The 4-inch diameter test footing was in-
strumented with pressure cells to measure the soil

at these locations are summarized in Figures 4 and
5. The results of in-situ pressuremeter tests are
carried out at the two test locations are also
shown on these figures.
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Figure 3-Distribution of Seil Pressure
Against Model Footings in Sand

The test program consisted of installing two augered
footings at each site, 3 feet and 5 feet in diameten
The footings were heavily re-inforced and installed
15 feet apart and extended 20 fest below ground
level and 10 feet above ground.

The loading equipment consisted of two 100-ton jack-
ing systems as shown in Figure 6 in which loads were
applied to simulate a moment to shear ratio of 80
which is approximately the loading eccentricity for
a typical single pole structure. The lateral move-
ment of the test footings was measured at ground
level by means of a pair of micrometer dials. The
rotation of the footings was measured by means of a
plumbline on each footing.

The soil pressures in front and back of the 3 foot
diameter footings were recorded by means of hydrau-
lic type displacement pressure cells similar to
those used in the model tests. These were 1/8 inch
thick stainless steel diaphragm 6 inches in diameter

braced to a solid stainless steel backing and

fabricated to conform to the shape of the 3~
foot augered hole.The cells were mounted in
the augered holes prior to concreting such
as to be in full contact with the soil.A
plastic line connecting each cell to a ter-
minal above ground was used as a standpipe
for measuring the volume change of the cell
which corresponded to a known soil pressure.
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Figure 4 ~ Soil Condltions at Test Site No 1
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Figure 5 - Soil Conditions at Tesat Site No 2
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Figure 6 - Loading Arrangement for

Full-Scale Tests

The loads were applied simultaneously to each jack
in about 5000-1b incremente and held steady until
all the dial and cell readings were obtained. At

a stress level corresponding to a frequent loading
condition for the 5-foot diameter footing, five
complete load-unload cycles were carried out., Load-
ing was then continued to the maximum design load-
ing condition. At this point, in order to obtain a
significant overload condition, the lower strut

was removed and load was applied at the top to the
limit of the Jacking system,

DISCUSSION OF TEST RESULTS

The results of the full-scale tests are discussed
along with the laboratory scale test results and
the results of the in-situ pressuremeter tests. A
comparison between the predicted behaviour on the
basis of elastic theory and the actual behaviour
indicates the limitations of the existing theories
and suggests modifications that may be considered
in their use.

Lateral Deflection

The lateral deflections of the test footings were
estimated by the layered theory {Mori and Tajima
1964) using moduli of subgrade reaction values
obtained from the initial and reload portions

of the pressuremeter tests as shown in Figures 7
and 8.
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The following observations can be made from the
comparison between the predicted and actual
deflection behaviour shown in these Figures.

1. The actual load-deflection 1s obviously non-
linear in the sand although in the till the
behaviour is close to linear particularly at
low stress levels.

2. The load—deflection is highly dependent on
footing diameter, the deflection varying dise
proportionately with diameter for the same
load.

3. The measured deflections for both gizes of
footing are very much smaller thean the predic-
ted values,
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These observations are in general agreement with
the results of the model tests in sand and indicate
that the present method of calculating lateral
deflections of pier-type foundations based on elas-
tic theory will seriously overestimate the lateral
deflection.

The soil reactions on the 3-foot diameter footings
are plotted for each soil type in Figures 9 and
10. The limit pressures at which the soil yielded
in the pressuremeter tests are compared with the
soil reaction measured in the full-scale tests in
Figure 9. The soil reactions in sand at maximum
loading are at or close to the yield stress for
most of the footing depth whereas the till is
stressed to a low proportion of the yleld stress
except near to the ground surface.
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Pressure versus deflection curves are shown in
Figures 11 and 12. In sand the pressure-deflection
curves exhibit a degree of non-linearity depending
on the position of the cell in relation to the
centre of rotation and the ground surface, the
greater the distance the more the degree of non-
linearity. In till the curves show better linear-
ity at all locations with the exception of the cell
closest to ground level.
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The non-linear behavlour is believed to occur due

to plastic yielding of the soil which occurs pro-
gressively downwards from the surface with increas-
ing rotation. At very low stress levels the
behaviour may be close to linear, however, at

normal stress levels a distinctly non-linear
behaviour may be expected. In the case of the com-
pact sand a relatively high stress level occurred
particularly for 3 foot diameter footing resulting
in a distinetly plastic type of deformation for the
entire loading curve. In the case of the dense till
a much lower stress level occurred during the entire
test even for the 3 foot diameter footing and the
deformation was closer to being linear.

Effect of Footing Width

The elastic theory implies that the modulus of
subgrade reaction of both sand and clay varies in
inverse proportion to the width of the footing and
thus in the analysis of a pole foundation the
deflection and rotation are predicted to be
independent of the footing width (Broms 1964). 1In
the layered theory (Mori and Tajima 1964) which
considers individual areas of contact,the de-
flection is predicted to be in inverse pro-
portion to the footing width.In both the la=-
boratory and field tests the deflection is
shown to deorease disproportionately with
increase in footing width.In sand,the lateral
deflection of the 35=foot diameter pier was
six times that of the 5 foot diameter pier,
while in till the ratio was twelve to one,
A possible explanation of this behaviour is
that the ultimate soil resistance increases
in direct proportion to the width of the pier
which has the effect of reducing the stress
level with increasing footing width.Where
the behaviour is not purely elastic the modu-
lus of subgrade reaction will be larger for
lower streas levels depending on the degree
of non-linearity.This is particularly true
for the soil near the ground surface which
reaches a plastic state at an early stage of
loading.The beneficial effects of footing
width at shallow depths have been noted in
earlier investigations (Davison and Gill,1963).
Coefficient of Subgrade Reaction
The values of coefficient. of subgrade reaction cal-
culated from the pressure-deflection curves
(Figures 11 and 12) are plotted against the depth
ratio X/L as shown in Figure 13, The linear rela-
tionship between the coefficient of subgrade reac-
tion and depth suggested by Terzaghi (1955) for
compact sand is also plotted on this Figure. The
calculated values of coefficient of subgrade reac-
tion at low stress levels are considerably higher
than Terzaghi's velues. Only under the maximm load
do the calculated values show some agreement with the
conventional values. In the case of till the modulus
of subgrade reaction values decrease only slightly
with stress level., This further suggests that in
solle showlng significant non-linear behaviour, the
selection of subgrade modulus values should be gov-
erned by the anticipated stress levels. The footing
deflections calculated using the modulus of subgrade
reaction values obtained from the reloading portion
of the pressuremeter tests, showed a fairly good
agreement for the 5-foot diameter footings for all
stress levels but only for the initial part for
3-foot diameter footings.
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Ultimate Capacity

In the full-scale tests ultimate capacity was not
reaches except for the 3-foot diameter footing in
compact sand., The recorded soil pressure distribu-
tion under the maximm load, shown in Figure 9 has
no resemblance to the triangular distribution assum-
ed in conventional theory. Similar observations
vere made in the laboratory model tests in dense
sand as shown in Figure 3. The ultimate lateral
load capacity calculated on the basis of Brom's
theory would tend to be on the safe side and is pro-
bably adequate for the problem of pole foundation
congidering its simplicity and the fact that in the
working load range the deflection criteria ersures
a wide margin of safety against the soil failure.

OQNCLUSIONS

The load-deflection behaviour of a laterally loaded
pier foundation was found to be essentially elasto-
plastic and the actual deflections were considerably
less than those predicted from purely elastic
considerations.

The width of the pier was shown to significantly
influence the lateral deformation causing a dispro-
portionate reduction in deflection with increase ip

width. This dramatic departure from predicted behav-
iour can be partly explained in that the modulus of
subgrade reaction is shown to be highly sensitive to
stress level which is influenced by footing width.

The subgrade theory is relatively simple in applica-
tion and it 1s proposed that the predictions of
footing deflection can be considerably improved if
the selection of coefficient subgrade reaction is
based on considerations of the anticipated stress
levels and degree of non-linearity in the soil
response. A careful interpretation of the in-situ
pressuremeter test results provide a range of velues
for the coefficient of subgrade reaction. The use of
the reloading modulus values for calculating the
footing deflections at relatively low stress levels
merits the consideration, particularly for large
diameter footings.

A more rigorous solution to the problem of pole
foundation with the possible use of finite element
analysis should bo sought which will take into
account the non-linear behaviour of the soil and the
complex pattern of the soil pressure distribution.

The ultimate lateral capacity afthough not a critical
factor in design of" pole foundation does provide a
means of estimating the working stress level, The
theories based on passive and bearing capacity theory
appear reasonable for this purpose.
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