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SUMMARY

The increasing use of digital computers in the design
of civil engineering structures has greatly expanded the
engineer's capability to use more sophisticated analyses.
The evaluation of these advanced design techniques is
dependent on information from the field. Information from
full scale structures or large scale models is required to
evaluate the design performance. One of the basic steps
required is development of suitable instrumentation to measure
the loads in a structure or large scale model.

The objectives of this study were to develop a load
cell and suitable instrumentation for use in a large scale
model and to evaluate the load distribution in a model pier
foundation. The load cell developed was a four-column
sensor with the capability of measuring the six components
of force: axial force, biaxial bending, torsion and shear
forces in orthogonal planes. The cell was then used in the
study of the load distribution in a large scale model
concrete pier. The pier was preplaced with the tip resting
on a simulated rock base. A homogeneous layer of sand at a
relative density of 75 percent was placed arocund the pier.
The lcad distribution along the pier shaft and the amount of
skin friction developed were measured using Carlson cells

and strain gages.
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A rational method of predicting the skin friction was
developed using laboratory direct shear tests and hyperbolic
representation of the shear force-deflection curve of the
sand-concrete interface.

The measured load distribution along the pier indicated
a large transfer of load near the pier tip due to the effect
of the simulated rock boundary.

The direct shear test and hyperbolic model procedure
for predicting the skin friction were within sixteen percent
of the measured value. An empirical correction applied to
the model to account for the rigid boundary effect of the rock
layer improved the prediction to within one percent of the
measured load. The measured side friction was approximately
ten percent of the total applied load. This amount of skin
friction represents the lower bound for the expected value of
skin friction for a concrete pier in sand, because of the

smooth pier surface utilized.



CHAPTER I
INTRODUCTION

The use of digital computers in the design and analysis
of civil engineering structures has rapidly expanded the
engineer's capability to use more sophisticated systems of
analysis. The applicability of these analyses is dependent
on how closely the theoretical models approximate the actual
field situation. The best means of determining the validity
of the theoretical model is through measurements of the
performance of full scale civil engineering structures. This
type of information is most vital today, since most of the
interest is focused on the computational and design technique
with only a small amount of feedback from the field.

One of the earliest investigations of a full scale
structure was conducted at the Massachusetts Institute of
Technology. During the construction of the Hayden Library at
MIT, the actual foundation loads were measured and compared
with the design [l]. The measured dead loads were found to
be nearly equal to the design value. The live loads, however,
were less than 20 percent of the design value. The Russians
have also conducted full scale studies. In 1970, Babichev
and Yushin [4] measured the live loads and dead loads for two

five-story apartment buildings in Salavat and Ufa, Russia, and



compared these measurements with what was predicted. Their
study indicated that the measured live loads were from 10 to
25 percent over estimated by the design loads. These cases
point out the need for more large scale studies. H. S. Ward,
of the National Research Council of Canada, stated [56] in
August, 1971:

If full advantage is to be taken of the potential

of the computational power now available, Civil

Engineers should now focus far more attention than

in the past on measuring the performance of completed
structures.

In order to measure the performance of full scale
structures and their foundations, reliable measurement tech-
nigues must be developed. One aspect of this study included
the design, development and testing of a load cell which,
built in prototype, would be suitable for placing in a full
size structure to measure six components of force applied
from the structure to the foundation. The study also included
the evaluation of a number of different types of instrumen-
tation which might be used to determine the load distribution
along the shaft of a drilled pier. A major portion of this
study was to integrate all this instrumentation into one large
scale model of a pier foundation and show how the data could
be used to verify an analytical model which was developed to
describe the load distribution in a pier foundation.

A proposed sequel to this study would be the actual
inclusion of the proposed load cell and instrumentation of

the foundation into a full scale structure for the measurement



of loads and distribution through the foundation.

Column Load Sensors

The first portion of this project was concerned with
the development of a load sensor which could be incorporated
into a structure with properties as similar as possible to
those of the replaced structural element. The cell would be
capable of measuring six components of force: axial force,
biaxial bending, torsion, and shear forces in two orthogonal

planes.

Model Pier and Instrumentation

The major portion of this study was devoted to the
instrumentation of a large scale model pier and to the
prediction and behavior of the pier in a homogeneous sand.
The pier foundation chosen for the study was one about a
quarter-scale size of the typical pier foundations used in
the Atlanta area. The combined model load cell and pier
foundation comprised a large scale (one-quarter) model of
what might be included in an actual building. The typical
soil conditions in Atlanta, Georgia, consist of residual
micaceous silty sands and sandy silts overlying a granite-
gneiss rock. A common design assumption for the piers is to
assume they act as end bearing members with little or none
of the load being carried in skin friction along the sides of
the pier. The model study was made with the twofold objective

of (1) determining a suitable means of instrumenting a pier



foundation for field use, and (2) the development of a
rational, simple means of predicting skin friction developed

along a pier and confirming the procedure by a large scale

model test.



CHAPTER II

REVIEW QF THE LITERATURE

The review of literature is separated into two parts:
(1) structural load measurement devices, and (2) pier

foundations.

Structural Load Measurement Devices

The need for reliable measurements of the loads imposed
on foundations has led to the recent development of several
types of load cells. Babichev [3], used hollow steel cylin-
ders inserted between a continuous concrete grillage beam and
the pile foundation to study the load distribution. The
deformations were recorded by four sets of instruments:
resistance strain gages, dial indicators, a comparator, and
photoelastic strain gages. Eccentricities of load were
allowed for by providing three measurements at 120° intervals
around the tube. Only axial loads were measured by this
system. The system worked guite well and was employed for
approximately one year of study. In 1968, a more sophisti-
cated cell was developed by Gupta [18] at the Imperial College,
University of London. Gupta's cell was capable of measuring
all six components (i.e., three force and three moment compo-
nents) of the reaction at a support. This cell consisted of

three tripods arranged such that their apexes formed the nodes



of an equilateral triangle. Each tripod consisted of tubular
sections of an aluminum alloy with four electrical resistance
strain gages mounted on the central part. The tripods were
mounted on top and bottom steel plates. The most recent
development was by Vanderbilt [50], at the University of
Illinois, in which two types of load cells were developed to
measure the structural reaction of large scale model concrete
floor slabs. These two cells, a hollow cylinder type and a
tripod type, were instrumented with electrical strain gages
and were capable of measuring three orthogonal force
components.

The hollow cylinder dynamometer consisted of an eight-
inch length of aluminum tube with top and base plates, with a
load capacity of 20,000 pounds. Three pairs of electric
resistance strain gages were mounted on the hollow cylinder.
During calibration of the hollow cylinder dynamometer, it
was noted that while loading in any one direction, small
strains were present on the gages in the other two directions,
indicating some tubular shell action in this type of dyna-
mometer. The tripod of load cell consisted of a steel base
plate, three tubular legs and a steel ball seat, with a load
capacity of 15,000 pounds. An active pair of strain gages
was mounted on each leg at mid-height and was quite similar
in construction to that of Gupta's cell.

Several pile and pier type load cells have been

developed by Whitaker and Cooke [60] and Fellenius and



Haagen [17]. These will be described in the instrumentation
section. A rather unusual earth pressure cell for the measure-
ment of normal and shear stresses in a soil mass has been
developed by Arthur and Roscoe [2]. With the exception of
Babichev [3], none of the above described load cells have

been developed for the purpose of full scale measurements of
the transfer of load from a structure to the foundation. The
load cell proposed in this study was developed to have the
potential of being used for full scale measurement in the

field.

Pier Foundations

Drilled pier foundations have been extensively used
for the foundations of large structures. The development of
suitable excavation equipment and construction technique in
the 1940's and 1950's have made this type of foundation quite
popular throughout the world. With the increasing use of
this type of foundation, field tests and model studies were
undertaken to investigate the behavior of these piers. The
behavior with respect to the amount of load resisted by side
friction in cohesive soils was extensively studied. A
complete summary of the tests performed throughout the world
from the early 1950's to 1970 has been presented by O'Neill
and Reese [38].

Full Scale Tests

The earliest full scale tests were performed on



uninstrumented piers, the side friction was computed from the
measured ultimate load and an assumed bearing capacity for

the tip. Several of the later investigators did provide
instrumentation on the piers to more completely define the

load distribution. One of the earliest investigators using
instrumentation, DuBose [15], performed a series of field

tests on relatively small diameter drilled piers in layered
clay with electrical load cells at the base. DuBose con-
cluded that the skin friction played a major role in supporting
the test loads. Whitaker and Cooke [59], conducted a compre-
hensive series of tests on instrumented shafts in London clay.
The tests were conducted on twelve straight and belled

shafts with electrical load cells at the bottom of the straight
shafts and at the top of the bell. The test results indicated
settlements of 10-20 percent of the diameter were required to
produce complete base failure. A reduction factor for the
shear strength along the sides of the pier was found to be
approximately 0.44. Other studies have recently been con-
ducted throughout the world. Mohan and Jain [35] and Mohan
and Chandra [34] have conducted tests on uninstrumented piers
with various shapes in the black cotton soils of India. The
results were similar to those of Whitaker and Cooke. Woodward,
Lundgren and Boitano [62] compared the results of driven pipe
piles with drilled piers. The pipe piles developed about
twenty percent more load resistance than the drilled shafts.

Reese and others [43, 38, 55] have conducted extensive tests



on full scale drilled piers in the Beaumont clay and clay
shale. These test piers were extensively instrumented and
carefully tested. The results indicated that the drilled
shafts resist an appreciable portion of the applied lcad in
side friction. The side resistance varied along the shaft
being generally smaller at the top and the bottom of the
shaft. The magnitude of side stresses that could ultimately
be developed depended on the construction procedure used
(i.e., wet bore hole or dry bore hole), on the disturbance
that occurred during drilling, and on the amount of soil
softening that took place due to the adsorption of water
from the setting concrete. The side resistance was found to
be mobilized with much less pier movement than was base
resistance with the result that side resistance was greater
than base resistance at the design load. The Mustran instru-
mentation system used by Barker and Reese [5] was found to
be very effective. This "Mustran" system consisted of strain
cells in which foil gages were bonded to a vertical machined
rod. The rod was connected rigidly between two end caps,
approximately seven inches apart, covered with a heavy rubber
sheath and embedded in the concrete. Reese found these cells
to be reliable and suitable for measuring the load distri-
bution. "Tell Tales" and a Gloetzl cell were also used with
poor results.

Field tests were performed by Watson [58] on 18-inch

diameter drilled piers in residual saprolitic soils. In some
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of Watson's piers ice was placed in the bottom of the hole

to insure that the applied load would only be carried in

side friction. The results indicate that a substantial portion
of the applied loads were carried in side friction, and a
procedure for the design of piers in saprolitic soils is
proposed. This procedure requires direct shear tests or
triaxial shear tests on undisturbed samples to determine the
adhesion component of the skin friction. To determine the
design values for the friction component and lateral pressures,
Watson recommends instrumented field tests on full scale

piers.

There is a notable lack of reported results on drilled
shafts in sands and silts. Martins [30] reported the results
of compression tests of uninstrumented drilled shafts in
sandy soil, from which he inferred that the shaft resistance
is produced by soil in the fully active state along the
periphery of the shaft. A study by Horner [21] on uplift
resistance of short drilled shafts has indicated that the
average side friction in partially saturated sandy silt is
equal to about one-half the product of the effective over-
burden pressure, the tangent of the angle of internal friction
of the soil and the pier area. Sowa [44] conducted tests on
the pulling capacity of concrete cast in-situ bored piles.

The tests were conducted on piles 15 inches and 21 inches in
diameter and ranging in length from 10 to 40 feet, both in

cohesive and cohesionless soils. He concluded that the
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coefficient of lateral pressure in sandy soils was so variable
that a predicted value is not reliable, and field tests are
required to establish the lateral pressures.

Recently, Touma and Reese [49] conducted a series of
locad tests on instrumented bored piles in sand. Thelr tests
indicated that the contribution of base resistance to total
capacity is significant only in the case of dense sand.
However, the deformation reguired to mobilize base resistance
was about five to ten percent of the tip diameter:; this amount
of deformation is usually more than ordinary structures can
tolerate. The ultimate side resistance was mobilized at
deformations less than 0.5 inch. The deformations required
for ultimate capacity by Touma and Reese are similar to
previously reported results by Whitaker and Colman [61],
Watson [58], Vesic [52]1, and others.

The number of investigations for skin friction and end
bearing in pile foundations is far too numerous to discuss.
However, there are a number of studies that have provided
considerable insight into the general problem. An excellent
summary of investigations in load transfer in pile-soil
problems has been presented by Vesic [51]. Kerisel [25] has
investigated the load transfer from piles in sand with large
scale models in homogenecus sand masses. The results indi-
cated that the skin friction does not continue to increase
with depth, but the rate of increase with depth decreases.

Vesic [52] in large scale model tests has observed that the
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skin friction may become constant below depths of 15 to 20
pile diameters. It was also shown that values of relatively
low skin friction immediately above the pile tip can be
attributed to arching or stress relief in a zone extending to
possibly three pile diameters above the pile point. Watt

et al. [57) conducted full scale tests on three cast in place
concrete piles, 24 inches in diameter. The soil types were

a plastic clay, silty clay and glacial till. The piers were
cast with a void space under the tip to measure the skin
friction. An interfacial frictional device consisting of
concrete plates mounted on a hydraulic jack was used to
predict the skin friction from the tests. The authors con-
cluded that the skin friction was dependent on the lateral
pressure between the soil and hardened concrete, thus the
use of the interfacial device is dependent on some means of
determining the lateral pressure distribution.

Model Tests

Most of the design criteria for large diameter piles
and piers is based on the results of full scale tests or large
scale models. Although full scale models are expensive, they
are, at the present time, the only reliable method of
obtaining quantitative information on the behavior of piles
and drilled piers. One of the basic reasons for this as
pointed out by Jimenez Salas [24], is because of our inability
to completely satisfy similitude requirements in model testing.

In model piers and piles, this problem manifests itself by the
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inability to model the mass density of the soil, which is one
of the major forces acting on the pier or pile. Kerisel [25]
has indicated that the sensitivity of a granular mass to
compaction and subsequent disturbance may be more accentuated
in model tests than for relatively large scales. Also, in
driving model piles, a scaling effect due to densification
must be expected since overburden pressures are much more
reduced in the model and consequently expansion of the bulk
of soil may affect a larger volume of soil. Vesic [54] has
proposed four principal reasons for guestioning the validity
of model tests: (1) There are significant differences in the
nature of the shear phenomenon in sand for different stress
ranges. In the lower ranges, shear in dense sand is accom-
plished primarily through volume expansion or dilatancy. At
higher stresses the shearing deformation occurs primarily
through breakage of particles. (2) Experimental results have
indicated that the displacements needed to develop the
ultimate load along the shaft are practically independent of
pile size. At the same time, the displacements required to
reach ultimate load at the point were found to be roughly
proportional to the pile size. (3) The extent of a zone of
"arching" above the pile tip is due to the failure of the tip
and is not proporticonal to the pile diameter and thus could
not be scaled. (4) The compressibility of sand varied with
pressure. The influence of the compressibility of the sand

was found to be guite significant. Progressive rupture has
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alsc been found to influence the tests. De Beer [14] indi-
cated this influence: "In dense sand layers it must be
expected that the progressive rupture phenomenon cannot be
reduced to scale, so that in order to obtain the same state
of stress with a larger footing, larger distortions must be
induced."”

With the above reservations in mind, several model
tests will be discussed which have produced significant
contributions to the behavior of piles and piers in sand.
Mazurkiewicz [31] conducted model tests on preplaced piles
in sand, primarily to investigate the phenomenon of negative
skin friction in sandy soils. The author tabulates 27
theoretical expressions that have been proposed for the
coefficient of lateral earth pressure, for different methods
of placing the piles and types of loading. Also included in
the tabulation are the corresponding expressions for the
coefficient of friction. The conclusions from the model
tests indicate that the skin friction stress does not increase
proportionately with depth. The tests also indicated that a
number of skin friction capacities can be defined depending
on the sequence of loading and whether the friction is posi-
tive or negative.

Tjechman's [48] studies extended the work by Mazurkiewicz
but used driven piles in place of the preplaced piles. Various
densities of sand were tested. The studies generally con-

firmed the previous work by Mazurkiewicz. The author also
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found that the positive skin friction was approximately twice
that of the negative resistance. Also the skin friction
along the shaft was not proportional to depth or effective
overburden pressure. Parker and Reese [39] conducted tests
on two-inch diameter pipe piles with an embedded length of
96 inches. The piles were preplaced and the sand compacted
in layers around the piles. The study was conducted on
axially loaded and laterally lcaded piles. Triaxial shear
tests were conducted on the sand and a hyperbolic madel [26]
was used to formulate the stress-strain curve. Correlation
factors were developed to relate the skin friction transfer
on the pile and the stress—strain characteristics of the
sand. The resulting correlation factors were applied to
previously published tests by Vesic [52] and other large
scale tests. The author concluded that the proposed method
of prediction accurately represented the load transfer for
the two-inch diameter piles. The results also indicated
that the shear transfer is not a linear function of depth.
The proposed criterion was recommended for design problems
with caution since only limited checks have been made.

In summary, the complexity of the behavior of pier and
pile foundations was quite aptly stated by Meyerhoff [32].

In spite of much research on deep foundations,

such as piles, piers and caissons, their rational

design still presents considerable difficulty.

This is largely due to the fact that the bearing

capacity and settlement of deep foundations depend

not only on the original soil properties and the
characteristics of the foundation, but also to a
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great extent on the change of the soil properties
by installing the foundations. This change depends
on many interrelated factors, such as the type,
size, layout and method of installation of the
foundations, as well as the structure, strength

and deformation properties of the soil and ground-
water conditions.



65

CHAPTER III
HYPOTHESIS

The design of drilled pier foundations in many parts
of the country is quite conservative. The major reasons for
these conservative designs are: (1) imperfectly known
structural loads, (2) in many instances, no account is taken
of the ability of the pier to resist load by side friction.

The first objective of this project was the develop-
ment of a load cell having superior properties to those
currently available. This cell would be capable of accurately
determining column loads, moments and shears. The concept
for this new load sensor was to use four cylindrical elements
with load transfer plates on the top and bottom. These four
elements would have eight strain gages each, and the elements
would be spaced so as to provide equivalent stiffness charac-
teristics for the section of column it would replace. The
cell would be developed in model form and tested to determine
its accuracy and reliability.

Several studies, previously cited, indicated that
significant load transfer can occur through side friction in
piers even when the magnitude of tip movement is minimal. A
method of estimating this side friction load transfer might

be through use of a series of concrete-soil interface direct
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shear tests. These tests would be conducted at varying
confining pressures and the results represented by a hyper-
bolic relationship for the interface characteristics. Using
this representation for the interface characteristics, and
applying it to segments of a pier foundation, a design
procedure for determining the load transfer in skin friction
could be developed. The method used to compute the displace-
ment of each segment would include the elastic compression

as well as the tip movement of the pier. The procedure is
illustrated in Figure 1. The pier is divided into N segments,
preferably equal, along the length of embedment of the pier.
Quite often, the top few feet of the embedded pier are not
included in the contribution of skin friction due to the
disturbance from drilling and the construction process. The
deflection or movement at the center of each segment will be
the movement of the pier tip plus the elastic deformation of
the pier below the considered point.

Referring to Figure 1, the deflection at the midpoint

of any segment can be found by:

B KPL
N B 2NAE (1)

where
K=1, 3, 5, 7, 9, etc. (where K = 1 for the nth segment)
N = number of segments
6, = deflection of tip
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Figure 1. Calculation of Deflection

for Pier Segments
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applied load

area of pier

modulus of elasticity of pier
deflection at center of nth segment.

proposed procedure for finding side friction would

follows:

Direct shear tests between concrete and soil at
varying confining pressures representative of
those along the pier would be performed.
Formulation of the hyperbolic model of interface
behavior. The model can then be used to estimate
the shear transfer at any confining pressure,
Divide the pier into several segments.

Estimate the amount of movement that the pier
might undergo due to axial shortening and tip
movement.

Using the hyperbolic model, estimate the shear
transfer for each segment.

Sum up the shear transfer for all the segments to
find the total load transferred through side

friction.

A detailed description of the hyperbolic model is

given in Appendix A.

The

final objective of this project was to confirm the

postulated design procedure by a large scale model test. An

extensively instrumented "end-bearing" pier was constructed
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and tested to verify this design procedure as a viable means
of estimating the magnitude and distribution of shear transfer

that actually occurs in full scale piers.
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CHAPTER IV
DEVELOPMENT OF LOAD SENSOR

The development of a suitable load sensingldevice
involves satisfying several requirements. One of these major
requirements is that the device be quite safe with respect to
failure. Each element of the device must be carefully
considered and the factor of safety against any failure mode
must be insured. Since the load sensing device will normally
replace a portion of the structural element, the cell must be
very safe against failure from all possible load applications.
Additionally, the load sensor, when included in the structure,
must behave as an integral part of the structure. The sensor
must approximate as closely as possible, the behavior of the
structural member that the load sensor is replacing. The
load sensor must also reliably sense the applied loads and
not be affected by any load combination or artifacts from the
structure.

In order to verify the reliability and behavior of the
load sensor, a model cell was constructed and tested in a
manner which would simulate the actual loading conditions in

the field.

Dimensional Analysis

In order to verify the validity of the model load
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sensor, an extensive dimensional analysis was undertaken.
This analysis is shown in Appendix B for both static loading

and dynamic loading conditions.

This dimensional analysis indicates that the following

dimensionless products should be considered:

M, = 8/4 (2)
1, = 1/4° (3)
My = o/E (4)
I, = A/}g2 (5)

The scale chosen for the model was one-quarter scale

(A = 1/4) giving:

A= A/4 (6)
I = 1/256 (7)
F = F/16 (8)
A = A/l6 (9)

L = 1/4 (10)



24

where
A = Model Dimension
I = Moment of Inertia
F = Force
A = Area
L = Length

This result is for the static case and a geometric
reduction of the prototype is possible. The dynamic case was
also evaluated in Appendix B. The requirements of the

dimensional analysis for the dynamic loading case cannot be

completely satisfied.

For this particular study, the static case of loading
was considered of primary interest and the model load cell
was designed and constructed based on the scale factors given

in equations 6 through 10.

Basic Model Load Cell

Configuration

The requirement of matching the behavior of the load
cell and structural element could not be completely satis-
fied. The properties that were considered most important to
match: axial stiffness, moment of inertia and shear
stiffness were approximated by choice of load sensor size and
spacing. Figures 2 and 3 give the final configuration and

dimensions of the model load cell.
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Material

The choice of high strength steel for the load sensor
elements was necessary in order to insure an adequate factor
of safety and to provide sufficient strain at the expected
stress levels which could be suitably monitored by the strain
gages. The most suitable steel found was a hot rolled, heat
treated steel manufactured under the trade name of “"Maxell
3-1/2." This steel has a yield strength of 103,000 psi. The
steel used in the model load cell was of a higher yield
strength (150,000 psi) than that used for the design, it was
felt that the higher strength added a factor of safety for
overstressing in the laboratory testing program.

Structural Analysis

The analysis was based on matching the axial stiffness,
moment of inertia and shear stiffness of the load sensor with
that of the replaced structural element. Table 1 gives an
example of matching the properties of the column and lcad cell.

Axial Deflection. The amount of strain selected for

suitable sensitivity was 2,500 microinches/inch. This amount
would provide resclution for accurate determination of the
loads. The strain level and choice of steel dictated the
diameter required for the load sensors, Since the area and
type of steel were determined by consideration of other
factors, the axial deflection of the replaced portion of
column and load cell could not be matched. As indicated in

Table 2, the deflection of a column 12.5 feet in length



Table 1. Example of Matching Properties of Column,
Load Cell and Model Load Cell

Interior Column Load Cell Model Load Cell
W1l4 x 500 Sensor Area - 48.4 in2 (One-guarter scale)
Area - 147 in? Fy Steel - 103,000 psi Sensor Area - 3.90 in?
Fy Steel - 36,000 psi I major - 8250 in* Fy Steel - 150,000 psi
I major - 8250 in? I minor - 2880 in? I major - 24.60 in%*
I minor - 2880 in4 E= 30 % 106 psi I minor - 9,54 in4*
E = 30 x 10° psi E = 31.0 x 10° psi
Design Loads Design Loads Design Loads
Axial - 3,000,000 1lbs. Same as column Axial - 187,500 1lbs.
Shear - 80,000 lbs. major Shear - 5,000 lbs. major
40,000 lbs. minor 2,500 lbs. minor
Biaxial - 315,000 ft. 1lb. major Biaxial - 4,930 ft. 1b. major
Bending - 165,000 ft. 1lb. minor Bending - 2,580 ft. 1lb. minor

*Reduced amounts due to space
limitation of plates.

82
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Table 2. Deflection/Unit Load for Column and Load Cell
Percentage
Deflection Column Load Cell Difference
(12.5 £t.) (10 £t. +
load cell height)
Axial 3.40 x 10" %in/1b 3.96 x 108 in/lb  16.4%

Bending and Shear:

Major Axis

Minor Axis

8

9.45 x 10 %in/1b 9.39 x 10”8 in/1b  0.6%

12.94 x 10'8in/lb 16.17 x 1078 in/1b 25,0%

(The shape factors used for the column were: 1.0 for the
major axis, and 6/5 for the minor axis)
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(10 feet plus 2.5 feet for the cell) compared with a ten-
foot column and a 2:5-foot cell (considering the deflection
in the necked down portion of the sensor only) were within
17 percent.

This difference was considered not excessive in
comparison with the increased sensitivity of the load cell.
The steel used in the model load cell was of a higher yield
strength (150,000 psi) than that used for the design; it was
felt that the higher strength steel added a factor of safety
for overstressing in the laboratory testing program.

Moment of Inertia. The spacing of the load cell

sensors was adjusted such that the moments of inertia about
the major and minor axes of the cell could be matched exactly
with those of the column.

Shear Deflection. In most structural members, the

deflection due to shear is neglected due to the dominance of
the bending deflection. However, in the case of deep sections
without large spans the shear deflection can become as
significant as the deflection due to bending.

The shear deflection of the load cell sensors will be
the same in all directions since the members‘are circular in
cross section. However, in the case of the column, in the
major axis direction the shear is resisted primarily by the
web area, while in the minor axis direction the flanges resist
the shear. As shown in Table 2, the values for shear deflec-

tion are different for each axis. The shape factors for the
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column are also included in Table 2. Comparing the total
deflection due to bending and shear, it can be seen that the
total deflection (bending and shear) in the major axis is
within one percent of that for the column and within 25 percent
of the column for the minor axis.

Consideration was given to rectangular sensor elements
which could have been arranged in a manner which would very
closely match the column section, since the resistance to
shear for the rectangular elements depends on the orientation
of the elements; however, the difficulty of machining and the
possibility of nonuniform stress distribution in the
rectangular section favored use of the simpler circular cross-
section.

During the construction of the model load cell, it
was found that the base plates were not large enough to allow
the full spacing required to match the amount of inertia about
the major axis of the column. The reduced spacing is given

in Figure 3.

Construction and Instrumentation

The construction of the one-gquarter scale model load
cell was accomplished in the machine shop at the Georgia
Institute of Technology. The details of construction and
the instrumentation are included in Appendix B.

Each load sensor was instrumented with eight strain

gages attached at appropriate locations. The optimum position
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for these gages was determined by an experimental stress
analysis utilizing a photoelastic technique. The details of
the technique and results are also outlined in Appendix B.
The results indicated that the location of the gages should
be a minimum of 0.5 inches from the enlarged portion of the
sensor to ensure that there would be no effect from the
stress concentration produced by the change in shape of the

sensor (Figure 2).

Results of Tests and Discussion

The testing program for the model load cell was
conducted in several steps: (a) Preliminary loading of a
single sensor to check the gage sensitivity and to determine
the modulus of elasticity of the sensors, (b) Axial loading
of the model to evaluate the performance of the entire load
cell, and (c) Eccentric loading to evaluate the performance
of the load cell in biaxial bending. The additional modes
of loading, i.e., horizontal and torsional, were not investi-
gated due to lack of time. The details of each testing
program and results are given in Appendix B; only a brief

outline of these tests and results will be discussed.

Preliminary Tests

The results of these tests indicated that the differ-
ence in strain for axial loading between gages was small
and that the sensitivity to bending would be excellent.

The compression tests for the modulus of elasticity
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indicated an average value of 31.0 x 106 psi.

Axial Loading Tests

A total of 71 tests were performed on the cell using
various techniques to eliminate bending in the sensor
elements. The final configuration is shown in Figure 2 and
the details discussed in Appendix B. The addition of the top
plate with four spacers centered over each sensor proved to
be the most suitable configuration. The top plate deflects,
but the axial load is transmitted to the sensors with a small
amount of bending. The final tests indicated that the model
load cell can accurately measure the axial component of load
within two percent up to a load of 250,000 pounds. This
accuracy is consistent over a series of tests and is also
obtained in the eccentric mode of loading also.

Eccentric Leoading

The final series of tests was conducted to determine
the ability of the model cell to sense the biaxial bending
moments. A series of five tests was conducted with eccentric
loads up to 100,000 inch-pounds applied to the lcad cell at
various positions. The results of the tests indicate that
the load cell can reliably measure the biaxial bending
moment within seven percent. The details of the tests are
given in Appendix B.

It is recommended that the future development of the
cell will include the testing and modification to accurately

measure the horizontal and torsional components.
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CHAPTER V
MODEL PIER STUDY

General

In order to verify the postulated procedure for
including the skin friction in the design of drilled piers,
a large scale model test was conducted on a concrete pier.
The model test technique was chosen as a means to verify the
design procedure rather than a field test because the soil
properties, construction technique and instrumentation can be
more closely controlled in a model type test.

The model pier selected for the testing was 16 inches
in diameter and 15 feet long. A model of this size was
chosen to minimize test artifacts and the limitations of
model testing indicated by Vesic [54] and others [14]. The
model pier was constructed in place in a large test pit used
for a previous research project [52] and located adjacent to
the soils laboratory at the Georgia Institute of Technology.
The pit dimensions are 8 feet, 4 inches in diameter and 22
feet deep. The side of the pit is corrugated steel backed
with approximately eight inches of concrete. The arrange-
ment of the pit, excavation and filling sequences are shown
in Figure 4. The use of a large diameter test pit minimized

the influence of confining effects or disturbance from the
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side walls.

Figure 5 shows a cross section of the test pier and
gives an overall view of the test pit and instrumentation.

In order to accurately determine the tip loads, a
200,000 pound capacity hydraulic ram was placed at the base
of the pit. The pier tip rested on this ram which provided
a means of measuring the tip load of the pier throughout the
test program. The top of the pier was loaded by a 400,000
pound capacity ram reacting against a steel reaction frame.
The pier was instrumented at several levels along the pier
shaft which provided a means of determining the load distri-
bution in the pier. The complete system consisted of a model
load cell to determine the applied load; instrumentation
along the pier shaft to measure the distribution of the load;
and the 200,000 pound capacity hydraulic ram at the pier base
to measure the tip load. The area from the bottom of the pit
up to the level of the pier base was filled with concrete
blocks stacked in a close knit arrangement to simulate a
sound rock base upon which the pier was resting. The

construction of the pier is outlined in Appendix C.

Materials
The pier concrete was designed for a 28-day strength
of 5,000 psi, a five- to six-inch slump, and a water cement
ratio of 0.5. The maximum size aggregate used was 0.75 inch.

The first pour from the bottom to 2.5 feet used Type 1
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Portland cement and the original mix design. The remaining
three pours used Type 1A air-entraining cement. This was
the only type cement available at the time of pouring. The
details of the concrete design are included in Appendix D.

Reinforcing Steel

The reinforcing consisted of six number six, 1l5-feet
long vertical bars. The bars were equally spaced around a
10-inch diameter circle. The concrete cover on the longi-
tudinal bars was 3-3/16 inches. Horizontal hoop ties were
spaced one diameter (16 inches) apart along the length of the
bars. The concrete cover on the hoop ties was 2-3/16 inches.
The amount of steel used was slightly more than one percent
of the total cross section area as recommended by O'Neill and
Reese [38].

Sand

The sand used was a Chattahoochee River sand previously
used in studies by Vesic [52]. The properties of the sand

are given in Appendix D.

Instrumentation Required

The types of instrumentation used in model and full-
scale piers is varied and the success is also variable
depending on the type of project and manner in which the
instrumentation is placed. References [6, 7, 13, 20 and 42]
indicate types of instrumentation that can be used in piers

and piles and discuss the applicability of each. From a study
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of the above references, one fact became apparent: To insure
a successful set of results from a series of tests, one must
have several independent systems of measurement. This
provides a backup type of arrangement such that if one system
fails to operate correctly, then the alternate system will
provide the information. Also evident from previous studies
was the detrimental effect of moisture or water vapor on any
electrical type of system. Moisture proved to be the major
cause of failure for the instrumentation schemes reported.

With the above facts in mind, the following instru-

mentation systems were used for the model pier:

l. A series of SR-4 strain gages bonded to the
reinforcing steel of the pier at four levels
along the pier shaft.

2. Three Carlson concrete stress meters (PC 800)
placed at the third points along the shaft in the
center of the pier.

3. Concrete SR-4 strain gages (six-inch gage length)
placed at three levels on the surface of the
concrete pier.

4. A 200,000 pound Simplex hydraulic ram placed at
the base of the pier and connected by high pressure
hose to a Bourdon pressure gage at the top of the
pier, which allowed the ram pressure to be
monitored throughout the test.

5. Two linear variable differential transformers
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(LVDT's), G. L. Collins Model SS-207, attached to
the ram body at the base of the pier, to measure
the tip displacement of the pier.

6. The model load cell described in Chapter IV was
placed at the top of the pier to monitor the
amount of axial load and biaxial moment applied
at the top of the pier.

The instrumentation system consisted of three separate
means of measuring the load in the pier: The strain gages on
the steel and concrete were a purely electrical means, the
Carlson meters utilized the deflection of a diaphragm
converted to an electrical output, and the 200,000 pound
hydraulic ram was a purely hydraulic system to sense the base
load. The duplication of measurements was felt to be impera-
tive to insure suitable results. The details of placing the
instrumentation systems are included in Appendix E.

Location of Instrumentation

The instrumentation was placed along the pier shaft
to describe the load distribution as completely as possible.
The Carlson stress meters were placed approximately
at the third points of the pier: 2.5 feet, 7.5 feet and
12.5 feet and in the center of the reinforcing steel cage.
The reinforcing steel gages were placed at four levels
along the pier shaft: 1.67 feet, 6.17 feet, 10.17 feet and
14.17 feet below the top. The top and bottom levels were

placed close to the pier extremities such that the measured



41

load and applied load could be compared.

The concrete strain gages were placed at three levels
along the pier shaft: 3.83 feet, 8.50 feet and 13.17 feet
from the pier top. These gages were placed at approximately
the same level as the Carlson meters to compare the load
results from each.

The LVDT system at the pier tip provided a means of
monitoring the bottom movement of the pier. The deflection
of the pier top was measured by three 0.0001l-inch micrometer
dial gages resting on metal brackets epoxyed to the sides of
the pier. These two systems provided a means of accurately
sensing the top deflection of the pier as well as the tip
movement. Figure 5 shows the location of the instrumen-

tation and the pier dimensions.

Placement of Sand

The sand was placed by the "raining" method using an
8-foot diameter perforated pan held a minimum of 30 inches
above the surface. The experimentation and technique for
this method of sand placement is discussed by Vesic [52].

The details of the sand placing and measurement of densities
is included in Appendix C.

The results of the density measurements are shown in
Figure 6. The densities were lower at the sides of the pit
and at the edge of the pier. The variation of densities will

be discussed in Chapter VIII.
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Completed Test System

Figure 7 is a view of the model pier surrounded by
the sand with the top deflection gages in place for testing.
Figure 8 shows the monitoring equipment and arrangement

during testing.
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CHAPTER VI

TEST PROCEDURE FOR PIER TESTS

Direct Shear Tests

A series of direct shear tests were conducted prior
to testing the model pier in order to define the interface
characteristics of the pier concrete surface and the sand.
The direct shear tests were performed in a manually operated,
two-part shear device. The cross section of the box is
circular, with a 2.50-inch diameter. The upper and lower
halves of the box are 0.49-inches deep. The movement of the
upper half of the box is measured with a 0.0001 inch micro-
meter dial gage. The shear force is measured by a calibrated
proving ring. The rate of shear is controlled manually, and
the applied rate for the tests was 0.05 inches/minute. Normal
loads, calculated to be those on the pier shaft at depths of
5, 10 and 15 feet below the ground surface were applied either
directly with dead weights or with a lever arm arrangement
to produce the required load. The bottom portion of the box
was filled with a concrete block, cast in the box using the
same paste proportions of the model pier mixture. The model
pier surface was very smooth due to the paraffin coating
inside surface of the pier form. To simulate this surface,

a piece of glass was placed on top of the mixture cast in the
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direct shear box to produce a smooth surface. The upper

half of the box was filled with the Chattahoochee River sand
at a specific relative density. The weight of the sand
required was computed based on the box volume and the desired
relative density. The sand was compacted in layers in the
box until full. The desired normal load was then placed on
the sand. The box halves were then separated approximately
0.05 inch and the test run. The deflections and loads were
noted until failure was reached. Table 3 presents a summary

of the direct shear test program.

Table 3. Direct Shear Test Program

Relative Density

Test Number Concrete Surface Type of Sand (%)
1 Rough 75
2 Rough 75
3 Rough 75
4 Rough 65
5 Rough 65
6 Rough 65
7 Smooth 65
8 Smooth 65
9 Smooth 65

Tests on Model Pier

Preliminary Test

A preliminary test was conducted on the pier after
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curing and pricr to placing the sand around the pier. This
test was made to check the operation of the instrumentation
and loading devices. The pier was loaded to a maximum of
39,000 pounds in 10,000 pound increments, with readings taken
at each load increment. The maximum load of 39,000 pounds
was then maintained constant on the pier for a twenty-four
hour period. All of the instrumentation was then read at the
end of the twenty-four hour loadihg period. The load was
removed and the pit was then filled with sand.

Eccentric Load Tests

This test series was conducted first and consisted of
five tests. The procedure for all the tests was the same and
is enumerated below.

Before loading, all the instrumentation was checked to
see if it was functioning correctly. The steel and concrete
strain gages were all initially set to a common reading by
adjusting the resistors on the switching boxes. The micro-
meter dial gages on the pier were set at zero and the initial
pressure of the bottom ram was read and noted. The position
of the pier tip was indicated by the voltage output from the
LVDT's. This voltage was noted and maintained constant
throughout the test by manually adjusting the pressure to the
bottom ram. The top load was incrementally (usually 10,000
or 20,000 pound increments) applied to the pier with the
Simplex 400,000 pound ram using a manually operated hydraulic

pump. The approximate load was noted on the pressure gage to
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the top ram. The exact load was then found by reading the
strain gage output from the model load cell. The exact amount
of eccentricity of load was also determined from the load

cell readings. After finding the exact load, the reinforcing
steel strain gages, concrete strain gages and Carlson stress
meters along the pier shaft were read. The digital voltmeter
indicating the pier tip position was monitored throughout the
test to ensure the tip remained stationary, to simulate an
unyielding support. The micrometer dial gages attached to the
pier were then read and recorded. The time required at each
load increment for reading data was approximately 10 to 20
minutes, with the entire test taking two to four hours to
complete. The pressures on the top and bottom rams stayed
constant throughout all the tests and the loads were satis-
factorily maintained for the duration of each increment.

All of the pier tests were conducted simulating field
conditions as much as possible. The loads were applied
incrementally with readings taken at each increment of loading.
The top load was applied through a series of spreader plates
to ensure the load would be applied uniformly, such as the
load through a base plate at the base of a column.

Concentric Load Tests

This series consisted of one test with the load being
applied to the center of the pier within + 0.10 inches. The
concentric loading was accomplished by trial and error. The

pier was loaded to 20,000-30,000 pounds and the load cell
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strain gages were read and the amount of eccentricity computed.
The load was removed, the top ram shifted in the correct
direction and reloaded. The eccentricity was again noted
until the ram was properly centered. The tests were conducted
in the same manner as the eccentric loading.

Ultimate Load Test

The final test was conducted with a concentric load on
the pier. The load was applied in increments and the tip of
the pier was allowed to move. The ultimate skin friction was
determined from the maximum applied load. Table 4 presents

a summary of the model test program.

Table 4. Model Pier Tests

Test Type of Loading

Preliminary Concentric (Load
maintained for 24 hours)

Eccentric
Eccentric
Eccentric

Eccentric

o W N

Eccentric

i { & Concentric

Ultimate Load Concentric
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CHAPTER VII

TEST RESULTS

Direct Shear Tests

Table 5 is a summary of the test results and properties
of the sand-concrete interface. The force deflection curves
for the direct shear tests are shown in Figures 9, 10, and
11. The figures are presented in the same order as the tests
were conducted: Figure 9, rough concrete with the sand placed
at a relative density of 75 percent; Figure 10, rough concrete
with the sand placed at a relative density of 65 percent;
Figure 11, smooth concrete with the sand placed at a relative
density of 65 percent.

The force deflection curves for the direct shear
tests converted to hyperbolic form are shown in Figures 12,
13, and 14.

The relationship between the initial tangent modulus,
Ei’ and normal stress for the direct shear tests is shown in

Figure 15.

Tests on Model Pier

Preliminary Test

Prior to sand placement, the pier was loaded and a
check on all the instrumentation was made. The results of

this test are shown in Table 6.
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Table 5. . Results of Direct Shear Tests
Ngzggr gzigzt;e c’rx. c ya Ei? Rfc
% (psi) (psi) (degrees) (pci)
Rough Concrete:
i 75 1.30 0 40.3 417 0.90
2 75 2.62 0 44.2 611 0.88
3 75 3.93 0 44,2 870 0.87
average .
4 65 1.50 0 39.4 352 0.88
5 65 2.24 0 372 473 0.85
6 65 337 0 38.0 618 0.85
average 1]
Smooth Concrete:
7 65 1+50 0 32,2 393 0.87
8 65 2.24 0 30.0 646 0.88
9 65 3.37 0 29,0 695 0.83
average .

a-

Coefficient of wall friction between sand and concrete

o]
Il

_ Initial Tangent Modulus (psi) _

~ Area of Shear Surface (sg. in.)

Ratio of Measured Te to Predicted T

= E,

1

(pci)

alt
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Table 6., Measured Load in Pier Based on
Indicated Strains; Preliminary

Test (no sand)

59

Assumed: Concrete Modulus of Elasticity - 2.60 x 10 psi
Reinforcing Steel Modulus of Elasticity -

Using Strain From Reinforcing Steel Gages:

30 % 106

psi

ILevel 3 lLevel 4

Top Load Tip Load Level 1% Level 2
(1bs) (1lbs) (1lbs) (1lbs) (1lbs)
39,000 39,000 38,500 35,600 36,700

Using Strain From Concrete Strain Gages:

Top Load Tip Load Level Ab level B Level C
(1bs) (1bs) (1lbs) (1lbs) (1bs)
39,000 39,000 37,700 30,400 21;100

(1bs)
39,400

Using Stress From Carlson Meters (Average Area = 201 sg. in.):

Top Load Tip Load $1€ #2 #3
(1bs) (1bs) (1bs)
39,000 39,000 43,300 75,500 56,000

Note:

Distance From Top of Pier:

a) Level 1 - 1.67 ft. b) Level A - 3.83 ft.
Ievel 2 - 6.17 ft. Level B - 8.50 ft.
Level 3 - 10.17 ft. Level C - 13,17 ft.
Level 4 - 10.67 ft.

C) #1 == 3. 34 fta
$2 = B.17 ft.
#3 - 13.09 ft.
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Eccentric Load Tests

The results of the eccentric load tests on the model
pier are shown in Tables 7 through 10. The load distribution
for the eccentric load tests are shown in Figures 16 through
20.

Concentric Load Test

The results of the concentric load test are also
included in Tables 7 through 10. The locad distribution for
the concentric load test is shown in Figure 21.

Ultimate Load Test

The maximum load sustained in skin friction with no

tip support was 10,300 pounds.
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Table 7. Pier Load Distribution from Reinforcing
Steel Strain Gages

Test Applied *
Number Load Tip Load Level 1 Level 2 Level 3 Level 4
(1bs) {1lbs) (1bs) (1bs) (1bs) (1bs)
1 16,800 14,500 18,500 16,700 16,000 14,880
33,930 34,000 32,180 33,920 - 34,500

54,440 48,000 54,200 54,200 51,700 50,050
72,910 65,800 72,100 69,770 70,900 68,500
84,580 76,000 86,800 82,200 84,600 80,400
93,630 82,750 91,800 52,850 90,500 87,000

2 17,690 11,700 16,090 14,960 13,720 12,500
36,340 29,500 35,070 33,400 33,900 33,400
58,250 50,500 57,800 59,520 56,500 56,500
85,680 76,500 86,400 85,200 83,300 82,800

96,030 85,300 - 93,600 91,900 88,800

3 26,570 18,700 28,500 25,600 23,770 23,290
37,200 28,100 -- 38,160 35,170 34,600

56,410 46,100 55,380 53,050 49,670 50,050

74,580 64,000 72,650 68,640 - 65,620

93,660 83,000 95,150 92,800 89,900 86,950

4 18, 480 13,600 - 19,000 -- 14,300
39,390 32,500 - 38,750 34,600 33,300

58,730 51,600 58,350 55,950 -- 54,800

77,590 68,300 76,800 78,000 - 75,600

97,380 87,400 95,000 93,400 95,750 90,600

108,770 97,900 108,400 106,600 104,250 101,150

5 19,010 12,000 20,300 20,300 17,880 14,880
38,190 30,900 35,170 33,340 - 31,600

58,140 51,000 59,520 55,950 51,320 50,800

78,160 67,300 - 78,100 69,780 69,780

96,730 86,600 - 94,700 92,850 88,200

1c 18,530 14,000 19,040 17,830 17,880 16,140
38, 480 32,800 36,910 38,750 36,340 35,070

59,080 51,300 —- 60,790 56,620 53,630

78,510 70,000 77,400 76,250 73,840 72,100

100,290 90, 100 -- 98,300 94,700 92,250

*
See note, Table 6.
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Table 8., Pier Load Distribution from
Concrete Strain Gages

NE;::r Aiﬁi;ed Tip Load Level A lLevel B Level C
(lbs) (1bs) (lbs) (1lbs) (1bs)
1 16,800 14,500 - 16,200 14,400
33,930 34,000 32,100 - -
54,440 48,000 52,600 - .
72,910 65,800 75,100 - 69,100
84,580 76 ,000 85,200 o e
93,630 82,750 o e i
2 17,690 1,700 2 o= — -
36, 340 29,500 o - "
58,250 50,500 - i -
85,680 76,500 o - e
96,030 85,300 = s -
3 26,570 18,700 24,900 -- -
37,200 28,100 s =2 -
56,410 46,100 s - -
74,580 64,000 72,600 e -
93,660 83,000 i - -
4 18,480 13,600 19,300 - -
39,390 32,500 - - i
58,730 51,600 55,300 - -
77,590 68,300 80,900 - s
97,380 87,400 91,600 -— -
108,770 97,900 105,900 e -
5 19,010 12,000 s s -
38,190 30,900 . - e
58,140 51,000 - - -
78,160 67,300 84,200 74,900 -
96,730 86,600 s 94,300 -
15 18,530 14,000 18,100 e 14,500
38,480 32,800 37,900 - -
59,080 51,300 60,000 - 50,700
78,510 70,000 79,500 - .
100,290 90,100 s 96,800 92,200

%*
See note, Table 6.

* &
Switching box not functioning properly.
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Table 9. Pier Load Distribution as Indicated by
Carlson Meters (Assuming an Effective

Area of 201 Square Inches)

Test Applied Lcad Tip Load
Number {1bs) {1bs) No., 1 No. 2 No. 3
1 16,800 14,500 58,000 52,900 47,000
33,930 34,000 70,600 85,200 68,7060
54,440 48,000 85,700 115,500 91,500
72,910 65,800 107,500 140,300 113,100
84,580 76,000 111,000 160,000 120,600
93,630 82,750 117,700 171,000 130,300
2 17,690 11,700 49,600 55,400 41,800
36,340 292,500 67,000 96,200 75,800
58,250 50,500 83,400 135,000 100,400
85,680 76,500 109,200 173,000 109,000
96,030 85,300 117,000 187,000 123,000
3 26,570 18,700 55,500 64,400 59,200
37,200 28,100 62,200 85,500 74,400
56,410 46,100 82,500 118,200 99,500
74,580 64,000 93,500 145,500 125,500
93,660 83,000 114,000 172,000 146,000
4 18,480 13,600 34,600 56,300 31,200
39,390 32,500 56,300 107,500 58,400
58,730 51,600 72,700 150,000 87,000
77,590 68, 300 B6,500 163,000 109,500
97,380 87,400 96,500 193,000 135,000
108,770 97,900 113,000 208,000 164,000
5 19,010 17,000 - 39,000 37,200
38,190 30,900 - 84,500 76,400
58,140 51,000 - 122,000 101,500
78,160 67,300 - 149,000 122,600
96,730 86,600 - 176,500 146,000
ic 18,530 14,000 - 40,500 39,400
38,480 32,800 - 83,000 77,500
59,080 51,300 - 103,000 124,000
78,510 70,000 - 153,000 141,000
100,290 90,100 - 185,500 146,500

*
LgS5€e note at end cof Table 6,

Initial reading unstable.
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Table 10. Summary of Load Eccentricity,
Skin Friction, and Deflection in
Pier Tests

Eccentricity Bottom Skin Top
Test Top Load (inches) Load Friction Deflection
Number (1bs) " ¥ (1lbs) (1bs) (inches)
3 16,800 0.57 0.61 14,500 2,300 =
33,930 34,000 - -
54,440 48,000 6,440 s
72,910 65,800 7:110 rnd
84,580 76,000 8,580 e
93,630 82,750 10,880 0.056
17,690 0.58 0.70 11,700 5,990 0.012
36,340 29,500 6,840 0.027
58,250 50,500 7,750 0.043
85,680 76,500 9,180 0.048
96,030 85,300 10,730 0.055
3 26,570 0.59 0.74 18,700 7,870 0.018
37,200 28,100 9,100 0.026
56,410 46,100 10,310 0.039
74,580 64,000 10,580 0.046
93,660 83,000 10,660 0.054
4 18,480 0.34 0.75 14,600 3,880 0.0110
39,390 33,500 5,890 0.0266
58,730 52,600 8,130 0.0382
77,590 69,300 8,290 0.0481
97,380 88,400 8,980 0.0566
108,770 97,200 10,870 0.0619
5 19,010 0.04 0.29 12,000 7,010 0.0162
38,190 30,900 7,290 0.0248
58,140 50,000 8,140 0.0381
78,160 67,300 10,860 0.0498
96,730 0.0605
Ic 18,530 0.04 0.10 14,000 4,530 0.0123
38,480 32,800 5,680 0.0257
59,080 51,300 7,780 0.0366
78,510 70,000 8,510 0.0456

100,290 20,100 10,190 0.0536
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CHAPTER VIII

DISCUSSION OF RESULTS

Direct Shear Tests

Based on the data from the load-deflection curves,
Figures 9, 10, and 11, the hyperbolic model relations for
each of the types of tests are as follows:

(1) Rough Concrete, Relative Density of 75 percent:

§

T = (11)
0.946

l/Ei+ 5

(2) Rough Concrete, Relative Density of 65 percent:

§
i il
l/Ei+ o

n

(3) Smooth Concrete, Relative Density of 65 percent:

8

T 8 —————=
l/Ei+1.47

(13)

n

As indicated in equations 11 and 12 and Figures 9 and
10, the interface behavior is not sensitive to the relative

density of the sand. The effect of surface roughness on the
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shear transfer relation is significant. A "rough surface"
is one in which the size of the grains or projections on the
surface are greater than or equal to the average grain size
of the soil placed against the surface. The interfacial shear
between a rough surface and the s0il may occur in the soil
mass and not at the interface. The effect ¢f the surface
roughness on the difference in shear transfer for a rough
and smooth surface may be as much as 20 percent,

The smooth surface used for the direct shear tests was
formed by casting the concrete against a glass plate with a
lubricant., The values of ¥ and Rf are shown in Table 5.
The values of the coefficient of friction at a relative
density of 65 percent were: VY = 38° 12' for the rough
concrete and ¥ = 30° 25' for the smooth. The coefficient of
friction for the rough concrete was equal to the angle of
internal friction for the sand. The values from triaxial
tests on the same Chattahoochee River sand by Vesic [52] at
confining pressures less than 10 psi at approximately the
game density were 38° 42'. This agrees well with the direct
shear value and an average ¢ = 38° 12' was used. This
condition was also found by Potyondy [40], that for all
practical conditions, the coefficient of friction for rough
concrete is egual to the apparent angle of shearing resistance
of the sand. The wvalue for the smooth concrete for these
tests 1is a reduction of approxXimately 20 percent. Potyondy

indicates a reduction of 11 percent, which agrees with that
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found by Brumund [9]. The larger increase may be due to the
difference in sand gradation and surface texture of the
concrete.

The value of the initial tangent modulus for the
hyperbolic relation was determined from a log-log plot of the
initial tangent modulus versus normal stress. The relation-
ship for several densities is shown in Figure 15. The
values of Ei obtained from this study compared with typical
values from Duncan and Chang [16], for a uniform, fine, silica

sand at a confining pressure of 1.5 psi are shown in Table 11.

Table 11. Comparison of Initial Tangent Modulus, Ei'
for Fine, Uniform Silica Sand and
Chattahoochee River Sand

Sand Gn Ei
(psi) (pci)
Fine, Uniform Silica Sand
(Duncan and Chang (16)) 145 330
Chattahoochee River Sand 1.5 360

The direct shear test results and hyperbolic model
agreed with previous studies [52, 16], and were used for

predicting the skin friction transfer in the model pier

tests.
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Preliminary Pier Tests (No Sand)

The results of the preliminary pier tests are shown
in Table 6. The measured load from the reinforcing steel
strain gages was within ten percent of the applied load at
all four strain gage levels in the pier. The indicated
strain from the bottom level of gages with an applied load
of 39,000 pounds was 55 microinches/inch. The calculated
strain, based on elastic theory, for the same gage level was
56 microinches/inch. The measured strains from the concrete
strain gages were not as consistent as those of the rein-
forcing steel gages. The two lower levels of concrete gages
indicated much lower strains than the reinforcing steel
gages.

The measured loads from the Carlson stress meters
were much higher than the applied loads with the exception
of meter number one. Subsequent test results indicated that
the measured loads from meter number one were also higher
than the applied loads. The measured loads from all the
meters were so much in excess of the applied, that the values

from the meters were not used in the load distribution

results.

Model Pier Tests

An examination of Figures 16 through 21 indicates
little shear transfer of load in the upper portion of the

pier, as evidenced by an almost constant load at each
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instrumented section. To examine the magnitude of shear
transfer in various portions of the pier more closely, the
measured shear stress distribution is shown in Figures 22
through 27. The measured values shown in Figures 22 through
27 were determined by dividing the measured amount of shear
transfer along a section of the pier by the area of the pier
over which the shear load was transferred. These figures

were plotted for the maximum applied loads.

Instrumentation

Reinforcing Steel Strain Gages

The strain gages on the reinforcing steel proved to
be the most reliable of the instruments in the pier. A total
of 24 gages were used on the steel and four of the gages
were found to be defective after placing the concrete.
Unfortunately, two of the four defective gages were located
in the top level of the steel; this left fewer gages for a
comparison of the applied load and indicated strain at the
top of the pier.

The major drawback of the monitoring system was the
twenty-channel switching box used for the gages. The readings
from the gages would occasionally be erratic due to the
position of the switch on the channel selector. Care in
switching was taken to ensure that the switch was placed at
the same position on the channel throughout each test.

Examination of Tables 7 and 8 indicates some values
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for the load were omitted. This was due to erratic values
from the strain gages. In most instances, the strain
readings at each level were consistent within a few micro-
inches/inch of each other.

The effect of the eccentric loading of the pier could
not be determined from the reinforcing steel gage output.
The individual paijirs of gages on each vertical bar showed
little difference in strain, and the variation in strain
across each level of gages showed no significant bending in
the pier.

The waterproofing system proved adegquate for the
period of testing, which was approximately two months. The
gage response was adequate. However, more sensitivity would
have given a better defined load distribution. For example,
with an applied load of 108,000 pounds, the strain from the
top to the bottom of the pier ranged from 182 microinches/
inch to 170 mic¢roinches/inch. The average value of the
modulus of elasticity used for the reinforcing steel was
30 x lO6 psi. The average value of the modulus of elasticity

6 psi. The concrete modulus

for the concrete was 2.60 x 10
was determined by averaging the calculated moduli of
elasticity obtained from the top level of strain gages
assuming that the applied load was equal to the load in the
pier at the position of the gages. The modulus of elasticity

calculated from the test with no sand in the pit was also

included in the average. The modulus of elasticity was also
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calculated from the concrete strain values from the top set
of gages. This average value compared favorably with the
modulus determined from stress-strain curves from four of
the test cylinders. The average initial tangent value from
these tests was 2.76 x 106 psi (Appendix F). A variation of
the modulus of elasticity within the measured values did not
affect the measured loads a large amount (i.e., for

E = 2,60 x 10 psi. The load at the bottom level of gages,
Test 2 = 88,800 pounds. For a modulus of elasticity of

2.76 % 106 psi, the load at the bottom level of gages,

Test 2 = 92,900 pounds, the difference is 4.6 percent).

Concrete Strain Gages

The results from the six-inch strain gages placed on
the outside of the concrete pier were very poor. All of the
gages operated with no drift and the resistance remained at
approximately 300 ohms throughout the tests. However, the
indicated strains for the middle and bottom levels were
10-40 percent of the actual strain. The gages were placed
on crack free surfaces. However, the middle and bottom
levels were placed directly below the construction joints in
the pier. The top level of gages, which were placed on the
concrete surface of the topmost pour indicated strains similar
to those of the strain gages on the reinforcing steel.

The epoxy coating over the gage surface protected the
gages during the placement of the sand and from any moisture

that might have gotten to the gage or socldered connections.
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These gages and the method of protection were satis-
factory, but the location and surface must be carefully
selected for suitable results.

Carlson Stress Meters

The Carlson meters were tested extensively prior to
placing in the pier and performed satisfactorily. The tests
prior to placing in the pier were very similar to tests
performed by Hickey [19] for the Bureau of Reclamation. These
tests were performed on 18-inch diameter by 36-inch long
cylinders of unreinforced concrete to check the performance
of the Carlson meters Model PC-800 under standard conditions
and also to investigate the effects of weathering and tempera-
ture cycles. Hickey found under similar conditions of
installation that the Carlson meters indicated the applied
stress within seven percent. The calibration tests conducted
in this study indicated the meters to be within ten percent of
the applied stresses; see Appendix F. After placing in the
pier, the resistance of the gages, as well as the resistance
ratio, changed only a slight amount. The waterproofing and
wiring protected the meters and provided good service
throughout the test period. The indicated stresses from the
meters were much higher than the applied stresses in all
tests., Table 9 gives the results from the meters. The
measured stfesses were so much in excess of the applied, the
results from the meters were not used. The initial resistance

of the meters prior to placement and the inplace resistances
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were compared for any indication of malfunction in the sensing
elements. However, only a slight change was noted. The
initial resistance ratios and the final ratio after placing
were also in close agreement.

The basic installation procedure used was evidently
suitable as indicated by the close coincidence of results
with those of Hickey. However, the minimal amount of
clearance between the reinforcing steel and the cell may
account for the large difference in the applied and measured
stresses. During the placing of the concrete on the gage
and subsequently upon loading, the meter could have probably
become wedged in the reinforcing steél, producing a rigid
plate resistance. The effective modulus of elasticity of all
the meters is approximately five million psi, as indicated
in the suppliers calibration data. Carlson and Pirtz [12]
have indicated that the plate shaped meter was designed to
have approximately the same compressibility as the surrounding
concrete, if placed in a mass of concrete with no surrounding
constraints. The meters gave erroneous readings and the
data obtained from these meters was not used in the analysis
of results, possibly because of the constraining effect of
the reinforcing steel.

This type of meter would be quite suitable for mass
concrete and measurement of large uniform stress distributions;
but in the case of the pier with restricted clearance, the

meters did not prove to be satisfactory.
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Hydraulic Ram System and LVDT's

The hydraulic¢ ram and pressure monitoring system at
the ram tip proved to be satisfactory. The tip load could
be monitored within + 500 pounds throughout all the tests.

An initial pressure on the tip ram from the pier, loading
plates, top ram and some effect from the sand fill was
deducted from each reading during the test to get the exact
tip loading.

The monitoring system for the LVDT's sensing the tip
movement performed as expected with no problems. However,
upon loading the pier with the tip held in a fixed position,
the measured deflection at the pier top was more than 100
percent greater than the calculated elastic deflection. This
additional deflection was due to the movement of the ram
below the pier tip and the support system below the ram.
Since the LVDT's were attached to the ram casing and moved
downward with the ram upon loading, the pier tip could not be
held stationary during loading. Thus, the side friction
generated solely from the elastic deflection of the pier

could not be investigated.

Theoretical Load Distribution

To demonstrate the reliability of the suggested
procedure for estimating the shear transfer in a pier, the
hyperbolic predictive technique was applied to the model

load tests. The measured deflection for each test and the
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computed axial shortening was incorporated inteo the hyperbolic
predictive technique to produce the theoretical skin friction
transfer relation. These theoretical distributions for each
test are also shown in Figures 22 through 27.

The theoretical skin friction transfer curves were
generated using the results of the direct shear tests for a
smooth concrete surface and a relative density of 65 percent.
The surface of the model pier was carefully inspected prior
to placing the sand, and the surface was found to be smooth--
the interior surface of the "sleek tube" was paraffin coated
and produced a very smooth exterior. The surface texture
of the cast in-situ concrete pier in the field would most
probably be considered rough. Visual examination of the
shafts of cast in place piers after extraction by Reese [38]
and others [44] has shown that the surface of the shafts is
rough. The surface of the model pier was smooth cast,
however, the cardboard form produced small irregular ridges
along the pier so that the surface was not entirely smooth.

A representative sample of this pier surface was difficult

to obtain with the small area used in the direct shear tests,
so the tests were conducted on an entirely smooth surface and
an entirely rough surface. The actual pier surface condition
is probably closer to a smooth surface. The average relative
density in the middle of the test pit was 75 percent, but was
approximately 10 percent lower in the area adjacent to the

pier [10]. The value of ¢ and density used for the theoretical
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prediction were those for a relative density of 65 percent.
One of the major assumptions in the theoretical
prediction is the distribution of the normal force acting
along the pier sides. The most common procedure is to relate
this lateral pressure to the overburden stress by a coefficient
of lateral earth pressure K. The exact value of this K is
unknown for drilled piers. It is most likely less than that
for a driven pile, since the soil moves inward during the
drilling process rather than being displaced downward and
outward during the driving operation. The suggested values
for K range from less than the active coefficient of pressure
to values greater than the at rest pressure coefficient as
shown by Mazurkiewicz [31], Martins [30], Sowa [44], and
Reese et al. [42]. The attempt to relate the coefficient to
some value of active or passive pressure is not the correct
approach since these terms are developed considering an
assumption of plane strain. The actual behavior is more
closely related to the expansion of cylindrical zone of soil
as indicated by Sowers [46]. The information as to the field
measured values of side friction in granular soil is scarce;
Reese et al. [42] recommends a conservative value of one-
third be taken for the wvalue of K for shafts in sand. The
value used for this study was that recommended by Jaky [22]
to estimate Ko’ i.e., KO = (l-sin¢). Using a ¢ of 38° 12',
the resulting coefficient of lateral pressure used was 0.35.

This provided a conservative value for the coefficient with
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some relationship to the physical properties of the sand.
This value is within the range of values indicated by
Terzaghi [47] for shafts in sand, for ¢ = 40°. The effect
of the assumption of a different value for K (K = 0.4 for a

dense sand [45]) is shown in Table 12.

Table 12. Sensitivity of Theoretical Expression to K

Coefficient of Predicted Skin Friction

Lateral Pressure Test No. 1 Difference

at D_-= 65% (1bs) (%)
0.35 8,882 0
0.30 7,621 -14.3
0.40 9,987 +12.5

The final step in applying the hyperbolic model is
dividing the pier into segments and determining the load
transferred in each segment. The effect of segment size was
investigated to find the optimum number which might provide
the most accuracy with the least amount of calculations. The
number of segments for a particular pier load and deflection
was varied from four to fourteen segments. It was found that
the agreement of computed load did not improve significantly
with a segment number greater than approximately eight to

ten sections (1.5 to 2.0 feet in length). This number of
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segments provided an accurate estimate of the load (within
five percent of the calculated load using 14 segments) with
a minimum of computation. Table 13 presents a summary of

the effect of segment number.

Table 13. Sensitivity of Theoretical Expression
to Number of Segments

Predicted Skin Friction

Number of Segments b £°ES£?S§ Eoé,gs) Diff:rence
(1bs)
4 8,988 +1.2
8 8,882 0
14 8,870 =f3
20 8,860 -0.3

The best segment size for use in the field would probably be
from one to five feet depending on the length and diameter

of the pier.

Measured Load Distribution

Distribution of Load Along Pier Shaft

Figures 16 through 21 are the load distribution curves
for all of the tests conducted. The amount of load taken in
skin friction for the tests averaged about ten percent of the

total load. This small amount of load (approximately 10,000
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pounds at a maximum top load of 100,000 pounds) coupled with
a relatively low resclution of the reinforcing steel strain
gages did not produce as definitive curves as others:

Reese [43], Mohan et al. [36]. However, these load distribu-
tion curves indicate a definite pattern of a linear increase
in skin friction until approximately one diameter above the
tip. A sharp increase in the skin friction is noted in this
lower part of the pier. Two different instrumentation
systems were used to measure the load at the lower portion

of the pier, i.e., the strain gages on the reinforcing steel
at the bottom level of the pier and the hydraulic ram at the
bottom of the pier measured the tip load. The strain gage
system was not as reliable as the hydraulic ram; however,
results from the preliminary tests, Table 6, indicated that
the strain gage system was functioning properly. Thisg sharp
increase in load transfer at the bottom of the pier was
indicated in all the tests on the model pier, Table 7. In
the majority of previous studies, the pier was terminated in
a soil mass with some of the load being carried in tip
bearing. Touma and Reese [49] have indicated that as the
pier tip moves into the sand, two distinct zones are developed;
a zone of flow adjacent to the pier tip and a zone of arching
above the flow zone, as shown in Figure 28. The 2zones
extend from 0 to 5 pier diameters above the tip. It is
postulated that, as sand moves into the failure zone around

the pier tip, there will be, as a result of arching, an
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increase in the horizontal stresses at the pile wall in

this arching zone. An examination of Mindlin's [33] solution
for a vertical load applied at a finite distance beneath the
surface of an elastic half-space, indicates tensile stresses
in the medium above the point of load application. 1In a

real soil medium, these tensile stresses might be interpreted
as stresses which would tend to reduce locally the overburden
stress, and produce the suggested zone of arching. This
application of Mindlin's solution provides some theoretical
justification for this zone of "reduced stress." The extent
of the zones and magnitude of stress increase are a function
of the relative density of the sand. 1In a loose sand, the
tip resistance is small and the influence will be reduced
along the sides. In a dense sand, the compression of the
sand below the tip takes place at high pressures and the

zone of flow and arching may extend for several pier diameters
above the tip. Reese presents a typical curve for load
transfer versus depth in sand which indicates a large in-
crease in skin friction until approximately 0 to 5 pile
diameters above the tip and then a rapid decrease in load
transfer due to the arching of the sand near the tip. Vesic
[53], Mchan et al. [36], and Kerisel [25] noted this same
phenomenon and have indicated that this low skin friction
above pile points in sand can be attributed to arching or
stress relief in a zone extending to as much as three pile

diameters above pile point. In the present study, the
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boundary conditions at the pier tip are not the same as those
studied by Vesic and Reese. Many of the pier foundations in
the southeastern United States have their tips in rock;

this was the boundary condition modeled in this study. The
results of the tests indicate a reverse phenomenon of that
observed by Reese, Vesic and others. The skin friction

is greatly increased at the boundary between the sand layers
and the rock base. The resulting increase may be due to the
confining effect of the rock boundary on the sand mass. The
rigid boundary has the effect of increasing the effective
horizontal pressure on the pier and results in an increase

in the side friction at the tip of the pier. A portion of
this increase in shear transfer may be due to the manner in
which the model pier and simulated rock base were constructed.
The model was constructed such that the pier tip was able to
translate downward, however the simulated rock base was
unyielding and the rock base remained stationary as the pier
tip translated downward.

Load Transfer Curves

O'Neill and Reese [38] and Vijayvergiya et al. [55]
have represented the shear transfer along the pier by load-
transfer curves. These load-transfer curves are derived from
a load distribution curve such as those in Figures 16 through
21. The procedure for obtaining one of the curves at a
depth Yz below the ground surface is illustrated in Figure 29.

For a particular load distribution curve, corresponding to a
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particular load Qz' the slope of the load distribution curve
is obtained at point Yz' In Figure 29 this slope is indicated
as the quantity AQZ/AYZ. To obtain the load transfer § ,

the guantity is then divided by the shaft circumference at

the point YZ. Thus, the load transfer Sz normally would have
the units pound per square foot.

The downward movement of the shaft corresponding to the
computed load transfer is the sum of the downward movement of
the pier tip and the elastic deflection of the pier at
depth Yz. A typical series of load-transfer curves for the
eccentric loading tests is shown in Figure 30. A typical
series of load-transfer curves for the concentric load test
are shown in Figure 31. A comparison of the generated curves
with those of other studies [38, 55, 39] indicates the same
general shape. The load transfer increases rapidly with
small movements and then gradually reaches a maximum value.
The curves also indicate that in the majority of the tests,
the pier movement was of such magnitude as to produce the
ultimate load transfer between the sand and pier. As indi-
cated, the maximum amount of measured movement was 0.062
inches for the test series prior to allowing the tip to move.
Parker and Reese {39]) have indicated in their study on small
diameter, preplaced piles in sand, that maximum loads were
reached at a pier movement of 0.07 inches. They also
concluded from their load transfer curves for small diameter

piles that the value of pile movement at which the maximum
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shear transfer is developed increases as the depth increases.

Comparison of Predicted and Measured Skin Friction

The comparison of the predicted skin friction and the
measured values are shown in Table 14 and Figures 22 through
27. Table 14 indicates the percentage difference between
the predicted load and the actual load at the maximum applied
loads. The final test, in which the pier was loaded and the
tip was allowed to move, gave an ultimate skin friction of
approximately 10,000 pounds. The ultimate friction was
therefore reached in all of the pier tests. The sensitivity
of the predicted skin friction to surface roughness of the
pier is shown in Table 14. The percentage difference from
the measured load for the rough and smooth cases give upper
and lower bounds to the predicted wvalue. The pier tested in
this study was closer to the case of a smooth concrete
surface.

Table 15 shows the amount of load transferred in skin
friction due to the elastic deflection of the pier for each
test. It can be seen that a substantial portion of the skin
friction is generated due just to the elastic deflection of
the pier.

The predicted values from Table 14 using the smooth
surface averaged 16 percent below the actual measured wvalues
for the tests. A study of Figures 22 through 27 will indicate

the reason for the low values. These figures are plots of



Table 1l4. Sensitivity of Predicted Skin Friction
to Surface Roughness

Predicted Skin Friction

Applied Measured Rough Smooth
Test Load Skin Friction Concrete Difference Concrete Difference
(1bs) (lbs) (1bs) (%) (1bs) (%)
1 93,630 10,880 11,553 + 649 8,882 -20.0
2 96,030 10,730 11,570 + 7.8 8,904 -16.0
3 93,660 10,660 11,459 + T¢b 8,833 =17,1
4 108,770 10,870 11,576 + 65 8,932 -17.8
5 96,730 10,130 11,644 +15.0 8,952 -11,6
ic 100,290 10,190 11,415 +12,0 8,840 =13:3

00T



Table 15. Measured Skin Friction and Predicted Skin Friction

Predicted Skin Friction

Measured Elastic « Difference Between
Skin Deflection Measured Best Estimate Best Estimate
Test Friction Only Deflection Measured Deflection and Measured
(1bs) (1bs) (1bs) (1bs) (%)
- | 10,880 6,482 8,882 10,742 “1+3
2 10,730 6,560 8,904 10,783 +0.5
3 10,660 6,490 8,833 10,344 =30
& 10,870 6,762 8,932 10,601 =
5 10,130 6,598 8,952 10,620 +4.8
1C 10,190 6,616 8,840 10,364 +1.7

*
The best estimate of skin friction was adjusted by doubling the confining

pressure for the bottom segment--approximately one diameter.

T0T
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the average skin friction transferred to the sand along the
shaft. The predicted and measured agree until approximately
one diameter above the pier tip. Below this point the effect
of the rock boundary on the sand is shown by the large
increase in shear transfer, The values for skin friction
have been empirically adjusted in Table 15 in which the
lateral confining stress in the last segment, approximately
one diameter, has been doubled to account for the boundary
effect. As indicated in Table 15, the predicted and measured
loads agree guite well; the average percentage difference

is 0.1 percent below the measured values. This purely
empirical means of accounting for the boundary effect of the
rock layer is suitable for these tests. The boundary effect
would not be as effective in the actual installation of a
drilled pier to a rock surface. The elastic deflection of
the rock layer helow the pier tip would tend to reduce the
confining effect, however, the amount of rock deflection
would be a function of a number of factors including: pier
size, depth of rock, soil properties, and method of construc-
tion. The basis for application in the field will have to he

substantiated from other tests,

Recommended Design Procedure

The step-by-step procedure to be followed for applying
the proposed design method for computing the skin friction

for a drilled pier is as follows:
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{1) Obtain the properties of the scoil/pier interface.
This would be done by a series of direct shear tests at three
or more normal pressures in the range of those that may be
encountered in the field. Special care should be given to
matching the anticipated characteristics of interface; these
characteristics should include surface roughness and such
other geotechnical factors as the presence of a free water
level, A series of these tests may need to be performed at
various densities and degrees of saturation to account for
long term environmental changes if a rigorous application of
this technigue is desired. The size of the sample is not a
critical factor as indicated by Lambe [27]. The values of
¥, Rf, and the relationship of Ei to the normal pressure can
be determined.

(2) Using the proposed pier dimensions, divide the
pier into one to five foot segments depending on the length
and diameter. Using the design lcad, compute the elastic
deflection in each segment and estimate the tip deflection.
A gample calculation is shown in Appendix H.

(3) Applying the computed deflections to the hyper-
bolic model, compute the side friction for each segment and
sum for the total load carried in side friction. An empirical
correction for the increased load transfer at the tip may be

applied, however, further testing and verification of this

correction is required.
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The proposed design procedure provides a simple,
rational means of predicting the side friction developed
along a pier. The values provided will be on the conservative
side for piers placed to rock as indicated from the measured

stress distribution.
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CHAPTER IX
CONCLUSIONS

Based upon the results of the load sensor developed
and the large scale model study of a pier foundation in
sand, the following conclusions can be drawn:

(1) The load cell concept developed for this study
proved to be a reliable accurate means of determining the
applied axial load and biaxial bending moments. The load
cell can be constructed to approximate the structural stiffness
properties of typical steel columns and can provide required
reliability as a structural element.

(2) The side friction generated in this model study
with a dense sand on a smooth pier was approximately ten percent
of the applied load on the pier. The proposed prediction
technique, accounting for increased confining stress at the
base of the pier, predicted shear transfer in side friction
to within + 3 percent for most cases. Indications are that
for rougher piers (i.e., drilled piers) not only in pure sands
but also in other predominately frictional soils the shear
transfer in side friction may be 20 to 30 percent.

(3) The proposed procedure for estimating the magni-
tude and distribution of friction in piers seems to be a

viable rational technique. The procedure should be applied
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with caution since more testing and verification is needed.

(4) The Carlson stress meters did not yield results
that were reasonable or that compared well with other data.
Future use of Carlson meters in reinforced concrete columns
is not recommended.

(5) Results of these tests show that the best single
instrumentation technique for determining load distribution
in a pier is bonded strain gages on the vertical reinforcing
cage. This technique is recommended for use in full scale
piers because of its reliability and minimal interference with
pier construction operation.

(6) The distribution of the load along the pier shaft
indicated that the effect of a resistant layer (e.g., rock)
at the pier tip caused the skin friction transfer to be
increased for a distance of approximately one diameter above
the pier tip. This is probably due to an increased confining
stress in this zone and may be due in part to the method
used for simulating a "rigid" rock base in the model tests.

The immediate practical significance of this study is
to make a drilled pier foundation more economically competi-
tive with other foundation systems. If, for example, the
designer can depend on transferring thirty percent of the
axial load in skin friction then possibly the size of the pier
could be smaller or the need for underreaming may be elimi-

nated. Either of these would result in a substantial cost

savings.
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CHAPTER X
RECOMMENDATIONS FOR FURTHER STUDY

The development of the model load cell and the large
scale study of the model pier have led to numerous other
areas to be investigated. Some of the problems needing
attention are:

(1) Further testing of the model load cell to deter-
mine the degree of accuracy and reliability in the shear and
torsional modes of loading.

(2) The construction of a full scale load cell and
its inclusion in a multistory building to measure the actual
field loads. The instrumentation of the foundation below
the load cell would provide a comprehensive study of the
applied foundation loads and their distribution through the
foundation.

(3) A large scale model study of a pier in a medium
with some cohesive properties more closely simulating the
saprolitic material in the southeastern United States.

(4) A closer examination of the boundary effect of a
rock layer at the pier tip by additional model studies and a
finite element study.

(5) A full scale test of an instrumented pier in the
field to verify the prediction of side friction using direct

shear tests and hyperbolic model.
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APPENDIX A
HYPERBOLIC REPRESENTATION OF INTERFACE BEHAVIOR

As shown by Duncan and Chang [16], the nonlinear
stress-strain curve for both sand and clay may be approxi-
mated by hyperbolae with a high degree of accuracy. The

following is the general form of the proposed equation:

_ _E
9 = a¥be el
where a and b are constants determined experimentally. The
above general relationship has been applied to the shear
force-deflection curves generated from the direct shear tests
between the sand and concrete in this study. The basic form

of the equation is:

8
Shear force = m (15)

In which 8§ = the measured deflection and a and b are constants
with physical significance. As can be seen from Figure 32,

a equals the reciprocal of the initial tangent modulus, and

b equals the reciprocal of the asymptotic value of the shear
force which the shear force-deflection curve approaches a

zero slope.
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The values of a and b can be readily determined if
the shear force-deflection data are plotted in the trans-
formed coordinates as shown in Figures 12, 13, and 14. A
regression analysis, using the method of least squares was
used to find the best straight line fit for each of the shear
force-deflection curves.

After finding the best fit, it is usually found that
the asymptotic value of the shearing force is slightly larger
than that of the measured value. The asymptotic value may
be related to the ultimate shear force by means of a factor

Rf as shown by

Shear forcef = Rf(shear force)ult (16)

Where shear forcef = shearing force measured at failure and
shear forceult = asymptotic value of the shear force. The
value of Rf has been found to vary between 0.75 and 1.00 for
a number of different soils [16] and to be essentially
independent of confining pressure.

The original equation may now be rewritten in the

form:

8
Shear force = IR (17)
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In which the physical values for a and b have been substi-

tuted.
In which:

Shear forcef = & TanV¥ (18)

normal stress on the failure shear

Q
I

¥ = angle of friction between the sand and the
concrete pier.
The value of the tangent modulus has been found [16]
to vary with the confining pressure employed. Janbu [23]
has shown by experimental studies that the relationship
between the initial tangent modulus and the confining
pressure may be expressed as:
E. = Kp_(03/p )" (19)
< a a

E. = Initial tangent modulus

03 = Minor principal stress

Atmospheric pressure

el
Il

K = Modulus number

n = Exponent determining the rate of variation of
Ei with o3.

The above relationship is linear when plotted on
log-log coordinates. The values obtained from this study

were plotted in log-log coordinates as shown in Figure 15
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and a linear relationship was found for the relationship of
Ei to normal pressure for relative densities at 65 percent
and 75 percent.

Using the above relationship for Ei and knowing
deformation, the nonlinear relationship of shear force and
deformation is completely defined. A summary of the results
is shown in Table 5. The application of the hyperbolic
relationship to the prediction of the pier performance is

discussed in Chapter VIII.
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APPENDIX B

DEVELOPMENT OF MODEL LOAD CELL

Dimensional Analysis

A dimensional analysis will determine what parameters
must be scaled to insure the validity of the model tests. If
all of the requirements from the dimensional analysis are
fulfilled, the model will reliably predict the prototype
performance. In many cases, all the conditions cannot be
satisfied and only a selected few of the model laws are
fulfilled.

The general theory of dimensional analysis is detailed
by Langhaar [28], Murphy [37], and Bridgeman [8]. The
general procedure is:

(a) Determine the variables which will influence the

model behavior.

(b) Arrange the groups of variables into dimensionless

products.

(c) Consider the resulting dimensionless products

and decide which prototype conditions will be
modeled.

This procedure was used for an analysis of the static
loading and dynamic loading of the cell.

The first case considered will be the static loading,
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which is quite simple. The variables considered to be
influential in the behavior of the model are: axial deflec-
tion, applied force, shear deflection, modulus of elasticity,
dimensions of sensors, moment of inertia, and stress.

Listing the applicable quantities:

Dimensional

Quantity Symbol Units
Deflection A L
Length Q L
Modulus of Elasticity E F/L2
Moment of Inertia I L4
Stress o] F/L2
Area A L2

Where F = force, L = length, and T = time and are the basic
system of units.

The static behavior of the model is some function of
the quantities listed above.

Dimensionless products can be formed as follows:

(a) Any dimensionless product can be written as:

H=A1,Q2E3I405A6 (20)

The number of dimensionless products may be infinite,
but only a specified number of products are independent.

(b) Each variable can be written in terms of its

basic dimension as follows:
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g @ m (FAR P = = (21)

where ai, bi, and ci are constants.

(c) The criteria for a product to be dimensionless is:

— - r—- —
a; a; .. ag kl
k2
bl b2 . b6 . =0 (22)
cl c2 = § & 06 kGJ

The variables may be arranged in a more convenient

form:
B OB OB O X5 K
A % E I o A
F 0 1 0 i 0
L ;i 1 -2 4 -2 2 =0 (23)
T 0 0 0 0 0 0

The rank of the above matrix is two, since at least
one second-order determinant is not equal to zero. There-
fore, there will be (n = 2) independent dimensionless
products where n = number of variables (six in this case).

To arrive at one set of independent dimensionless
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products, operate on matrix ai
bi
cli

To obtain unity in the diagonal of the last three

rows:

k3 + k5 = 0 (24)
ky + ky - 2ky + 4k, - 2k + 2k, = O (25)
k3 = "ks; k2 = —kl i 4k4 - 2k6 (26)
Q E A I a A
gy By By ¥y By K
Hl kl =], 0 i ¥ 0 0 0
Hz k4 -4 0 0 g ! 0 0
(27)
H3 k5 0 -1 0 0 ;i 0
H4 k6 -2 0 0 0 0 1

Thus, the four independent dimensionless products:

I, = 4&/g

H2 = I/g4 o
H3 = g/E

H4 = A/xz
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If one defines the model dimension as § and the

prototype as K applying to the dimensionless products:

M, =48/9 = 0Q: B =A0R/g; & = 2A (A=R/)

.

n, = 1% /1= @/t T= 0t

l, = d/E; E/E = 0/0; F = A2F (29)
m, = a/4% K/Aa = @/0)% K= 2%

The scale chosen for the model was a one-quarter

scale (A=1/4) giving:

(1) 4 = Ao/4

(2) T = 1I/256

(3) F = F/16 (30)
(4) A = An/16

(5) g = L/4

Thus, in the static case all the requirements for the
dimensionless analysis can be met, and a geometric reduction
of the prototype is possible.

The above analysis assumed at the beginning that the

six variables chosen were the most important in affecting

the model behavior.

Additionally, a separate analysis of the effect of
Poisson's ratio indicates that the additional constraint that
Vv = V must be met for all the stresses to be proportional.

The dynamic loading case is considerably more
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complicated, since time effects are considered and body forces
must be included, putting additional constraints on the model
parameters.

Considering the dynamic loading case for the model,
the following variables must be included in the dynamic
analysis: (1) time, (2) gravity, and (3) density. Proceeding
with the analysis as before, the following independent dimen-

sionless products are derived for the dynamic loading case:

I, =Ag: B=Xxa (X=2/p)

i
4 = 4
Hz =I/Q ; I =2x1
Iy o 6/E; d = o and E = E
2 = 2
m, = a/% K= A°a
(31)
2 2 —
HS = gt“/g; Agt” = gt”; if g =g
(A = T2/¢2; € = /At

T, = Y{/E = Y §/E; this implies ¢ = ¢,

if E = E, then Yy = Y.

Thus, for the dynamic loading case, the requirements
of the dimensional analysis cannot be completely satisfied,
unless a model material of a different unit weight is used.

For this particular study, the static case of loading
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was considered of primary interest and the model cell was
designed and constructed based on the scale factors derived

from the static loading case.

Construction of Model Load Cell

Plate Construction

The construction of the one-quarter scale model load
cell was done in the machine shop at Georgia Tech. Figures
2 and 3 give the details and dimension of the model cell
including gage location.

The top and bottom plates used for the model are
SAE 1040 steel with a yield strength of approximately
60,000 psi. The Rockwell hardness of the plates was 101-E
scale and 87-K scale. The plates were both surface ground
on both sides with a Blanchard vertical spindle rotary
surface grinder.

Sensor Construction

The sensor elements are made of "etd" 150 alloy steel.
This steel is made by the La Salle Steel Company of Chicago,
Illinois. It is an alloy steel with the same chemical
content as an SAE 4100 series steel and is made by an
"Elevated Temperature Drawing" process. The properties were
developed for the use of this steel in gear and pinion sets.

The steel has the following properties [64]:
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Table 16. Properties of "etd" 150 Alloy Steel

Chemistry Amount (%)
Carbon 0.40% min
Manganese 0.75=1.00
Phosphorus 0.35 max

Sulphur 0.04 max

Silicon 0.20-0.35
Chromium 0.80-1.10
Molybdenum 0:.15-0.25
Tellurium 0.04-0.05

Mechanical Properties

Tensile Strength 150,000 psi min
Yield Strength (0.2% offset) 130,000 psi min
Rockwell C Hardness 32 min
Modulus of Elasticity 31.0 x 10° psi

The Rockwell Hardness of the specimen used for the
load cell tested in the laboratory was 37 on the C scale.

The modulus of elasticity was determined in the labora-
tory by use of strain gages and is discussed in the testing
section.

The largest diameter round made of "etd" 150 is four
inches. The prototype model will be made of "Maxell 3-1/2"
steel made by Crucible Steel Co. This is a hot rolled, heat

treated, stress relieved steel. It is made in eight inch
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diameters and has a minimum tensile yield strength of 103,000
psi. An alternate choice is SAE 4140 hot rolled, annealed
alloy steel available in eight-inch diameters with a yield
strength of 105,000 psi. The design of the model was based

on the use of the lower strength steel but for protection
against over stressing during testing, the higher strength
material was chosen. The mechanical properties of the
materials are similar so that the model and prototype relation
will not be influenced.

The load sensors were machined to the proper dimen-
sions in the shop and all four sensors were cut to approxi-
mately the same height. Each sensor was placed in a K. 0. Lee
surface grinder in a vertical position, with the axis of the
central portion of the sensor aligned with the vertical.

One end of the sensor was then surface ground to a polished
smooth surface. After all four senscrs had been ground on

one end, they were all placed on the magnetic bed of the
surface grinder with the ground end on the bed. The other end
of the sensors were thus ground simultaneocusly, producing
equal height of all four sensors and a smooth ground surface.

After the first series of tests was conducted, it was
discovered that the ends of the sensors were not perpendicular
to the axis of the sensor (see discussion in testing section)
and regrinding was required. During the first grinding, an
aluminum cylinder was used as a spacer to hold the sensors in

place and was the cause of the misalignment. The second time,
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parallel bars were used as spacers and one end of each sensor
was ground perpendicular to the vertical axis. All four
sensors were then reground equal height and parallel surfaces.
To check the accuracy of the grinding, the sensors were placed
in a surface comparator and the variation in height between
ends was checked. The maximum variation across the diameter

for the sensors was 0.0006 inch.

Instrumentation

Strain Gages

The strain gages used for the model are micro-
measurement type EA-06-250BG-120. These gages have 120 ohm
resistance, a gage factor of 2.11. They are constantan alloy
self temperature compensating and are encapsulated with a
flexible polymide coating. The proper alignment on the load
sensors was found by using four parallel bars held snugly
against the sensors with rubber bands. The sensors were then
lightly scored by sliding the parallel bars up and down the
sensors. The scored lines were used to align the gages
vertically and in the right attitude to provide the placement
of gages at 90° intervals on the sensors and aligned properly
with the other sensors.

The surface was cleaned and slightly roughened with
emery polishing paper and then cleaned with a water based
acidic surface cleaner and alkaline neutralizer. The gages

were cemented with Eastman 910 cement and allowed to dry for
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several hours. The Eastman 910 epoxy was used because of
the rapid curing period which facilitated the exact placement
of the strain gages. This epoxy is primarily for short term
use and would not be suitable for a permanent installation.
The leads were then soldered to the gages and wired for use.
The details of wiring and the readout is discussed in the
testing section.

The vertical distance between the strain gages was
measured with a height gage to determine the distance to use
in finding the applied shear loads.

The thickness of the gages was determined to be 0.025

inch.

Experimental Stress Analysis

In order to determine the extent of stress disturbance
in the load sensors from the point of intersection of the
shoulder and the main body of the sensor, a photoelastic
coating technigque was employed.

The photoelastic technique provides a wvisible picture
of the stress distribution on any type of surface configu-
ration, The method employs a polarized light source, and a
plastic material which undergoes a change of index of
refraction when stressed. Strain measurements of both
magnitude and direction can be made by reflecting polarized
light from the surface of a stressed object which has had a

photoelastic coating applied to it. The pattern which is
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visible by observing the object through an analyzer can be
analyzed to determine the direction of principal strains or
the magnitude of the strain.

In the case of the load sensor, the main consideration
was the location at which the strain became uniform. This
gqualitative type of measurement can be determined by observing
the pattern of color fringes and the change from one point on
the sample to ancther point. If color fringes appear as
tightly grouped loops of color patterns going from yellow to
red to green, this indicates a rapid increase in strain (i.e.
stress concentration), or green-red-yellow would indicate a
rapid decrease in strain at one point., However, a single
uniform color covering a large area of a test part indicates
a uniform strain, i.e., strain is neither increasing nor
decreasing from one point to another.

Reference to Figure 33 will illustrate the above
discussion., At the edge of the reduced section of the sample
there are several rapid changes of color indicating a rapid
change of strain, then approximately 0.3 inch below the edge
the color becomes uniform for the length of the sample. The
uniform red color in the center of the load sensor shows
quite clearly the area in which uniform strain occurs with no
concentration due the configuration change. The illustrated
specimen is under 60,000 pounds of axial compressive load.

Application of Photoelastic Material

The material can be applied with solid flat sheets,
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liguids for contour forming or liquids for spraying. The
spray type of application seemed to be the most convenient
and easiest type of application. However, this method proved
to be most unsatisfactory.

Several cylindrical test specimens were selected to
test the spray coating technique. The first coat consisted
of a reflective coating to reflect the polarized light back
to the analyzer. The photoelastic material was then sprayed
on the sample in thin layers allowing each layer to cure
properly. Twenty-five coats of the photoelastic spray were
applied and then the specimens were allowed to cure properly
at temperatures recommended by the manufacturer. Upon
completion, the samples were subjected to various types of
loading and viewed through the photoelastic analyzer with no
success. No fringes were observable at wvarious loading and
various types of light settings on the analyzer. A discussion
with the manufacturer's representative indicated that the
photoelastic coating is dissolved in a solvent for aerosol
spray can application; and if the solvent is not completely
driven off during the curing process, the coating will not
possess photoelastic properties. Thus, the solvents from the
coatings were not completely driven off even though the
manufacturer's directions were followed exactly.

The liquid for contour forming was applied with success.
The method is simple to apply and within forty-eight (48)

hours a suitable coating can be applied to a sample for
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analyzation.

The thickness of the coating is based on the desired
sensitivity, the amount of strain applied, and type of
application (dynamic loading, static loading, temperature
environment, color or black and white analyzation). In the
case of the load sensor, a thickness of 0.100 inches was
chosen with a high sensitivity, "K" factor of approximately
0.12, and a modulus of elasticity of approximately 400,000
psi. This coating provided suitable results at the higher
levels of stress applied to the sample. After application
of the coating, the load sensor was placed in a universal
testing machine. The sample was loaded in 10,000 pound
increments and observed through the photoelastic analyzer.
The fringes appeared well defined at a load of 30,000 pounds,
and the distance to the area of uniform stress was approxi-
mately 0.3 inch for the entire range of loads (60,000 pounds
maximum) .

The location of the strain gages was determined from
observation of the photographs from the tests. The top of
the gages was located a minimum of 0.5 inch from the shoulder
of the sensor to insure that there would be no effect from
the stress concentration produced by the change in shape of
the sensor.

The photoelastic method provided a rapid and most
suitable answer to the question of stress distribution in

the load sensor, which could have proved to be a time
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consuming analytical problem. This method is recommended for
application in similar type situations if the liquid contour

application is used.

Testing of Model Load Cell

Prior to loading the entire cell, a single sensor was
loaded to check the magnitude of strain differences between
individual gages which could be expected under axial locading
conditions. The sensor was carefully centered in a calibrated
testing machine and loaded up to 40,000 pounds with the strain
in microinches/inch noted for each gage at every 10,000 pounds.
The differences between each gage were small (less than five
percent) and indicated that the sensitivity to bending would
be excellent.

The modulus of elasticity of the sensors was not
indicated in the manufacturer's literature for the "etd" 150
steel. A single sensor was loaded up to 25,000 pounds on a
Riehle testing machine in the structures laboratory several
times. An average value of strain was found and the modulus
of elasticity was found to be 31.0 x 106 psi.

The strain readings in all the tests were taken using
a BLH strain indicator using the two-arm Wheatstone bridge.
Each strain gage was monitored individually with a temperature
compensating gage in series through two 20-channel switching
boxes. The individual channels on the switching boxes were

preset to a common initial strain and each channel was
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monitored during loading increments. Each channel was
rechecked prior to testing and the gage factor on the strain
box was checked.

A 400,000 pound capacity mechanical feed Riehle testing
machine was used throughout all the test series. The accuracy
of the load scale was tested with a BLH Type C-1 400,000
capacity load cell and found to be within one percent up to
a load of 250,000 pounds.

The testing program for the load cell was conducted in
three series: (1) series one consisted of 28 tests with
various loading blocks, (2) series two consisted of 31 tests
after regrinding the sensors, and (3) series three consisted
of 10 tests with two top plates and spacers. The cell was
tested with axial and eccentric loads.

The first series of tests consisted of 28 tests loading
the single top plate with no spacers through various size
loading blocks. The initial tests indicated a large amount
of bending in the sensors due to the deflection of the top
plate under load. Additional plates were bolted to the top to
reduce the bending, but the additional thickness did not
reduce the bending significantly. The cell was dismantled
and the ends of each sensor were measured in a surface
comparator to check if the sensor ends were perpendicular to
the vertical axis. The ends were not perpendicular, and the

ends were reground carefully and measured to ensure that they

were perpendicular to the vertical axis.
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The second series consisted of 31 tests with several
techniques employed to reduce the bending of the plate. The
initial tests again indicated bending of the top plate, which
caused large differences of strain on the sensors.

Brass shims (.005-inch thickness) were placed between
the load sensor and top plate on the interior portion of the
cell to counteract the bending of the plate. This did not
eliminate the bending appreciably.

The addition of a second plate with four thin stainless
steel spacers centered over each sensor was tested in the
third series and proved to be successful in eliminating the
bending of the bottom plate and the resulting bending of the
sensors. The top plate deflects, but transmits the load
through the steel spacers to the lower plate and sensors with
very little bending. A series of ten tests were conducted
with axial and eccentric loading, which were the final tests.

The results of the third test series indicate that the
model load cell can accurately measure the axial component
of load within two percent of the actual load.

The results from the eccentric loading tests are out-
lined in Figure 34. The vertical loads were computed based
on elastic theory using the indicated strain from the eight
strain gages on each sensor. The total load in each sensor
was summed for the total axial load.

The biaxial bending moment was determined by summing

moments about the major and minor axes of the load cell as



(kip-inches)

Measured Bending Moment

=

o

(=]
1

~J
Il

50

25

O A Loading
{ B Loading

| .,,CL».

O Load Point

(:::) Sensor Number
| | ] b |

25 50 15 100
Applied Bending Moment (kip-inches)

Figure 34. Calibration Curve for Model Load Cell
(Eccentric Loading)

T1€T



132

shown in Figure 34.

As noted:

Vertical Load P = P, + P, + P_ + P

1Y Pyt Pyt Py (32)

P P P., P, - sensor element loads (P is positive

L4 r
27 73 "1 for compressive loads)

lr
Biaxial Bending Moment:

Pex = (P2 - P4) y/2 + (Pl - P3) y/2 (33)

Pey = (Pl - P3) x/2 + (P2 - P4) x/2 (34)

(- positive moment)

The calibration curves in Figure 34 indicate that the
biaxial bending moment can be accurately measured within
seven percent of various loading configurations.

The horizontal load component can be determined by
plotting the moment gradient from the top and bottom level of
gages. The moment arm and applied horizontal forces can bhe
calculated from the resulting strains, The torsional loads
can be determined from summing moments and horizontal forces
for each sensor. The investigator d4id not have sufficient
time to do a complete testing program for the horizontal and
torsional load sensing capability of the cell. It is recommended
that further testing be applied to the cell to determine the
degree of accuracy and reliability in the horizontal and

torsional modes of loading.
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APPENDIX C

CONSTRUCTION OF MODEL PIER

Pier Construction

The reinforcing steel consisted of six Number six
15-feet long vertical bars. The bars were equally spaced
around a 10-inch diameter circle of hoop ties spaced 16
inches apart along the length of the bars. Number three
bars were used as hoop ties. The hoops were bent and the
bars were tied prior to the placing of the strain gages.

After application of the strain gages, the entire reinforcing
gage was lowered into the form and centered. Wires were
attached to the bars and tied outside the form to hold the
cage in correct position. One longitudinal reinforcing bar
was untied to facilitate placing of the Carlson meter. This
bar was retied into position as the concrete was poured. The
form for the pier was a cylindrical paraffin coated cardboard
tube with the trade name, "Sleek Tube." The form was placed in
the test pit and the bottom was fitted over the bottom steel
plate and held in position by a metal hoop which kept concrete
from leaking out of the bottom of the form. The form was
vertically aligned and supported at two points by wood braces
to insure that it did not tip over during the pouring of the

concrete. Three l1l2-inch by 12-inch holes were cut in the form
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at the levels where the Carlson meters were to be placed.
The "Sleek Tube" form was only 14 feet long and an additional
1.67 feet was added at the top so that the total pier length
was 15.67 feet. The concrete pours were from pier tip to
2.58 feet, 2.58 feet to 7.5 feet, 7.5 feet to 12.33 feet and
from 12.33 inches to 15.67 feet. Three to four six-inch
diameter by twelve-inch cylindrical specimens were taken from
each batch for testing. The concrete was mixed in a Worthington
Model 6-S electric mixer for approximately ten minutes prior
to placing. A slump test was performed on each batch prior
to placement. The concrete was placed through the 12-inch
holes cut in the form at each level., The first three pours
were made by placing the concrete in a steel bucket with a
bottom opening. The bucket was hoisted and centered by the
five-ton service crane into position above a plywood chute
placed such that the concrete flowed into the form openings.
The maximum height of fall was approximately four feet, which
would cause a minimum of segregation. The concrete was
vibrated by an electric immersible vibrator. The operation
was repeated for all four pours with the final pour being made
directly into the top of the pier. The pier was moist cured
for two weeks prior to stripping the form and air cured for
another two weeks before any tests were performed.

After the form was stripped and the lower braces
removed, the sand fill around the pier was placed. Initially,

the sand was placed in the cracks and openings between the
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concrete blocks placed in the bottom of the pit to insure a
steady and solid base. Two steel plates 0.25-inch thick were

placed around the pier prior to placing the sand.

Sand Placement

The sand used was a Chattahoochee River sand [52].
The properties and grain sizes are given in Appendix D. The
sand was placed by the "raining" method using an eight-foot
diameter perforated pan held a minimum of 30 inches above the
surface [52]. The pan bottom consisted of peg board with
0.25-inch holes spaced one inch on center. A l1l6.5-inch hole
was cut in the center of the pan for the pier and the pan was
lowered to the bottom of the pit. The sand was placed by
sprinkling the sand evenly over the perforated pan, the
distribution system can be seen in Figure 4. A three-inch
sheet metal collar was placed around the 16.5-inch hold in
the pan to keep the sand from falling between the pier and the
pan. The sand was placed continuously in layers from two to
three feet. The operation was stopped, the pan removed and
density measurements were taken in various positions across
the pit. A presentation of the density measurements is shown
in Figure 6. The density measurements were made with a thin
sheet metal cylinder. The cylinder was five inches in
diameter and eight inches in length. The middle 3.50 inches
were used to measure the density. The metal cylinder was

gradually forced into the soil until the top surface was
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even with the sand surface. The sand inside the tube was
removed until the top line of the measured section was
reached. The surface was leveled and the sand excavated until
the bottom reference line was reached. The surface was

again leveled and the sand removed from the 3.5-inch section
was weighed and the density computed. The volume of the

tube was measured and calculated and checked by the volume of
water required to fill the measured volume.

After completion of the sand filling, the loading
frame was swung into position and leveled prior to testing.
The bottom of the loading frame was found to be bent, thus
the base of the 400,000 pound Simplex ram did not fit evenly
across the frame. A layer of quick setting mortar, approxi-
mately one inch thick was placed between the ram and the
loading frame in order to spread the load evenly from the
loading frame to the ram. After several tests, the entire
loading frame was releveled and the mortar pad was removed
and replaced by a series of steel and brass spacers. The
ram and spacers were moved by trial and error until the model

load cell indicated no eccentric loading from the ram.
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APPENDIX D
PROPERTIES OF SAND USED IN PIER TESTS

The sand used for the model pier test was a medium
sand from the Chattahoochee River near Atlanta, Georgia. The
sand was sieved through a window screen (equivalent to 1.4 mm
openings). The sand was composed primarily of subangular
quartz particles with mica particles. A grain size curve of
the sand is shown in Figure 35. The maximum and minimum
densities of this sand were found using standard procedures.
These values agreed with those found by Vesic [52] and are
listed, along with porosity and void ratio, in Table 17.

The specific gravity was determined using ASTM
procedure DB54-52 and is given in Table 17.

The average water content was 0.1l percent determined
from moisture contents at several levels in the pit.

Shear strength properties were deterﬁined by standard
triaxial tests [52]). The values of ¢ and ¢ are given for

average relative densities of 65 and 75 percent in Table 17.
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Table 17. Properties of Chattahocochee River Sand

Density Dry Unit Weight Void Ratio Porosity
(pcf)

e n
Maximum 7950 1.10 52.4%
Minimum 102.5 0.615 38,1
Specific gravity--Average (three tests)--2.63

¢ c
Relative density 65% 38°12" 0
Relative density 75% 42°54" 0
Smooth Concrete:
Relative density 65% = 30°25'
Rough Concrete:
Relative density: 65% = 38°l2"

Y equals coefficient of friction between sand and

concrete.
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APPENDIX E

INSTRUMENTATION IN PIER

Each instrumentation system will be described in the

subsections of this Appendix.

Electric Strain Gages on the Reinforcing Steel

The electric strain gages placed on the reinforcing
steel were SR-4 universal type 40. These gages are paper
backed, Constantan wire gages, with a 0.4-inch gage length,
120 ohm resistance, and a gage factor of 2.08. The gages
were placed at four levels along the pier shaft--1.67 feet,
6.17 feet, 10.17 feet and 14.67 feet below the top.

Six strain gages were placed at each level, on alternate
bars, with two gages on each bar, one on the inside and one
on the outside. Each gage was wired separately to the
switching box so that any bending moment in a particular bar
could be sensed. Also, if one gage was defective, the strain
on the bar would not be completely undetected. The bars were
spaced at 120 degrees around the pier circumference.

The gages were bonded to the reinforcing bars using a
two-part epoxy, BLH EPY-150, and cured at room temperature for
24 hours. Solder tabs were also epoxyed to the reinforcing
steel at the ends of the gages. The EPY-150 epoxy was

recommended for use by the manufacturer as a stable, long
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lasting epoxy which would withstand the temperature and
moisture variations during construction and testing of the
pier.

The deformations on the reinforcing steel were filed
off over an area large enough for the strain gages and solder
tabs to be epoxyed down. The surface was then smoothed with
emery cloth and cleaned with an acid based cleanser and
neutralizer. The gage and tabs were epoxyed and allowed to
cure. The lead wires and wires from the strain gages were
soldered to the tabs and waterproofed with Micro Measurements
M-Coat C, a rubber based waterproofing agent. After allowing
to cure, a one-inch wide strip of "Barrier E", a waterproofing
material manufactured by BLH Electronics, Inc., was placed
on the gage and lead wires to insure waterproofing and
protection from any physical damage. The "Barrier E" consists
of a rubber sheet with a layer of soft gummy rubber material
approximately 0.125 inches thick which can be applied to the
gages and compressed around the wires and gage providing
positive physical protection as well as moisture protection.
After both gages on each bar were completed, electrical
insulating tape was wrapped around the gages. The lead wires
were numbered and taped at intervals up the length of the
reinforcing steel to the top. Figures 36 and 37 are photo-
graphs of the reinforcing steel cage with the gages attached
and a close up of the gages. The method of waterproofing

proved to work gquite well with only three gages rendered
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Figure 36. Reinforcing Steel and "Sleek Tube" Form

Figure 37. Close Up of Strain Gage Protection
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inoperative due to moisture during the testing phase.

After completion of the pier construction, the strain
gages were attached to a Baldwin 20-channel switching box
which read the gages individually with a compensating gage
wired to the other leg of the strain box bridge. The compen-
sating gage was attached to a six-inch length of reinforcing
steel, waterproofed and cast in a cylindrical concrete
specimen six inches in diameter and twelve inches long, and

placed in the sand pit adjacent to the pier.

Electric Strain Gages on the Concrete

The strain gages placed on the exterior of the pier
were SR-4, Type A-9. These gages are paper backed, Constantan
wire with a gage length of six inches, 300 ohms resistance
and a gage factor of 2.12. The gages were placed at three
levels along the pier shaft--3.83 feet, 8.50 feet and 13.17
feet from the pier top. These gages were placed at approxi-
mately the same level as the Carlson meters in order to compare
the load results from each. Three gages were placed at each
level 120 degrees apart and in the same radial orientation as
the strain gages on the reinforcing steel.

The concrete surface on which the gages were to be
placed was carefully examined to insure that no cracks were
present. The gages were placed close to the cold joints that
occurred where each Carlson meter was placed. The surface was

wire brushed and cleaned of all loose debris. The gages were
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bonded to the concrete with an industrial two part epoxy.

They were held to the pier with a piece of Teflon along the
length of the gage held in place by elastic tape wrapped
around the circumference of the pier. The gages were allowed
to cure for 24 hours and then a coating, approximately
one-eighth inch thick, of the same epoxy was applied to the
entire gage to protect the gage from moisture and the abrasive
action of the sand. The lead wires for each gage were soldered
with three inches of wire taped to the pier at each gage such
that verticalmmovement of the pier would not break the
soldered connection. The lead wires were run out horizontally
from each gage when sand was placed up to the gage level and
the wires were then taped up the side of the test pit. The
gages were connected to a ten-channel Budd switching box,

so each one could be read separately. A compensating gage

was epoxyed on the outer surface of the same six-inch by
twelve-inch concrete cylinder used for the compensating gage

for the steel strain gages.

Linear Variable Differential Transformers (LVDT)

The two LVDT's used for sensing bottom movement were
G. L. Collins Model 8S-207 attached to the hydraulic ram and
connected in series to a Sorenson Model CRD 60-5130-1 power
supply and a NLS digital voltmeter Series MX-3. The voltage
required for these LVDT's is 24 VDC. The connecting wires

were placed in a six foot length of six-inch diameter PVC
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running from the center of the pier to the edge where a
vertical access port-to the pier base allowed the wires to
be run up to the top of the test pit. The Model SS-207 has
a linear range of +1.00 inch from the null position. The
LVDT's were mounted such that approximately 1.5 inches of
downward travel of the tip could be measured. The LVDT's
were calibrated in series using two specially adapted .0001
inch micrometers and with the same power supply and digital
voltmeter used during the tests. After calibrating with the
micrometers, the LVDT's were attached to the hydraulic ram
and placed in the Riehle testing machine. The ram was held
at a constant height by monitoring the LVDT signal on the
digital voltmeter. The exact position of the ram head could
be held within +0.0005 inches. The calibration curve is

shown in Figure 38.

Hydraulic Ram

The hydraulic ram placed at the tip of the pier was a
Simplex Jenny Model No. 1003A, 200,000 pound capacity hydraulic
ram. The travel distance for the ram was 3.25 inches which
was considered sufficient for tip movement of the pier. The
bottom of the test pit was not level, and a level base was
constructed. A three-foot by four-foot concrete pad was
placed in the center of the pit, with two steel wide flange
beams, eight inches in depth, cast into the pad and carefully

leveled. A one-inch steel plate was bolted to the top of the
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wide flange beams and the hydraulic ram was centered by means
of a plumb bob from the top of the pit. After centering and
leveling the ram, three small steel blocks were tack welded
around the ram base to hold it in the center of the plate.
The ram supported a series of welded circular plates, the
largest being the diameter of the pier which supported the
pier tip, as can be seen from Figure 39. The ram was
connected by 10,000 psi reinforced high pressure hose to a
pressure sensing and generating device constructed at the
Georgia Institute of Technology. The pressure sensors are
calibrated Bourdon pressure gages of varying ranges up to
10,000 psi. The pressure is generated by air pressure supplied
to an air hydraulic pressure pump with valving arrangements
which allow two positive displacement pistons to be included
in the pressure line such that the hydraulic pressure can be
monitored and regulated to within 10 psi. A picture of the
hydraulic pressure device is included in Figure 8.

After completion of the calibration of the ram and
LVDT's, they were placed in the pit, leveled and centered.
The hose and all the wires were connected and fed through the
protective PVC tubing to the access port and up to the top of
the test pit. Prior to placing the sand, the ram was encased
with a cylindrical sheet metal casing to protect the ram and
LVDT's from the sand.

The loading at the top of the pier was done by a 40,000
pound capacity hydraulic Simplex ram which reacted against a

steel reaction frame. The ram was calibrated in the Riehle
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Figure 39. View of Bottom Ram, LVDT's,
and Supporting Blocks
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testing machine prior to being used in the test. The ram
applied the load through the model load cell and several
steel spreader plates to the top of the pier. The plates,
load cell, and ram were leveled and centered individually on
the pier top. The model load cell could sense any eccentric

loading applied to the pier.

Deflection Gages

The pier deflection was measured by several .0001
inch micrometer dial gages mounted on three sides of the
pier. The dial gages were attached to a cross beam resting
on the outer edge of the test pit and free from any movement
due to locading of the pier. The gages reacted against aluminum
clips epoxyed to the pier at 90 degree intervals around the
pier. Three gages were used to monitor the pier movement,

Four other gages were mounted on an additional support
beam and measured the deflectiocn of the sand surface one foot
and one and one-half feet from the pier at 90 degree intervals.

Figure 7 gives a view of these gages.

Carlson Stress Meters

The description, calibration and preliminary testing of
these meters is included in Appendix F. The meters were
placed at three levels in the concrete pier, and the instal-
lation was done in accordance with the manufacturer's
recommendations. These recommendations require that the

meters be placed against a previously hardened concrete



150

surface. To accomplish this, a 12-inch by 12-inch opening
was cut in the pier form at each level where the Carlson
meters were to be placed. After reaching the level for the
first meter, the pour was stopped and the concrete was
allowed to cure for several days. After hardening, the meter
was placed in the center of the pier according to the
manufacturer's recommendations and the next level of concrete
was placed.

The placement of the meters was difficult due to the
small amount of clearance between the reinforcing steel and
the outer diameter of the Carlson meter. The rubber gasket
material around the Carlson meter edge was trimmed off in
order to fit the meter into the center of the pier. The
rubber gasket and metal edge of some of the meters actually
touched the vertical reinforcing steel.

The cables from the cells were attached to the rein-
forcing steel and brought out through the side of the pier
at the top. After completing the pier, all the cells were
checked and the resistance readings were correct. The results
of the tests are indicated in Appendix F with a sample form

indicating the application of temperature corrections.
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APPENDIX F
CONCRETE MIX DESIGN FOR PIER

The mix design was based on a 28-day strength of
5,000 psi. The minimum recommended is 3,000 psi [38].

The maximum water-cement ratio for the probable
exposure conditions is 0.5 [63]. The design slump was a
minimum of six inches as recommended by O'Neill and Reese [38].
This high slump is recommended to make sure that the concrete
is free flowing enough to fill all the voids in the pier
cavity as the casing is removed. Since this slump is used
in the field, the model was designed also based on this
criterion.

The following quantities were used to determine the
mix design by absolute volume:

Non-Air Entrained Concrete:

Water/cement Ratio 0.50

Maximum Aggregate Size 0.75 inch
Air Content 2.0 percent
Slump 6 inches

Fineness Modulus of Fine Aggregate 1.98
Fine Aggregate Specific Gravity 2.64
Coarse Aggregate Specific Gravity 2.63

Dry Rodded Density of Coarse
Aggregate 96 PCF
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The trial mix design based on the above quantities:

Cement 360 pounds
Water 720 pounds
Fine Aggregate 990 pounds
Coarse Aggregate 1,800 pounds

After mixing a trial batch, the above quantities were
found suitable.
The typical batch weights for one of the pours:

Volume No. 4 (7.00 cubic feet):

Cement 93 pounds
Water 186 pounds
Fine Aggregate 255 pounds
Coarse Aggregate 467 pounds

The total batch weight was limited to a maximum of
500 pounds. The mixer operated with the most efficiency at
this level. Table 18 gives the water-cement ratio and slump
for each batch and volume. Since Type 1A Portland cement
was used for Volumes 2-4, the mix design was adjusted to
account for the air-entraining cement.

The concrete samples were cured in a moisture room for
28 days and comprehensive strength tests were conducted on
cylinders from each of the four volumes. The results are
shown in Table 19.

The tangent modulus of elasticity was measured for the
stress range from 0 to 1,000 psi which was the stress range

for the pier. The values are given in Table 19. The



Table 18.

Slump, Water-Cement Ratio and Number
of Samples for Concrete Pier
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Volume 1 (5.00

Batch 1
Batch 2

Volume 2 (8.50

Batch 1
Batch 2
Batch 3

Volume 3 (8.50

Batch 1
Batch 2
Batch 3

Volume 4 (7.00

Batch 1
Batch 2
Batch 3

cubic feet)

Number of Samples

Slump (6 inch x 12 inch
(inches) W/C Ratio cylinders)

5 0.48

7 0.51 2

cubic feet) - Type 1A Cement

6 0.53
7 0.55
0.54

cubic feet) - Type 1A Cement

0.53
0.55
0.58

cubic feet)

. 0.50
4.5 0.50
0.47




deflection of the cylinders was measured by a mechanical

lever system using .001 inch micrometer dial gages.

Table 109.

Twenty-Eight Day Compressive Strength

of Concrete Cylinders
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Cylinder-Volume Failure Stress Modulus of

Number (psi) Elasticity
(psi)

1 6050 2.86 x 10°

2 5990 2.78 x 10°

3 5300 3.33 % 10°

4 5170 2.63 x 10°
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APPENDIX G
CARLSON STRESS METERS

These meters have been used extensively in concrete
dams and large structures to measure both the vertical and
horizontal stresses in large masses of concrete with good
results [41]. The meter consists of a plate shaped device
7.25 inches in diameter and 0.5-inches thick as shown in
Figure 40. One side of the plate is a flexible diaphragm
with a mercury filled chamber. A cylinder protruding from
one side of the plate contains a small elastic wire strain
meter which senses changes in the mercury pressure. The
range of the PC-800 meter is 0-800 psi and the sensitivity
is five psi [12]. The change in stress is indicated by the
resistance ratio measured by a sensitive decade resistance
meter also supplied by the manufacturer of the meters.

The installation instructions [l11l] indicate that the
meter cannot be placed in a mass of fresh concrete and be
expected to suitably measure vertical stresses because, as the
concrete cures, water migrating upward through the concrete
collects on the underside of the meter. This collection of
water underneath the meter creates an imperfect contact
between the meter and concrete resulting in considerable

under registration of the applied stress. The recommended
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(wires not shown)
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Figure 40. Carlson Stress Meter
(After Carlson [12])
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procedure is to place the back of the meter against a previously
hardened mass of concrete.

The meters were to be placed at the third points of the
pier; 2.5 feet, 7.5 feet and 12.5 feet and in the center to
measure the vertical stress, Originally, the meters were to
be placed in the mass concrete. However, since it was likely
that water would collect under the meter, an alternate method
of placement was investigated. In order to prevent the
accumulation of water under the meter, a cone of concrete
was precast around the bottom of the meter and the stem as
shown in Figure 41. Water migrating upward through the concrete
mass would be deflected around the meter without collecting
underneath the cell. A cone was precast on one of the meters,
and to verify that this method would work, the meter and
cylinder were cast in a twelve inch diameter cylinder, twenty-
four inches long. The cylinder was cured for twenty-one days
and then placed in a loading machine and tested. The meter
under registered the applied stresses as much as 50 percent.
The meter was removed from the cylinder and void spaces were
found both below the cone and on the diaphragm face. The
cone was removed from the meter and the recommended method of
placement [11l] on a previously hardened surface was tested.

A twelve inch diameter cylinder twelve inches long had been
previously cast and cured. The Carlson meter was placed on
this hardened surface with a small amount of paste below the

diaphragm and twenty-four inches of concrete was placed above
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Figure 41. Carlson Stress Meters With and
Without Concrete Cone
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the meter. After curing, the 36-inch long cylinder was
loaded and the stress levels indicated by the Carlson meter
were within ten percent of those applied. As a result, the
pier was cast in three separate sections in order to insure
proper placement of the Carlson meters. Following the
recommended procedure for the placement of the meters was
considered to be of more importance than the effect of the
construction joints in the pier.

The cable attached to the meters was a three conductor,
16 gage type 50 cable recommended by the cell manufacturer.
The three wires were soldered to the correct terminals and
coated with MM waterproofing agent. The space around the
wires was filled with Presstite permagum waterproofing agent
and the protective casing was placed over the wires. The
meters were each checked for the correct resistance and
resistance ratio prior to placing in the pier. The meter
resistance and resistance ratio was checked after casting

the pier and was found to be unchanged.

Carlson Meter Readings

The results of the Carlson meters have been discussed
in Chapter VIII. This portion of the Appendix is included
to indicate the computations and corrections required to
determine the stress. Also included are the typical results

from one of the tests.

The calibration constant for stress as supplied by the
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manufacturer must be corrected for the extra resistance

added by the conductor cable. The equation for the correction

is as follows:

ct = ¢ + Y C (0.89) (35)
R
C' = New calibration constant
C = Calibration constant supplied by manufacturer
Y = Resistance of a pair of conductor cables
R = Meter resistance at 0°F.

This resistance for the additional cable was 0.28 ohms
for all three meters. The original calibrations and the

corrected calibrations were:

Meter No. Original Calibration Corrected Calibration
125 5«23 5.40
126 g K 5.36
127 85,23 5.40

A temperature correction is also required each time
the meter is read. This correction is usually small and is

deducted from the final stress. The correction is as follows:

6

T.C. = -[(80T/D + 6.7)10 ° - K]EF (36)

D = Thickness of stress meter

T = Thickness of mercury film

K = Coefficient of thermal expansion of concrete

E = Sustained modulus of elasticity of the concrete
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F = Dependence factor of the stress meter (usually 0.07).
This correction was evaluated and applied to each

reading for the stress meter.

Table 20 gives the results of the Carlson stress

meters for Test 4.

Calibration Test

Prior to placing the meters in the model pier, one of
the meters was cast in a concrete cylinder, twelve inches
in diameter and twenty-four inches high. The meter was
placed according to the manufacturer's recommendations. The
cylinder was cured and loaded in a calibrated testing

machine. The results are shown in Table 21.



Table 20. Results of Carlson Stress Meter for Test 4,
Meter No. 127 (Middle of Pier)

Applied Measured Temperature ﬁg:gii:gd
Stress Temperature Resistance Resistance Stress Correction e
(psi) (°F) Ratio Ratio (psi) (psi) :

(psi)

0 64.5 109.94 0 0 - 0
92 104.58 (.36 195 4 199
196 104.11 0.83 448 - 452
292 103.82 l.02 550 4 554
386 103.59 135 729 4 733
485 103,32 1.62 875 4 879
541 103.18 Ysdb 950 4 954

As can be seen from an inspection of the table, the measured stresses are much
higher than the actual applied stresses throughout the test. This difference was

noted in all the tests with all the Carlson meters.

£91%
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Table 21. Calibration Test of Carlson Meter

Applied Stress Measured Stress Percentage
(psi) (psi) Difference

(%)

0 0 0

50 54 8.0

200 196 2,0

400 372 7.0

500 470 6.0
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APPENDIX H

SAMPLE CALCULATION FOR SKIN FRICTION

The following sample calculations are presented to
indicate the steps involved in predicting the skin friction.

Test 2

The following data was generated from the direct

shear test (smooth concrete):

¥ = 30°25"
TanY = 0.5871 Rf
— = 1,47 37 )
R, = 0.87 matig
Yy = 92.8
Using an average value of K = 0.35.
Determining Ei:
Section Depth Lateral Stress (o,) E. 1/E,
(ft) (psi) - = *
(pci) (1/pci)
i 0.9 0.202 107 0.0093
2 Bipd 0.61 221 0.0045
3 4:5 1.01 320 0.0031
4 6.3 1.42 390 0.00256
5 8.1 1.83 457 0.00219
6 9.9 2.24 525 0.00190
7 11.7 2.64 582 0.00172
8 13.5 3.04 640 0.00156



Table 22. Tabular Calculation of Skin Friction
for Test 2 (Deflection Data Determined
from Test 2)

*

_ l/Ei 1:475 1.475/0h (Sum) 5/sgm2 Skin Friction

Section (in) (1/pei) (in) (in3/lb) l/Ei + l.476/0h (1b/in”) (1bs)

1 0.0551 0.0093 0.0810 0.400 0.409 0.135 147

2 «+O515 .0045 + 0757 .124 v .29 .401 435

3 .0480 .0031 .0706 .070 .073 657 714

- .0444 .00256 .0653 .046 .0486 T b i i 989

5 .0409 .00219 .0601 .0329 <0351 L.16 1,265

6 D373 .00190 .0548 .0245 .0264 1.41 1531

7 0337 ~00L72 . 0495 .0187 .0204 1.65 L; 792

8 .0302 .00156 .0444 .0146 .0162 L.87 2,031

8,904 pounds

Il

*
Skin Friction §/sum (area)

Section area = 1,086 in2

S91
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