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PILES BY DRIVING AND PUSHING IN THE CENTRIFUGE
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€lastic wave propagation and the practical aspects of pile driving
are discussed to develop an understanding of which aspects of pile driv-
ing must be modeled most precisely in the centrifuge. The scaling laws
are developed. Design and construction of a 5 g-ton (110 g) centrifuge
are presented. Construction details of the model pile placement device
are discussed. The placement device has the capability of driving indi-
vidual piles and can model the energy input of any single acting pile
driver. The placement deviée can also push individual and group piles
through the application of up to 1.5 million scale pounds. Static load
tests can be conducted with the device. All computer software necessary
for the driving, pushing, and load testing of model piles is outlined.
Discussion includes all related software for model pile calibration

(strain gage response to loading) and load test interpretation (deBeer
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metsoadi. 4 metaog of strain Jaging the model pilaes is nrasented. A
sas% series is conductad at 69.3 and 86.0 g's invelving the pushing of
individuai, group of four, and group of five model piles based on a 35-
‘oot long orototype pile {group) driven 30 feet into saturiated fill.

A1l model tests are conducted on dry granular soil with relative density
varving between 45% and 70%. All models are locad tested with several
heing subjected to tensile pullout tests. Individual model piles are
driven permitting the comparison between the load-bearing capacity of
drive and oushed models.

The piacement device is shown to be precise and accurata in the
measurenent of pile displacement and resistance to penetratfon. Oriven
individual model piles are found to have lower initial loading moduli
but similar uitimate capacity to those of the pushed models.

Differences are attributed to disturbance of the model during placement
of Toad ¢ell on the model butt prior to load testing. Bearing capacity
of the model pile tips are not altered by scale effects; however, skin
friction on the sidewalls decreases exponentially as test g level is
increased. The model grco:p piles demonstrate an efficiency of 1.17 with
a group efficiency of 1.0 being considered conservative for group models

placed in granular soils.
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[NTRODUCTICN
1.1 General

Piles have been used to provide for a suitable foundation for man-
made structures for over 12,000 years. Their suitability as a founda-
tion has been left to chance, sometimes inferred from empirical rela-
tionships, less often determined by some fairly scientific method
relying on known soil properties, and, least of all, determined by full-
scale on-site testing. These approaches nave led to outright failure,
unacceptable performance, or overconservative design of many of the.
successful pile foundations. While full scale testing may provide the
most accurate information regarding pile performance at the construction
site, it is undeniably the most expensive and time consuming method.
Additionally, only a limited number and type of tests can be performed
on the prototype.

The mechanisms of soil behavior are still subject to interpretation
as evidenced by the wide variety of pile capacity prediction techniques
available. Furthermore, the variability of soil deposits limits the
accuracy with which capacities can be predicted. The nonstandardization
of some sampling techniques and their interpretation contributes to the
uncertainty and sometimes leads to errors in the determination of the
properties on which capacity predictions are based. Lastly, there is a
lack of sufficient data regarding the performance of pile foundations

and the properties of the soil on which they are founded. The high cost
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of obtaining such information and the few sitas suited to provide userul
results are limiting factors (Harrison, 1983},

Geotechnical engineers rely on theoretical and empirical relation-
shios to aid in the design of pile foundations. Using these relation-
snips requires an accurate knowledge of subsoil conditions. This know-
ledge is becoming more readily available from increasingly accurate in
situ testing; however, the in situ soil properties can change dramati-
cally as a result of placement of the foundation.

Researchers nave made use of prototype data, but the Tack of infor-
mation has made the investigation of models attractive. Initial inves-
tigations involved pile performance using miniature models in a one-
gravity environment. These efforts have been expanded to include the
investigation of scale model pile performance in a high gravity environ-
ment. This high gravity environment is most frequently generated by the
use of a centrifuge. Recent developments in small-scale testing present
several alternatives to the problems described above. Piles as small as
1/100 the size of the prototype have successfully been tested in high
gravity environments which reproduce the same unit stresses at equiva-
lent locations in the model as are experienced by the prototype. Fur-
thermore, various in situ tests are being adapted for use in the centri-
fuge through innovative research. This combination of modeling and the
ability to characterize the soil adjacent to the model permits the
engineer to conduct parametric studies revealing more about how changing
soil properties affect the bearing capacity, deformation, and load
transfer mechanism of piles subjected to static loads.

Several significant aspects must be considered for one to attempt

strict modeling of pile performance at a reduced scale. First, scaling

—————— ]
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TawWs must oe ZJaveloped allowing tne engineer to construct a model wnich
will react doth 4ynamicaliy and statically to a scale ioad as would the
prototype. The scaling laws, basad on similitude, are needed both for
the design of the model and intarpnretation of the model response. Sec-
ond, strict modeling of piles requires that a dynamic piie driver be de-
veloped to ensure the piles are niaced in the same way as in the proto-
tyne, This stipulation lessens the current need to infer results from
Toad tests on piles that have been inserted statically (pushed) rather
than driven. Lastly, a methoa must be developed to measure the load
transfer from the piie to the soil during placement as well as Tloading.
The ability to pefform the aforementioned tasks will permit nara-
metric studies of a variety of pile types over a wide range of soil
conditions. This is very advantageous as the soil conditions of the
prototype are quite often impossible to reproduce exactly in the rodel.
Furthermore, a large number of tests can be conducted at an insignifi-
cant cost when compared to prototype testing. Interaction between the
individual pites of a group and group response can also be studied.
This report documents the development and testing of the equipment
designed to accomplish the aforementioned goals. The results of all
tests conducted in association with the development of the model pile

placement device will be presented.

1.2 Objectives

The objectives of this research program are as follows:
1) To design and build a device capable of driving and load testing
model piles (groups) in-flight in the artificially high gravity

environment generated in a centrifuge. The device must also be
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cananie oF Jushing medel oiias {qroups) into piacs and iocad tasting
the 2112 r3roun) after 2liacament.

To develop the computer software necessary to control the pile
Jlacesment levice.

To instrument the model pilas {groups) and develop the means of
measuring butt deflection and residual stress development in the
model subjected to static loading at design gravity level,

To drive or push model piles {groups) into homogeneous, dry,
granular soils and compare the differences, if any, between static
capacity, residual stress development during placement, and load
shedding to-the soil during subsequent loading.

To discern the effects of various gravity levels on the accuracy of
the model by conducting tests on scale models at 69.8, and 36.0
gravities. The validity of the scaling laws used evaluated in this
manner and possible effects on the contribution of relative grain
size to the modeled capacity are explored.

To determine the feasibility of using the device to predict proto-

type pile capacity by modeling a well-instrumented pile group.

1.3 Scope of Work

The wave equation used in the development of pile stress, strain,

and particle velocity magnitudes during driving is presented. The

theoretical effects of variation of hammer and pile configurations are

explored. The practical aspects of pile driving are presented to foster

an understanding of the system parameters which must be most closely

modeled. Scaling relationships are developed permitting the determina-

tion of performance capabilities of the placement/loading device.
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A compiete pile placement (hotn dariving and oushing) and 1oading
“ayicae and issociated computer controi hardwareg/software system are
designed, ouilt, and testad. Data measurement, recording, and presen-
tation techniques are developed. A "gravity-ievel independent” means of
tasting and data capture is employed to permit the use of tnis device
for testing of a variety of scale models.

odel piles (groups) are driven and pushed in the range of 70 to 90
gravities and subsequently loaded statically. Static resistance devel-
oped versus deflection of the butt (cap) is measured and ultimate
capacity is recorded. The validity of the scaling relationships is

verified.

1.4 Review of Previous Research

Two major areas of interest exist in the centrifugal modeling of
p11és and pile groups. First, the centrifuge must be shown to be a
valid tool for use in the modeling process. Second, the technical
aspects of building, placing, and testing the models must be understood.
Tne earliest pile model studies involved placement and load testing of
miniature piles at one gravity. Results from these studies indicated
the need to recreate stresses at the model pile-soil interface that were
similar to the stresses experienced by the prototype. This is most
easily accomplished in a centrifuge. Initial centrifuge studies were
concerned with the placement of model piles at one gravity with subse-
quent load tests being conducted at the design test gravity Tevel.
Several research efforts have since been conducted regarding the in-

flight placement of model piles with subsequent load tests.




Zarly tests conducted on miniature niies in the inited States,
dWhitaker (138570, Saffarv and Tate (1961;, and Sowers et al. {1931},
srovided only qualitative results and a cursory understanding of pile-
group load factors. Model piles for these tests were typically nine to
twelive inches long, pushed into the tests specimen, and loaded incre-
mentally to failure. Results of these tests could not be directly
related to prototype performance using available scaling laws (Rocha,
1957) because the unit stresses at the tip and along the side walls of
the piles were not being reproduced. Additionally, the previously
stated irreqularities inherent in soil deposits made modeling of proto-
type soils infeasible. Scott (1977) conducted tests on model piles
oushed into a silt at one gravity and Tateraily loaded after being
accelerated to 50-70 g's. Results were reproducible and internally
consistent in the sense that stiffer soils resulted in a model with
greater resistance to lateral displacement. However, no prototype was
available for comparison. Similitude and the use of scaling laws was
not verified. Most significantly, this research demonstrated the
feasibility of conducting load tests on minjature piles in the centri-
fuge. Hougnon (1980) demonstrated similitude by modeling the response
of individual and group tapered wooden piles subjected to axial and
lateral loads. The wooden piles, 0.2 in. in diameter, were tested at 70
g's. The models were scaled to represent the prototype wooden piles
driven 35 feet into the ground at Lock and Dam #26, near Alton, I11i-
nois. Problems associated with the development of a functional loading
device limited the applicability of the results. Furthermore, the five-
unique soil layers of the prototype were replaced in the model by a

homogeneous, uniform specimen supposedly having strength characteristics




5imilar to the average strength characteristics aof the orototyne. OPro-
ylams associated witn <he aresaration of uniform soil soecimens limited
the applicability of the results; however, useful data was obtained con-
carning the qualitative effacts of pile taper and soil density on %the
capacity of the modeil piles. Centrifugal tests investigating the axial
capacity of modeled steel cylindrical piles, Ryan (1983), iUnited States
Denartment of Transportation/Federal Hdighway Administration [USOOT/FHUA,
1984c), and Millan (1985), refined the techniques associated with 2ile
nlacement and data retrieval. Results of those studies further esta-
5lished the centrifuge as a valid tool for use in the investigation of
arototyne pile capacities. Problems associated with the construction of
model piles, application of scale loads, and measurement of resuiting
displacements will now be discussed.

Model piles used in the investigation of prototyne response to
axial loading have progressed from relatively crude noninstrumented
cylindrical tubes, Whitaker (1957), and Saffery and Tate (1961), to
fairly complex machined aluminum tubes of scale proportions and instru-
mentad to measure stresses and strains at various depths while being
statically loaded in the centrifuge, (USDOT/FHWA, 1984a, 1984b, 1984c;
Millan, 1985). That progression will now be outlined.

Although Scott (1977) has been credited with conducting some of the_
eérliest centrifugal pile capacity tasts in the United States, Hougnon
(1980) is among the first to attempt verification of scaling laws.
Models were miniature (1/70th scale) replicas of tapered wooden piles
and were constructed of wood with strength properties similar to those

of the prototype. The models were not individually instrumented to
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measdr2 siresses fevaigcoec wriag ioacing. Rather, Tne 2112 was :daced
using 2 avarauiic cylindar with dispiacement being neasurea 5y 3 liiear
variapla differential transtormer (LYDT). This tacnnigue orovized

information regarding butt deflection versus appliied ioad obut 4itficui-
ties in modeling the prototype soil conditions mace comparison of Tne r
model response with the prototype inappropriate.

Harrison (1983} pioneered a technigue whicn subsegquently became the

standard for the manufacture of model piles. His method consistad of
removing nhalf of an aluminum tube exposing the inside which then per-
mitted the placement of strain gages along the shaft. Two halves with
appasing strain gages were then 3lied together forming an instrumentad
mocei oile. Harrison tested models placed in granular soil at one gra-
vity and loaded after being accelerated to 30 g's, concluding the pre-
sence of the seam along the length of the model influenced both axial
and lateral response to loading. Significant departure from the proto-
tyoe response resulted from the model's splitting during placement (by
nydraulic cylinder) and loading. Harrison cited the smallness of ine
available gage sites on the inside of the model pile halves as the
Timiting factor in the use of the split-tube method of strain gage
application. Furthermore, he concluded the presence of the epoxied
seams, where the model halves were joined, influenced the model's
response to lateral loading to a greater extent than the response to
axial loading. Ryan (1983), Ko et al. (1984), and the USDOT/FHWA
(1984c), and Millan (1985) conducted further tests making models using
the split-tube technique.

Ryan (1983) conducted the preliminary work for Millan at the Uni-

versity of Florida. Ryan's work involved the construction, calibration,
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and areiiminary Zasting of J.2% inca outsice aiametar, five-incn long
3luminum Supes wnicn had five pairs 27 strain gJages instailad. The
Models wera not scaled down from a chosen prototype. Rather, tne one
size nile was to be tasted at 30, 45, and 60 g's. Significant diffi-
cuity was encountered in the construction of tne instrumentad model
piles. Strain gages which appeared to be properly installed 4id not
orovide accurate and reproducible readings. The epoxy used to glue =he
nalves together was found to stiffen with time precluding the determina-
tion of a repeatablie calibration curve. Rather, the piles had to be
calibrated before each test to determine model response to loading.
Lastly, the calibration of such models at one gravity witn the model
oeing unsupported over the five-inch Tength disclosed the susceptibility
of the moael to be influenced by stress concentrations at the butt and
tip. Some reduction in the variation in strain during static loading
was accomplished by the introduction of a Toad-eccentricity-reducing
support at the tip and butt during calibration. Strain gage readings
during in-flight testing were found to bSe adversely affected by the need
to transmit the strain gage response through the slip rings prior to
oridge circuit completion. Additionally, vibration and strain of the
gage leads was found to influence the accuracy of the readings obtained.
Ko et al, (1984) achieved greater success with the split tube
technique and tested model piles at 50 and 70 g's in granular soil.
Individual piles were pushed in either at one gravity or the appropriate
test gravity level and results of load tests conducted for both at the
test g-level compared. The relative accuracy of the results indicated
the need to both place and load test the model pile at the design test

g-level. Subsequent tests involved the insertion and loading of an




individual 21ie in one continuaous rlignt 27 tne centrifuge ana comparing
the Yoad test rasults with a model pila insarted during sne flight ang
Toaded after stopping and restarting tne centrifuge., The resudlts ingi-
cated that interrupting the insertion and loading cycle by stopping the
centrifuge had no significant affect on oile capacity. Xo zoncluded
that in granular soils similar to those tested, it is important to con-
duct both insertion and load testing at the aporopriate test gravity
level to ensure that self-weight soil stresses on the model are geome-
trically similar to those developed on the prototype. Results of this
study indicated the potential for studying nile groups by sequential
insertion of individual oiles and load testing after the piles had been
capped.

The FHWA tests were conducted in granular soils using instrumentaa
piles at 70 g's (split-tube method of strain gage installation) with
several noninstrumented piles being tested at 50 and 100 g's to verify
modeling of models. Specially manufactured miniature "coupons" were
inserted between the pile and nydraulic cylinder to measure the force
required to insert and load the piles. Deflection measurements were
taken by an LVDT attached directly to the pile butt. Strain gages were
placed in the tip and at the butt of the pile permitting separation of
tip capacity from the total force required to push and load the pile.
Side wall frictional forces were inferred by subtracting the measured
tip capacity from the total force required to push the pile. The strain
gages placed at uniform intervals along the shaft indicated the side
wall unit friction increased only slightly, but uniformly as the model
nile depth of penetration increased. Between 70% and 95% of the total

capacity was derived from the tip for the individual piles tested

:_




CUSONT/EANA, 1984a,. Tests oy the rAWA 1nvoiving tne insertion of
scgeis at Zest gravity lavaels, stooping the centrifuge, ang restarsing
sefore load testing, supoortad the findings of <o et al. It was con-
zluded that stopping %tne centrifuge had no affect on the subsequent
sertormance of the pile embedced in sand wnen tne ioad cest was con-
ductad at the appropriate g-level.

Millan (1985), using piles similar to those tested by Ryan, 2on-
ducted load tests in granular soils with the same size pile being tasted
at 30, 45, and 60 g's. The specimens were created by suspending the
model piles within the centrifuge bucket and raining soil into the con-
tainer. This was done tg avoid the potential damage to the model resul-
ting from pushing the pile in at the test g-level. HMillan scalea the
results at the three test g-levels to prototype capacity concluding
modeling of models was a valid means of verifying the scaling relation-
ships. Furthermore, the scaling relationships appeared to be valid as
pile capacities were within +20% of the predicted prototype capacity
using the capacity prediction method of Meyerhof (1976). Differences
between the actual and predicted capacities were attributed to the
instrumentation shortcomings outlined by Ryan and the method of
nlacement of the model.

Harrison (1983), Ko et al. (1984), and the USDOT/FHWA (1984c), and
Millan (1985) all recognized the sensitivity of ultimate model pile
capacity to changes in the relative density of the granular soil
specimen. The increase in bearing capacity resulting from an increase
in the relative density of the specimen was noted regardless of the
method of placement of the pile in the soil as long as the model

capacity was measured at the appropriate test gravity level. Ryan




{12327 and ', an (1285, mention the impracticaiity of craating a
specimen witn the axact values of prototyne reiative idensity and
coefficient of friction as limiting factors in tne use of centrifugal
models for the prediction of specific prototype pile {(group) capaci-
ties. The use 9T parametric studies over a suitaoie range of 5011
conditions is suggested. The variability of naturally occurring soil
deposits further supports the need for parametric studies.

The insensitivity of ultimate model pile capacities to temporary
pauses in the rotation of the centrifuge makes the study of group piles
possible by the progressive insertion of individuai piles in the appro-
priate group pattern with subsequent capping prior to load tasting.
This technigue was used by Harrison (1983), Xo 2t al. (1934) and the
'JSDOT/FHWA (1984c). tach recognized the progressive increasa in
resistance to penetration of individual piles due to the presence of the
pile(s) which had already been placed. After all the piles had been
placed, the groups were capped by bolting a multipiece cap in place
which rested on and clamped around the individual butts. The inability
to model the proper connection between butt and cap has been perceived
to alter the results (Harrison, 1983). Tightening of the cap pieces
around the piles inevitably led to the exertion of a lateral load on
some or all of the piles. This resulted in improper or inefficient
transfer of axial load to the piles. Pile groups capped in this manner
were pushed between 6 and 12 scale inches further into the specimen
prior to load testing in order that proper seating could be assumed.
The desired reduction in Tateral forces has not been verified. Each
pile in the groups tested was inserted through a spacing template which

rested on the specimen surface, the intent being to ensure the piles




wera precisely spaced in ali tests of the same group configuriation.
Zxcavation of the soil from arcund the model group subsequent to loaa
testing was used to provide a quailitative input to the data obtained.

Ryan (1983) and Millan (1985) attempted to reduce the development
of lateral forces on the individual piles of a group by manutacturing a
one-piece cap and attaching the individual piles to the base of the can.
As mentioned previously, specimens were then c¢reated by raianing soil
around the suspended cap and piles. Millan reported relatively low
group efficiencies (less than 1.0) while the USDOT/FHWA, (1984a)
reported higher than expected group efficiencies (greater than 1.().

The author suggests tne lower efficiencies reported by !Millan are due to
the method of placement of the pile group and the higher efficiencies of
the FHWA may be attributed to the incomplete erasure of the lateral
stresses induced by placement of the multipiece cap. HMillan (1985)
reported scouring directly under the cap due to wind turbulence during
testing. The effect of the removal of soil from arcund the cap base was
not determined.

The most significant remaining variable in the study of pile capac-
ity using the centrifuge as a modeling tool is the degree o. realism
achieved by inserting the pile rather than driving as is normally done
with the prototype. Field piles are driven by a variety of weights
falling a specified distance to impart a certafn impact energy on the
pile butt. A wide variation is found in the means of imparting‘this
energy, for example, falling weights, single- and double-acting diesel
hammers, etc.

Researchers suggest the difference in method of model pile place-

ment may have a significant effect on the ultimate capacity of the
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model. The vartation nas seen attributed to the creation of stresses at
the oila=-s0il intarfaca wnich are dependent on the method of placement.
<o et al. (1384, p.167) cited the relative density and coefficient

of friction of the soil specimen "in the zone of disturbance of the
pile" as the controlling factors determining ultimate model pile capa-
city. Ryan (1983) and Millan (1985) noted that the soil properties at
the pile-soil interface may not bear any resemblance to the original
properties after placement of the pile and the degree of disturbance due
to the pile placement method may alter the ultimate capacity. The
difference between insertion of a model pile either prior to or during
acceleration of the specimen and driving of the model under the
influence of centrifugal acceleration is speculated to affect the type
and magnitude of soil disturbance and lateral stresses around the pile.

The installation of the pile by the steady jacking force

likely creatad a zone of disturbed soil adjacent to the

pile. The disturbance produced by the pile installation

probably affected the structure of the sand for a dis-

tance of approximately one diameter around the pile cir-

cumference as shown by Vesic (1977) for dense sand. The

method of pile installation, i.e., a steady jacking

force versus dynamic repeated blows, could affect the

nature and extent of soil disturbance.

(USDOT/FHWA, 1984c, p. 66)

Researchers agree the effect on pile behavior from different meth-
ods of nlacement should be investigated (Ko et al., 1984; USDOT/FHWA,
1984a, 1984c; Millan, 1985). Such an investigation requires the deve-
Topment of a device to dynamically drive the pile in the centrifuge
until the desired penetration is achieved. HModel load tests equivalent
to those performed on prototype individual and groups of model piles
could then be interpreted more closely in accordance with established

methods. Parametric studies of model piles driven in-flight may prove




)
i

=9 e 1 significant stan in the dectaramination of orototype piie {group!
canacities bv moaeling. Additionally, the ability %to drive model 2diles
in-flight will orovide a greater understanding of the sensitivity of

7ile oerformance to changes in soil oroperties at the pile-soil inter-

face,




CHAPTER 2
IMPACT SRIVING OF 2ILES, CAPACITY PREDICTION,
AND CAPACLITY VERIFICATION

2.1 Introduction

The transfer of enerqgy from hammer to pile during driving is a
complex occurrence involving elastic and inelastic deformations, energy
losses, nonhomogeneity in the soil medium, deformation and deformation
rate-dependent soil response, and transient phenomena, including soil
consolidation and dissipation of pore pressure (Holloway, 1975). Devel-
oping a mathematical model which incorporates all of the important
variables of the driving process is extremely complex as evidenced by
the computer programs which model wave propagation. Extending that
model to predict the capacity of the driven pile introduces yet another
order of complication. It is necessary to understand the concepts of
how individual events occur before an investigation of the complete
orocess can be conducted. Simplifying assumptions are necessary even ifb
the process is broken down into smaller events. This chapter will
present wave mechanics theory as it applies to impact driving, practical
considerations of that theory concerning the impact driving of piles,
and a discussion of how those forces result in the development of

residual stresses during driving.

16
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2.2 Pile Placement by I[mpact Driving

2.2.1 Elastic Wave Propagation in Solids

The initial assumption regarding the transfer of energy from the
hammer to the pile is that only one dimension (length) be considered in
the analysis. This assumption simplifies the proposed mechanism of
enerqgy transfer in that energy to the pile is transmitted in the form of
a planar wave. In other words, the planar cross sections of the hammer
and pile remain planar during the transmission of the strain pulse and
tne resulting stress over the section is uniform. These assumptions
permit the simplest of solutions, commonly referred to as the one-
dimensional wave equation, (Kolsky, 1963; Richart et al., 1970;
Palacios, 1977). That equation is expressed by the following partial
differential equation:

2 2
v a4 £q. 2-1

dt? dx?
where
u = displacement in the direction of the wave front

t = time

c = //—%— = longitudinal wave propagation velocity
x = distance along the rod

when
E = Young's Modulus of elasticity
p = Y/g = mass density
Y = unit weight

g = acceleration due to gravity

L
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The assumption that lateral inertial forces are negligible in the
derivation of the wave aquation implies the longitudinal wave must be
long with respect to the cross-sectional dimension of the transmitting
medium. Kolsky (1963} showed the wave equation to be valid when the
wave iengtn is at least rive times the diameter of the meaium {rod)
through whicn the wave is propagating. Tnhis condition is always met in
the practical situation of driving piles (Krapps, 1977).

The solution of the differential equation has the following form:

u = f(x +ct) +n(x - ct) Egq. 2-2

The letters f and h represent arbitrary functions such as sin w,
oWl atc., where w is either (x + ct) or (x - ct).

The general form of the arguments of Equation 2-2 indicates the x-t
plane is divided into regions of constant compression and velocity by
disturbance lines of constant slope. The slope of these lines is
defined as the characteristics. The left-hand term in the above equa-
tion (f{x + ct)) represents a wave traveling in the neqative x direction

with velocity c. The remaining term denotes the wave traveling in the

positive x direction with velocity c as shown below.

Let f(x +ct) =0

Therefore,

u = f(x - ct) £q. 2-3




ge of 2 nonattenuating 2iastic wave 15 depictead 1n ~igure

3
)]
(@)
Q)
wi
wi
oY)

Z-l. Siace 4 = s wnen t = T, and X = X., and aiso wnen T = £, ang

K = X tne rate of wave gropagation witn raspect to the x axis is as

shown below.

c = (x2 - xl)/(t2 - tl) £q. 2-4
Since

s = f(x, - ct,) = f(x2 - ctz) £q. 2-5
then (xl - ctl) = (x2 - ctz) £q. 2-6

Aith the understanding that t2 > t, and ¢ is constant, x, must be

1

greater than x, indicating the term h(x - ct) refers to the wave

1
traveling in the positive x direction. A similar manipulation of the
laft-hand term of Equation 2-2 indicates that term refers to the wave
traveling in the reverse direction.

dhen considered independently, each term represents a vaiid solu-
tion to the wave equation. When the terms are used together, a valid
solution is still obtained, indicating Equation 2-2 is a simpie partial
linear differential equation. The significance is that the separate
effects of the two solutions may be added together at any instant to
determine the net effect of the passage of the waves.

Kolsky (1963) and Richart et al. (1970) have shown that the speed,
¢, at which a stress wave pronaqates in a medium is dependent on the

material properties of the medium, namely, the Young's modulus of elas-

ticity and density of the medium.
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Figure 2-1

Propagation of an Elastic Wave




Severai other =2qually important wave parametars are dependent on
the magni<ude and Tyze of input wave. Particle velocity and stress iare
w0 such parameters wnich are dirzctly proportional <o one another,

A

Particle velocity (Vp; is the partial derivative of displacement with
respect to time. In a comprassion wave, the particle velocity and wave
oropagation are in the same direction. In tension waves, the particle
velocity is opposite the direction of wave propagation. The particla
velocity is always less than ¢ in the propagation of elastic waves.
“rapps {1377) and Richart et al. (1970) have shown the particle velocity

to be oroportional to longitudinal wave speed and stress, and inversaly

oropaortional to Young's modulus of elasticity as follows:
Vv, o= T % 3c £g. 2-8

Likewise, stress can be determined if the particle velocity is

xnown.

Since dynamic force (F) equals the stress times the cross-sectional

area of the medium,

pcA V Eq. 2-10

AE
F c Vp o
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The aroauct oc is refarred 12 as the "characteristic impedance’

bl

. z3nd i3 1enendent on e matarial properties of the meagium. A

scitar value or ‘mpedanca [Z) results when the characteristic impedance
is multiolied 5y the cross-sectional area of the medium. The impedance
of 2acn component in the nile driving systam affects the transfer of
energy from the hammer to the pile and thus the total amount of energy
available to the pile to Ye used for penetration. System impedance wil)
5e discussed following a brief summary of boundary condition limita-
tions.

The preceding presentation has been limited to the propagation of
alastic waves in a uniform, geometrically regular medium of infinite
lengtn. These assumptions were necassary to simpiify the solution of
the wave propagation equation and develop a general understanding of
this form of energy transfer. The necessity of driving piles of finite
Tength and using system components of complex geometry requires that the
haundary conditions and their effect on the dynamic system also be
understood. The influence of end conditions on the magnitude and stress
sense of the reflected wave will be considered before the effects of
system geometry.

The elastic wave discussed in previous examples propagates at a
constant velocity in a freely suspended geometrically uniform rod
without changing shape. Assume the wave reaches the boundary of the
medium (i.e., the end of a rod) and is reflected. If the end of the rod
is unsupported and free to vibrate in the direction of the propagating
wave, the incident stress wave is reflected from the free end with the
same magnitude but having the opposite stress sense. A compression wave

reflects as a tension wave and vice versa. The free end implies a zero




$T72S3 3Tata 3T htne aoundary 1S shown 1a figure Z2-27a,. The sonosise

s
.

3CZurs anen Tne wave imniages an 31 rixed ooundary fFigure 2-2°5)5.

113 sizuation, tne stress wave 1s refiected as a wave or 2c0ual magni-
tude and stiress sense. 1nis Causes the stress wave Lo double in magni-
*uae, eitner comprassive or tansile, at the fixed boundary. ‘lost orac-
tical apoiications of these two i1imiting 2oundary conditions require the
determination of intermediate boundary conditions based on ampirical

resylts.

2.2.2 Hammer-Pile Impact

The impedance of two bodies plays a significant role in the effi-
ciency of the transfer of enerqgy as one impacts the other. Consider tne
rammer-nila system depicted in rFigure 2-3. Thne variablas A and a r~fer
to the crass-sactional areas of the hammer and pile, L and 1 tg the
length of the hammer and pile, and V to the impact velocity of the
nammer. The contacting ends of the hammer and pile are assumed flat and
contact is made across the full cross-sectional area of the rod during
impact. Two initial assumptions are needed for this generalization to
be valid. The force in the nammer equals the force in the pile. Like-
wise, the velocities of the contacting hammer and pile faces are equal
while the two are in contact., Let 9, denote the stress in the hammer
and I, the pile stress. Regarding the initial assumption that the
forces in the hammer and pile are equal, the relationship between the
impedance of each and the stress in each is readily determined. Using

gEquation 2-10,

Force = Stress (Area) Eg. 2-11
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a) Refiection from Stress-Free End Rods
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b) Reflection From Fixed End Rods

Figure 2-2 Idealized Reflections of an Elastic Wave.
a) Reflection from Stress-Free End Rods;
b) Reflection from Fixed End Rods
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Figure 2-3 Idealized Hammer and Pile Before Impact




1

i
Q0
\

2

= 7 A s A
"973 po0 P 3h "0 N

~rom Zquation 2-10, the impedance of each component is ocA. Thus,
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The quantity termed the characteristic impedance ratio {r) is
derived by dividing the characteristic impedance of the struck body by

that of the striking body as presented below.

- Z - pD ‘5 AD cq oo
Tt T T P A =g. =
h Ph Sh “h
The characteristic impedance ratio is simply a function of the
areas of the hammer and pile if the two are made of the same material,
Consider the second assumption which requires the velocities of the

striking end of the hammer and the struck end of the pile to be equal.

Let V be the hammer velocity. Thus,

V-V

]

\ -
ho Ipo Eq. 2-15
when

Vho = the velocity with which the hammer face particles
are compressed backwards relative to the unstrained
portion of the hammer yet to recognize that impact
has occurred. The hammer velocity (V) is uniform.

uniform.
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= the veiocizy with wnich the pile butt narticias
are comprassed rz2lative to the uynstrained oortion
of the piie.

931acios ‘1977) solves Zauations 2-12, 2-14, and 2-1% “or Y, 2nd

0
V,O in terms of the nammer velocity and impedancz ratio.

r -
i = ( c D -
he = TF7) £3. 2-15

r
' = 3 c 2.17
/PO SEEE =q. emsd

Palacios continues his development of the impact basad on tne
findings of Fairhurst (1961):

As impact continues, the strained region in both mem-
bers extends away from the interface at the propaga-
tion velocity ¢ so that, at a given instant, the
strain wave has covered the same length of hammer and
rod (Figure [2-4b]). The particle velocity within
this region is constant at values Vho and Voo’ respec-

tively. lpon reaching the free end of the hammer af-
ter time t = L/c, the compression wave will bde reflec-
ted as an equal tension pulse which combines with and
cancels the outgoing compression wave, giving the par-
ticles a total velocity of 2Vho away from the inter-
face.

Thus, as the tension wave returns, the hammer is pro-
gressively released from strain, such that the abso-

lute spatial velocity (V1) of the unstrained portion

(Figure [2-4d]) is given by:

’ At the instant t = 2L/c that the reflected wave
reaches the hammer [pile] interface, no strain exists
in the hammer (Figure [2-4e]) and it is traveling with
uniform velocity, V.. The hammer velocity at the
interface is thus abruptly changed at time t = 2L/c as
V changes suddenly to Vl.

(Palacios, 1977, p. 46)
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Mechanism of Impact of a Cylindrical Hammer
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The cnange in nammer velacity from V to V, impiies new boundary
conditions 3ind the orocess is raseated using the new boundary conditions
for esach compieta cycle of compression and reflected tension wave tra-

versing the nammer. Palacios concludes

1 -ron
\ = [ 3 -
Jpn Jpo‘l T Eq. 2-19
when
2nL 2{n + 1) L
T<t < Eg. 2-20
Mote that V = / E 2-21
| T 00 T+ r g Z
Additionally,
= op. (R2Lyn £q. 2-22
Py Po \T+r q-
v
) = ocf .
{ote also that %, pc (3 r) Eq. 2-23

When the hammer and pile are made of the same material and have the

same cross-sectional area, r = 1 and

o1
abo = 5 pcV Eq. 2-24
The energy is thus transferred from the hammer to the pile in a
stepped waveform with the hammer decelerating incrementally and the pile

butt accelerating likewise. The hammer and butt separate when the




veiocity of %the butt excaeds that of the hammer. The energy transmi*tted
to “he 7ila is used productively for oenetriation and/or dissipated as
neat, vibration, etc. This separation typically occurs when the wave
reflactad from the pile-soil interface returns to the contact face.
Palacios concluded the theoretical maximum stress is uniform for the
duration of contact when the impedance ratio is 1.0. An incremental
decrease in the impedance ratio (with hammer mass and drop height held
constant) results in increasingly higher theoretical maximum stresses
acting over increasingly smaller time periods as shown in Figure 2-5.
The total time required for the complete transfer of hammer energy
increases as the impedance ratio decreases with total time required
being in excess of twice that which is necessary when the impedance
ratio equals 1.0.

2.2.3 Hammer-Pile-Soil Interaction

The preceeding discussion has been concerned with the propagation
of elastic waves which were not altered in their passage through a uni-
form medium. This situation is possible in an experimental setup but is
too limited for accurate representation of the transmission of energy
from hammer to pile. Several factors complicate the simple model pre-
sented thus far. Dispersion, interaction between the hammer, cushion,
and pile, and soil-pile interaction all affect the transmission of
energy. |

Dispersion results from two frequency dependent aspects of wave
propagation. Both wave velocity and amplitude attenuation occur more
rapidly for higher frequency waveforms. A waveform may appear uniform
over a short time; however, monitoring the progression over a suitable

distance reveals the composite waveform is made up of various high and
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low Trequency components. (ne aign fraguency components orocseg r2ia-
tively quickly zhrsuagn tne meaium 721lowed by the waveforms o7 succzaed-
inqly lower frequency components. It is aiso apparent that the aigner
frequency waveforms attenuatz and slow down more quickly ihan the lower
fraquency components. 'ne iow freguency waverorms never “catcn up.”
Rathar  the hinp freayency nortions dissipate at some point while *he
lTow frequency portion continues to propagate for a relatively large
distance. Thus, a waveform changes during propagation and has a dirt-
ferent energy content dependent on the instant at which the wave is
observed. Dispersion is not usually a problem in the practical appli-
cation of driving piles (Palacios, 1977). However, it is an important
consideration i7 waveform analysis is to be performed. After several
cvcles of reflection of the initial wave from the ends of the pile, the
now separate high and low frequency portions interfere with one an-
other's passage and can dramatically alter the predicted energy content.
The aspect which has more practical bearing on the transmission of
available energy from the hammer to the pile is interaction between the
nammer, cap/cushion, and pile itself. Uhen an elastic wave impinges on
a boundary between two media, reflection and refraction occur. In the
most general case, two distinct waves are generated each time an indivi-
dual wave passes the boundary; one reflected and one refracted (Kolsky,
1963). As the two new waves can have only as much energy as the initial
wave, the refracted wave (moving in the same general direction as the
initial wave) has lost the amount of energy contained in the reflected
wave. Reflection, refraction, and energy loss occur at every interface

between the hammer face and the pile and can be significant.




The interaction between the pile and soil changes with depth of
senetration, soil conditions, and the remaining energy which is avail-
able to be productiveiy used for penetration as the stress wave pro-
gresses. Attempts to understand this aspect and its contribution to the
develooment of residual stress and static capacity have resulted in
several mathematical models, The most frequently used models are the
finite difference and finite element methods.

The finite difference method discretizes the physical problem into
small segments as shown in Figure 2-6 (Smith, 1960; Holloway, 1975).

Tne pile is approximated by a series of short longitudinal segments.
fach segment is a discrete mass conneéted by springs ¢f known deforma-
tion constants which approximate similar deformation characteristics
between the mass centroids of the segments and the equivalent nortion of
the pile. This model, developed by Smith (1960), can be salved by
integrating element displacement and velocity with respect to time.
Total displacement can be determined by integration over small time
increments from known initial conditions. This method has been modeled
on digital computers with moderate success. Particular care nust be
taken in the selection of the time increment of integration. Too small
an interval results in an inordinately large number of calculations'
being performed and possible magnification of small numerical errors in
the model. A large time increment could permit the bypass of an element
and subsequent instability in the solution (Holloway, 1975; Smith,
1960). The time increment is sometimes determined simply by dividing
the length of the pile segment by the stress wave velocity (E/p) in a
freely suspended rod made of the same material as the pile. Inelasti-

city of the system components, most notably the pile cushion, has a

]
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Figure 2-6 Finite Difference Pile Representation.
Smith's Lumped Parameter Representation.
After Smith (1960).
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nite 2lement method was the successor to the Tinite diffar-

—.

e ¥
ance solution. This method relies on an axisymmetric ideaiization of
the three-dimensional pile-soil modei. The elements suggested by Desai
and Abel (1972), project as wedge segments wnen the model piie reoresen-
tation (Figure 2-7) is viewed from above. The first analysis of pile
soil interaction using the finite element method was conducted by
Z1lison (1969). This method has since become the subject of several
texts {Zienkiewicz, 1971; Desai and Abel, 1972). Deformation is con-
centrated at the nodes and is equal for the pile and soil at the inter-
face. The pile material strength parameters are usually well known and
the soil parameters conform to a tri-linear approximation basad on
either lab tests or in situ test results. The soii strength is mobi-
1ized until it exceeds the Mohr-Coulomb strength parameters at which
time it is considered to have developed ultimate strength. The soil
continues to deform if the stress is increased; however, no additional
strength is mobilized. The deformation "envelope" simply grows larger.
This method provides acceptable results in static loading predictions as
the relative motion between the pile and soil is small. It is less
applicable for analysis of dynami¢ situations because of the difficulty
of modeling the interaction (and differential displacement) between the
pile and soil. A knowledge of the propagation mode of both compression

and shear waves is very helpful in the initial determination of the
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10das ind 2i2ments, vet tnis 1S the tyone of infarmation the finita
2'ament investijgatisn s suonosed to orovide. Holloway [1875) corraczily
oregicted tnis method would continue to receive emphasis as a resear:gn

tool for cuite some time.

2.3 Practical Aspects of Pile Oriving

The practical considerations of prototype pile installation will be
oresented as a quide for determining the aspects wnich must be modelad
most accurately. Pile installation considerations include the inter-
action of the hammer, cushion, and cap (or helmet), as equally important
ﬁembers of the system needed to drive the pile. Pile forces experianced
during driving will oe discussed. Errors in the placement and driving
of piles affecting canmacity will be detailed.

2.3.1 Hammer-Cushion-Cap Interaction

Similarities between the energy transmission from the hammer to the
Standard Penetration Test (SPT) sampler and the harmer to the pile
pernit several conclusions to be drawn from research conducted on SPT
rigs. The need to have the relatively simple SPT rigs energy calibrated
(Schmertmann, 1977) prior to interpreting and comparing results under-
scores the necessity of viewing the hammer, cushion, and pile cap system
(Figure 2-8) as a whole when determining the amount of energy being
transmitted to the pile.

The ram weight and impact velocities are generally
the most important variables with respect to pile
penetration for a given pile-soil system. Heavier
rams generally give more penetration than Tighter
rams with the same kinetic energy at impact. MNote
that the heavier ram has more momentum at impact
than the lighter ram in this case and the trans-

mitted stress wave generally has a longer wave-
length. Heavier rams are generally nore efficient
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The dramatic etffact of these varianles on enerqy transmission are uncer-
scorea dv <ne arficiency of some pile drisers, wnich can range from 20
to 95% {American Society of £ivil ZIngineers (ASCZ} Committee on Deen
oundations, 1984). The hammer weight and 1ift neight are simply a
measure of the energy available to be transmitted to the oile during an
individual impact.

znergy transfer from hammer to pile is less dependent on the degree
of tilt {or list) of the driver than if the driving components are mis-
aligned. Palacios (1977) determined that the concentrically aligned
nammer and rods could be tilted as much as three deqrees befaore causing
a decrease in transmitted energy.

Full understanding of the hammer, cushion, and cap interaction is
vitally necessary prior to modeling of the driving process. The charac-
teristics of these components should be chosen to satisfy the following
two criteria (Peck, Hanson, and Thornburn, 1974). The components rus*
se able to transfer the amount of peak driving force at least equal to
the desired ultimate capacity of the pile being driven. \Unless this
criterion is satisfied, the pile cannot penetrate far enough to develop
the desired capacity. Refusal will occur first. The components rust
also transmit as much of the available energy from the hammer as pos-
sible. This criterion is more flexible than the first. It is important
only for economy in driving. The 1ift height or hammer weight can, and
must, be modified if their standard confiquration would overstress the

pile. Stresses in the nile and determination of the amount of energy
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srans¥arreg Trom an ‘mbact can oe directiy measureg Sy the aporopriata
inscrumentation ‘i.e., striin sages and accalarometars), ncwever, this
metnoa is nct usea on a widespread pasis. Lomputarized wave aquation
analysis is more frequently used %o find the best combination of hammer,
cusnhion, ana cap ror i 3Jiven nammer ang oiia cempination (ASCE Zommitiee
on Jeep Foundations, 19845, These methods suffer from the need to make
assumpti~ns regarding the chosen componen<s.

The cap distributes the hammer blow to the butt of the nile and can
also serve to nold the butt in place during the initial stages of
driving. A close fit should be maintained between the cap and but% to
prevent huckling of the »oile or bulging of the butt itself. The bearing
surface of the butt or cap should be machined to assure oroper fit. The
cap should be sufficientliy massive to provide efficient transfer of
energy to the butt. An insufficiently massive cap may separate pre-
maturely from the butt effectively stopping the flow of energy from the
nammer.,

distorically, hammer cushions were made of hardwoods cut to fit
snugly within the cap, but they are now usually made of aluminum or
micarta. The relatively saft hardwoods transmit an initial compressive
wave of lower frequency and magnitude to the pile for a given hammer and
cap combination. Additionally, the hardwoods have revealed their ten-
dency to catch on fire as the amount of energy transferred-from the
hammer has increased. The coefficient of restitution (COR) of hardwood
is only 0.5. Aluminum and micarta have the advantage of a higher COR
(0.8), more nearly linear elastic properties, and greater and more con-
sistent enerqy transmission characteristics than the hardwoods. The

significant improvement in the use of aluminum and micarta lies in their
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mora predictabia elastic preperties and reduction of energy iossas.
xcessivaly 1ian comprassive and tensile forces in the oile 3re
controlled by proper selaction of these components. Pile penetration
ser impact may be controlled somewhat by selection of cusnions with aif-
ferent elastic properties.

2.3.2 Pile Forces Developed During Driving and Loading

Tubular steel shell piles wera the anly type of piies considerad in
this research. This type of pile can develop high capacities, but the
limiting criteria for pile selection is usually the pile's ability *to
withstand the significant stresses experienced during driving. The nile
must hbe of adegquate cross-sectional area to provide the necessary drive-
ability characteristics and thus be able to achieve proper penetration.
The driving force a pile can withstand is dictated by the impedance of
the pile (refer to Section 2.2.1), the limitation being that the pile
material should remain within the boundaries of elastic deformations
during driving. Increasing the impedance, and thus the driveability,
can be accomplished by changing the strength characteristics of the pile
material, increasing the cross-sectional area, or both. A reasonable
balance must be maintained between the resulting pile size and available
driver., The increase in impedance will provide the added benefit of
greater pile capacity given adequate soil conditions.

The driving stresses in a pile are usually relatively insensitive
to driving resistance (dependent on soil properties) for a given hammer,
cushion, and cap. The stresses then would be equal in a given pile
regardless of the soil type in which it is driven. The variation would
be in the amount of penetration per impact. The amount of tip resis-

tance experienced by the pile also affects the driving stresses
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jeveloped. Zxcessive rasistance at the tip contributes to crushing of
The tip if driving is continued. If the pile tip rasts in a soft soil,
a tansile wave is reflactad from the free end which may exceed the
tensiie strength of the oile., Fracture can result. This is usually 3
concern only in concrate piies. Thus, forces developed at the tip
depend on the stress transmission characteristics of the hammer and cap
assembly, the impedance of the pile, and the general oattern of distri-
bution of soil resistance at the tip and along the side. A better
understanding of the relative contributions of the tip and side resis-
tances will provide valuable information regarding ultimate pile
capacity.

The aforementioned stresses of both driving and static loading can
be measured by a variety of methods. Displacement of the tip and side
walls can be measured directly or inferred from the readings of strain
gages appropriately located on the interior of the pile. The strain
gages will also provide information concerning the unit pressures and
total loads felt by the walls and tip. Tell-tales can be mounted along
the inside wall of the pile to monitor movement of the tip and walls
during static loading. An inclinometer will permit determination of the
accuracy of placement of the tip as well as deviations from the intended
nlacement along the pile length.

Strain gages are the most frequently used instruments to measure
stress distributions along the pile shaft. They are easily mounted on
the interior of the pile, durable if suitably protected, easy to inter-
pret, and accurate. Strain gages measure strain directly; however

displacement, unit stress, and thus total locad can be inferred from the

readings. Properly attached gages provide information regarding the




sassage of 2iastic comorassion and tension waves during the driving
orocass.  Recording the variation in these waves at requiar intervals
iuring ariving can reveal wnere the input driving energy is soent during
penetration and how much energy is stored in the pile as residual
strass. Likewise, recording the magnitude o7 static stresses deveiopeg
in the pile at requler intervals during driving provides a record of %he
deveiopment of residual stresses. Continued recording of the pile
stresses during loading aids in determination of the load shedding
characteristics of the pile-soil system and the mechanism by whicn the
soil mobilizes its strength to support the pile. Measuring the residuail
stresses over time will reveal how the residual stresses are redistri-
buted either due to changes in the soil (movement of the water table or
changes in lateral effective stresses) or movement of the pile itself.

Tell-tales, or indicator rods with one end attached to specific
points along the interior wall and the other brought to the surface,
directly measure the displacement of the pile at the attached point.
"ovement of the pile relative to the butt is measured. Total displace-
ment of a pile section can be determined if the movement of the but* is
measured from a separate reference. Tne tell-tales can be used in
conjunction with strain gages, as verification of the readings of one
another, or independently. The tell-tales cannot give information
concerning the dynamic response of the pile. '

The tip load can be inferred from placement of strain gages in
close proximity to the tip or measured directly using a specially
installed load cell. A ring of strain gages at the tip will reveal the
tip load if the elastic modulus of the pile material and tip dimensions

are known. HMeasurement of the tip pressure by a load cell dictates
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senaration of =ne <ip -“rom the oile walls %0 ensure the load celi is
subiected antirely and only %3 the load at the tin. This getarmination
requiras a speciaily manufactured pilz and extra precaution to ensure
tne integrity of the tip is maintained during driving.

inciinometers provide information regarding the "trueness” or :ine
oile with regard to its intended placement. Typically, the channel or
triack for the inclinometer is placed in the pile during manutacture and
the inclinometer readings taken after driving. Such measurements reveal
the degree of tilt of the pile either from vertical or with respect to
the intended degree of slape of a batter pile. Furthermore, devarture
of the pile tip from its desired position can be determined if a com-
olate record of the pile inclination is obtained. Such information is
important especially if there is a question of exceeding the bearing
capacity of the soil at the tip of an end bearing pile.

The effects of residual stress on static capacity became important
to researchers only ten years ago (Davisson, 1978). These effects had
not been considered in pile load capability estimates and may have
resulted in significantly higher actual tip and friction stresses.
Neglecting these effects may also have contributed to unknowingly uncon-
servative designs. Early attempts (1960-65) to investigate the develop-
ment of residual stresses and their contribution to static capacity
indicated unit tip bearing capacity and skin friction increased with
depth until some critical depth was attained (ten to twenty pile dia-
meters). Further penetration did not increase either unit stress
capacity (Vesic, 1970). Subsequent field testing with 16- to 18-inch
diameter piles driven in sand indicated the tip and side wall unit

capacities increased linearly until a penetration of ten diameters had
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seen achiaveda. The unit capacities then became constant after tip
nenetration of twenty diameters with the zone hHetween ten and twenty

diameters being a zone of smooth transition between the unit capacities

(Yesic, 1970). The three studies previously mentioned indicated the
. final values of tip and skin capacities appeared to be dependent on the

initial relative density (D

r) of the sand. Vesic suggested the

following ultimate tip and side wall unit capacities.

ol
]

4(102-“)Dr3 Eq. 2-25

ol
]

0.08(101-5)Dr“ Eq. 2-26

The subscripts p and s refer to point and side wall, respectively.

The sugoestion that residual stresses might influence the ultimate
capacity of statically loaded piles led to further research. The time
dependence of residual stress relaxation was also investigated using the
measurement techniques discussed in the preceeding paragraphs. Such
efforts have provided the current understanding of pile behavior. The
distribution of friction along the pile wall appears to be parabolic
(Vesic, 1970). Other researchers have also recognized this distribution
of pressures along the shaft. The overall participation of the shaft in
carrying the total pile load is proportionately greater in fhe early
stages of loading for the end bearing pile as well as the friction
pile. The side walls make some initial contribution to supporting the
applied load before the tip makes its initial contribution. Application
of additional load results in mobilization of friction capacity along

the walls until the ultimate capacity is progressively achieved at




46

increasing dentn along the snaft. The total load at the tip increases
during mobilization of the skin friction and increases Tinearly in con-
junction with tne applied load after skin the friction component has
been fully mobilized (Marcuson and Bieganousky, 1977a). Tne skin fric-
tion component is not necaessarily fully mobilized in all cases. Either
the pile is conservatively designed and will never reach its full capa-
city in service or end bearing failure occurs prematurely and the pile
is rejected.

Cyclical loading of piles can have a significant effect on the
distribution of stresses along the shaft. Initially the pile may
distribute residual stresses from driving resulting in latent movement
of the tip even before the design loading is applied to the butt. Load
transfer in piles has been found to be sensitive to small changes in
soil strain and pile compression (Lundgren, 1978). Loading and
unloading can cause irreversible changes in the distribution of effec-
tive lateral pressures along the shaft. What was originally positive
skin friction rontributing to the ultimate capacity of the pile has, in
1imited cases, been found to reverse itself over time thus contributing
to the ultimate load of the pile (Brierly, Thompson, and Eller, 1973).

2.3.3 Errors in Placement and Driving Affecting Static Capacity

The static capacity of an individual pile or group can be
iéf]uenced by several factors during initial placement and subsequent
driving. Each factor and its effect on static capacity will be con-
sidered individually; however, it is not uncommon to have more than one
error in a driven pile with the effects being either compounded or can-

celled.
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Axial misalignment resulzs T~om an initial misalignment of the »ile
and driver components, Tiald layaut arrors, trving to drive 3 fiexibie
9ila, ar/iving in tne proximicty of a suosurrace obstruction, uneven
ground compaction, excessive surcharge slacement after driving, or
sanetration of a sloping hard strata. Pile misalignment can result 1in
problems at the tip as well as the butt. Butt misalignment problems are
found most often in slender piles carrying large loads and Teast often
in mat foundations supported by piles as the loads are relatively
lightar and carried by many piles. Proper axial alignment is mest
important where the butt enters or is encased by the pile cap. Mis-
alignment leads to stress concentrations which may quickly exceed the
design stresses. This error is easily checked and can be corrected by
modifying either the pile or the cap, or both, to reduce stress concen-
trations. The most critical applications may require redesign of the
foundation once the actual butt locations are known. Likewise, mis-

1ignment at the tips of group piles can overstress the soil causing
lTocal failure (ASCE Committee on Deep Foundations, 1984),

Significant overstress can result even when the pile is placed
within the normal design tolerances, usually #3.0 inches. Davisson
(1978) found one instance in which the Toad of an individual pile had
been increased 24% although all piles in the group had been placed
within design tolerances.

Severe axial misalignment, which sometimes results in bending of
the pile, is not necessarily cause for rejection. Several analytical
capacity prediction methods are available (ASCE Committee on Deep Foun-

dations, 1984) and load testing is a viable alternative.
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Static capacity can »e raduced in two ways due to misalignment of
“he hammer ana 2ile cap 2iements. Visible damage ana 7ailure can rasult
from the concantric overioading of thin-walled pipe piles sucn as those
modeled in this research. High hammer imoact velocity contributes %o

"roiling” of the butt (Dismuke, 1973). Damage may be severe anough o

warrant rejection of the pile. Should the pile be judged suitable for
service, its capacity may have been reduced as the stiffness of the
shaft usually decreases due to deformation. Piles adjacent to the

damaged one must carry a larger share of the load.

2.4 Static Capacity Verification

Static load tests are conducted to verffy the design canacity of a
nlaced pile and determine the suitability of the pile type selected.
Although many variations exist in the conduct of the load test, all
involve the static loading of the pile in increasing increments with
various measurements being made of the settlement of the pile at the
butt. Appropriately instrumented piles will render data concerning
displacement and Toad at the instrumentation points. Consult ASTH
D-1143 for specific criteria regarding pile capacity verification.

After placement of the test pile (group), a framework is con-
structed above the pile. This framework serves to provide the reaction
load against which the pile is jacked. A hydraulic jack is usually
placed between the pile and reaction framework and load is applied by
increasing the fluid pressure in the jack. Load can also be applied
simply by placing iron ingots or even soil in a suitable box mounted

directly on the butt.
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in independent framewcrk 1S 3iso constructed which serves as the
ratarence against which settlement readings are made. In most
instances, a 4ial gage is installed on the reference beam with the indi-
cator stem resting on the test pile butt. Redundancy is important and
gages are usually installed on oppecsite sides of the butt to determine
average settlement. ASTM D-1143 stipulates two independent systems be
used to determine settlement. The backup system sometimes consists of a
taut wire stretched between two posts olaced in the ground beyond the
zone of influence of the pile or its reaction load. Readings are taken
visually from a ruler and mirror placed on the butt.

The pile is loaded incrementally up to as much as twice the design
load and settlement of the pile butt is measured for a specified period
of time after placement of each load increment. The time period between
placements of the test load is determined by the size of the load and
the type of soil in which the pile is placed. Maximum load can be held
for up to two days before the load test is considered complete.

The test load is removed incrementally and rebound readings are
made. The readings taken after the load has been removed give an indi-
cation of the total settlement of the pile and its ultimate capacity.
Rebound readings should be made after the removal of each increment for
a sufficient amount of time to ensure rebound has stopped before the

next increment is removed.

2.5 Pile Group Behaviar

The behavior of statically loaded individual piles has often been
the basis for predicting the capacity of pile groups given the same type

pile and soil stratification. This approach has led to the development
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of afficiency Tormulas whereby the capacity of a pile group equais tne
capacity of an individual pile times the number of niles in the group
multioiied by an efficiency factor {ASCE Committee on Jeep foundations,
1984), This approach most closely approximates the true bearing capa-
city of pile groups spaced at 2 to 3 diameters and deriving their
orincipal support from granular media. The efficiency formulas do not
account for the time effacts which can manifest themseives as exceassive
settiements. ASTM D-1143 recognizes that capacities and settlements of
pile groups cannot usually be inferred from the test of an individual
pile in a Tike mass of soil. Due to the relatively short time span over
which the load test is conducted on the individual pile, the nositive
skin friction resulting from driving may not have time to redistribute
itself and can lead to a higher perceived capacity than the pile can
maintain over its lifespan. If the pile group is underlain by a com-
pressible layer, even at a significant depth, the entire foundation may
settle subsequently to the consolidation of that layer. This type of
failure will not be apparent from measurements taken from nearby
reference piles as the reference piles are settling with the pile
group. The piles may not be settling with respect to the soil in which
they have been driven.

Group pile response to loading may vary significantly from that of
individual piles due to the different zones of influence created by each
foundation. It is important to consider the relative contribution of
skin friction and point bearing to the overall capacity. A single pile
can derive a large part of its capacity from skin friction with a pro-
portionately smaller part being derived from end bearing. The pile

group stresses the soil in such a way that the entire block of soil’
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Jorzion of Tne ioac to 3 lower sTritum. Additionaily, 3 rigi
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can
sarves to transvar a greatar proportion of the total loac to the outer
piles. This may contribute to the total mobilization of zhe friction
zapacity oT tne outer pijes with the inner piles peing only siigntiy
stressed. In a group contiquration, the piles act more as and hearing
than friction piles (Peck, Hanson, and Taornburn, 1974}, Thus, tne zone
a7 influence created by individual piles contributes to the overal:
influence of tne group when a number of piles are driven as a group.

The interaction between piles of a group becomes more oronounced as the
Poisson's ratio of the surrounding soil decreases {(3utterfield and
3anerjee, 1571).

The benavior of the group may vary significantly from that of tne
individual pile. This variation makes the prediction of group behavior
dangerous and difficult when based 6n only individual pile load tests
even if the bearing soil is the same. Regarding group settlement in
granular soils, the major portion of settlement occurs immediately. The
shape of the load-deflection curve is similar to that for individual
niles; however, the proportion of immediate settlement is generally
smaller for a group than for the individual pile (Butterfield and

Banerjee, 1971).
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3.1 Similitude Theory

Jriviag model piles in an artificially induced hign gravity envi-
ronment s a complex task which does not lend itself easily to analy-
+izal solutioans based on mathematical models. As discussed greviousiy,
conducting tests with miniature piles at one gravity does rot accurately
model the prototype stresses experienced at the soil-pile interfacs.
Uncartainties are introduced if the results are extrapolated %o oroto-
tyne deoth as soil has stress-dependent mecnanical properties that vary
with depth (e.qg., strenath, moduli, wave propogation velocity, etc.).
Whitaker (1957), Saffery and Tate (1961), and Sowers et al. (1961)
produced qualitative results in their studies of miniature pile (group)
response to loading at l-g. Collectively, these efforts served to
verify the findings of Rocha (1957) that the results of 1-q tests cannot
be scaled up to re-create or predict pile performance. The model must
be subjected to stresses equivalent to those experienced by the proto-
type. Scott (1977) demonstrated the ability to conduct pile load tests
in a high gravity environment by cyclically loading piles inserted in
silt. There was no prototype and thus no standard with which to compare
the model performance.

It is necessary to create equivalent self-weight-induced stresses
at similar points of interest in the model as in the prototype. This is

accomplished by subjecting a properly scaled model and soil mass to a
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jravity level sufficiently high to producaz the desired stress. This
accaleration is provided most simply by a centrifuge.

Scaling relationships permit the design or the pile ana driver for
the proposed gravity levels and interpretation of the data obtained 5y
gperation of the device at its design gravity level., Testing in a nign-
gravity environment requires the energy input of the miniature piie
driver to be scaled down in some manner to insure equivalency with tne
orototype. Likewise, the pile capacities and stresses developed during
placement and Toading must be scaled up for comparison with the proto-
tvoe. The scaling ralationships are derived by dimensional analysis.

Dimensional analysis is a method by which we
deduce information about a phenomenon from the
single premise that the phenomenon can be des-
cribed by 31 dimensionally correct equation among

certain variabies.

(Langhaar, 1951, p. 17)

As the number of variables affecting a process increases, it becomes
nrogressively more difficult to determine the function which relates the
experimentally controlled inputs (independent parameters) to the
response being investigated (dependent parameters). By creating
dimensionliess parameters relating the most easily controlled experi-
mental parameters to the ones being measured, ratios can be defined
which relate model response to prototype response. These dimensionless
ratios, called Pi (7) terms, were first developed by Buckingham and

presented in 1914,

3.2 Selection of Dependent and Independent Variables

The choice of independent and dependent variables is of most criti-

cal importance in the development of the Pi terms.
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If varijables are introduced that really do not
At 2ct the onencrmenon, T80 Many tarts Mmay ipoear
in the final asquation. I[f variaolas are omitted
that ‘ogicaily may intiluence the onenomenon, the
caiculations may reach an impasse, Sut, more
often, they lead to incomplete or zarroneous
results.

(Langhaar, 1951, p. 19)

The salection of »asic units for the Pi terms is also very important.
The mass, length, time (MLT) system was selected for this research as
unit mass does not change in multiple gravity environments and the "LT
system appears to be favored in previous references (Nielsen, 1983;
3radley et al., 1984; and Tabatabai, 1987).

abile 3-1 presents the researcher's choice of independent and
denoendent variables considered pertinent to this investigation. The
first three variables are the independent oarameters which are con-
sidered easily controlled experimentally. The choice of which three
variables were used was subject to the restrictions that, among the
three, each of the basic units had to be used at Teast once, and the
variables had to be independent among themselves to ensure independent
solutions. The remaining variables were chosen to represent the
material and physical properties considered to be important in the
process being modeled. Certain properties of eqch of the materials used
are important, such as modulus, compression wave speed, and strength.
However, as the units for any one of those parameters are the same for
each material under consideration, the collection of like parameters is
represented by one generic term. Thus, Young's modulus of elasticity,
E, is included only once in the collection of variables and not once for

each materjal. Material properties relating to the presence of water in
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she 5011 were inciuded 3s the model piles were Jesianed o oe capnabie of

22ing driven into saturated soils.

Tabiaz I-1 Independent ina Dependent f/ariabias
lariini2 oniss

indenendent

Length L L

Density Y M/L3

Modulus E M/LT?
Sependent

wl Stress of LT

i Acceleration a L/T2 ’

w3 Impact Energy En ML2/72

w“ Impulse I ML/T

T Cohesion o M/LT2

ws Dynamic Time T T

w7 Wave Speed P L/T

" Yield Strength F M/LT2

W9 Displacement D L

L Area A _ L2

n11 Permeability K L/T

", Hydrodynamic Time Th T2

The Pi terms were developed using the program PISETS written by
Theodore Self at the University of Florida in 1983. PISETS was avail-

able on the Commodore SuperPET microcomputer as well as the Northeast




Jegional lata Canter (NERCC!. Zradley et ai. (1224} and Sraclay (1383,
Jrasent the metnod 2T setting up tne inout matrix Tor use with 2ISETS.
Appenaix A prasents tne derived Pi tarms and verification that each is

dimensioni.ss.

3.3 Development of Scaling Laws

Scaling laws were formulated by taking tne derived Pi terms and
equating the model Pi term to its equivalent prototype Pi tarm. The
scale length factor was usad to change geometric properties by an appro-
oriate factor of n. Like materials in the model and orototype permitted
the cancellation of material properties in the eguivalent ?i terms. The
scaling laws were derived as presented in Appendix A and are summarized

pelow in Table 3-2.

Table 3-2 Scaling Relationships

Property Prototype Hodel
Length 1 1/n
density 1 1
“odulus 1 1
Stress 1 1
Acceleration 1 n
Impact Energy 1 1/n3
Impulse 1 1/n3
Cohesion 1 1
Oynamic Time 1 1/n
Wave Speed 1 1
Yield Strength 1 1
Displacement 1 1/n
Area 1 1/n2
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Dimensioniess guantities such as strain and Poisson's ratio remain
dimensioniess and scale 1l:1. Juantities not specificaily derived above
can he detarmined by combining the appropriate Pi terms. The two
remaining pertinent scaling laws, permeability and hydrodynamic time,
Will be derived as examples.

Permeability (k) has units of length/time. ‘'lodel permeability
equals prototype length times the scaling factor 1/n divided by the
prototyne time multiplied by its scaling factor, 1/n. The scaling
factors (in this example) cancel one another indicating that model
nsermeability equals the permeability of the prototype. This is a pre-
dictable result considering the reauirement to utilize like materials in
the prototype and model.

Hydrodynamic time (Th) is determined by a similar method. The
equation for hydrodynamic time is derived from Terzaghi's one-
dimensional consolidation differential equation which provides a
nondimensional time T called the time factor (Lambe and Whitman,

1969). The time factor equals the coefficient of consolidation, Cy>
multiplied by real (hydrodynamic) time, Th, and divided by the square of
the drainage path, H. The equation for hydrodynamic time and its units

are provided below.

T 2

T £q. 3-1
h C,
2

T, = = = T2 Eq. 3-2
L2/T
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The units of nydrodynamic time are T2, Thus, model Th equals oro-
totype T, muitiplied by the square of the dynamic time scale factor
{1/n), or 1/n°. The two scaling laws derived are summarized below. The
subscripts m and p designate the model and prototype variables, respec-

tively.

ko =X gq. 3-3

i

2
Tom = Tho 1/ £€q. 3-4

3.4 Experimental Requirements

Care must be exercised in the application of the scaling laws to
the development of the model pile driver. Consider the impact energy
imparted by the hammer striking the pile. The scaling factor which
relates the prototype energy to the amount of energy input by the mode]
driver is 1/n3. Modeling the 50,000 ft-lbs of work needed to 1ift the
prototype hammer (5,000 pounds with a drop height of 10 ft) at 70 g's
requires the model pile driver input 0.146 ft-lbs. The model driver
input can likewise be determined by considering the hammer weight and
drop height independently. The ram weight of 5000 lbs divided by n?
equals 1,02 1bs and the fall height is reduced to 0.143 ft. The product
of these two properly scaled values ‘is the required 0.146 ft-lbs. How-
ever, the hammer weight required during driving is the weight of the
hammer mass at 1 g multiplied by the gravity level at which the test is
conducted. The model hammer weight is then 1.02 1bs divided once more
by the gravity scale factor, n. Thus, a model hammer weighing 0.233
ounces at 1 g is sufficient to model the 5,000-1b prototype hammer when

subjected to 70 g's.




CHAPTER 4
IJUIPHMENT DESIGN, FABRICATION, AMD JPERATION

This chapter documents the design of the system developed to place
the model piles. Computer control of the system and data recording
techniques are presentad. Pertinent fabrication methods are discussed.

The model pile sizes were detarmined orior to the system design as
all critical dimensions of the placement device are predicated on the
model dimensions. Designing the piles to be used as models raquired an
understanding of the type of pile to be modeled, the loading regime
under which the prototype pile was tested, and the modeling techniques
used by previous researchers. The higher stresses experienced by the
model pile during driving predicated a significant departure from the
existing techniques.

The nlacement device was designed to permit the pushing and driving
of model piles and groups permitting the comparison of the residual
strasses developed in each model resulting from the different methods of
placement. Design required an understanding of the prototype pile
driver performance capabilities.

The centrifuge was designed to permit positioning of the specimen
and placement device with sufficient clearance to allow all tests to be
safely performed. The uses of the Hewlett-Packard 6940B Multiprogrammer
and 3497A Data Acquisition/Control Unit are also detailed. Several
Timitations in the use of the pile placement device are presented in the

final section of this chapter.
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1.1 Model Pile Desian ana Instrumentation

- P

7e nil2 svystenm modeled rasembled the Hunter's Point group of “ive
niles {Jneill, 1286). This system was designated as the prototype

although there were limitations in modeling of the axial stiffness and

4

soi! oraperties. tach a7ile was 35-ft long tubular steel with 1 wall

thickness of 0.375 in. The outside diameter of the siles was 10.75 in.
sihen driven in a grouo, the niles were arranged in an 'x' nattern with 2
pile in the center and one at each corner. The corner piles were 3 f%
from the center pile. The cap was made of concrete having a thickness
of 5.0 ft. The pile butts were embedded 2.0 ft into the cap leaving 3.0
ft of cover. The bottom of the cap was 3.0 ft above the ground surface.

Nominally, the cap was 6.0-ft square. Total driven depth was 30.0 ft.

4.1.1 Model Material Selection

Similitude theory is simplified by the understanding that models
will be made of the same material as the prototype to ensure the sane
stresses are developed in the mode! as in the prototype during testing.
Use of the same material in the model was important in this application
because the transfer of forces from the pile to the soil was investi-
gated. As soil strength is mobilized by the slight movement of the pile
surface relative to the surrounding soil, a variation in this relative
movement would alter the load bearing capacity of the model pile as well
as the load-deformation curve. However, strict adherence to similitude
would have necessitated the use of a thin-walled steel tube as the pile
model. The wall thickness would have varied between 6.3 and 4.7 thou-
sandths of an inch for tests at 60 and 80 g's. HModel piles with this
wall thickness would have been crushed during driving due to lack of

axial stiffness or the inability of the model driving device to strike
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the nile perfectiv ian flight. Furtnerworz, %tne 3ivailap
which could reasonablv se consideraa is ootantia: Todeis 7ag wal’
tnicknesses rar in excess of the desirad amount. This would have
resuited in an axial stiffness too gr2at *c fermit accurite modeling o7
rae stress transfar [Joad snedding) between <he Jiie ana s0ii. Thera-
fore, various materials were considered which had 'ower strength mnoduli
and were available in smail tubular snapes. The axiai stifiness of =he
arototype could be accurately modeled if the scale cross-sectional area
of the model pile was increased by a factor 2qual <o the moaulus o7 :the
steel prototype (30,000,700 posi) divided by the modulus of the modei
material being cor~iderad. Aluminum was chosen as 21 suitaoie modeiing
material and has bean used successfully in several oravicus studies
(Mi1lan, 1985; Ko et al., 1984; Harrison, 1983). Aluminum nas a Young's
modulus of 10,000,000 psi requiring that the scale cross-sactional area
of the model pile be three times that of the prototype. Theoretically,
the model pile would strain the same amount under the same scale load as
the prototype thereby naving the most potaential of accurately mobilizing
the same soil strength.

4.1.2 Model Size Determination

Limitations in the availability of tubular aluminum and the diffi-
culty of manufacturing models with accurately scaled dimensions forced
the need for a compromise between the modeling of pile diameter (and
thus scale surface area) and axial stiffness. All tests were conducted
with the models having the correct scale outside diameter and length.
Because the available tubular aluminum had thinner walls than required
for correct modeling, the scale axisl stiffness of these models was

Jower than that of the prototype. This approach correctly nndeled




tne scala surTacs ar2a Jf the megel Jiia as well as the sca2 ar2a oT
the Si2; however, tha 7odei 2ilas were 1285 sti¥F ‘axiallv' when com-
narad to the grototyne stiffness.

Tne gravity level of zesting for pila models w«izh scaie gesmetr ¢
yroporticons {outside ziametar ing la2ngth’ was detarminea by d4iviaing ne
outside diameter of the prototype by that of the available model mate-
rial. The Tength of the modei was then the prototype length aividea by

the gravity factor. Table 4-1 nrovides the model dimensions and scaie

factors.
Table d4-1 Model 2ila Jimensions and Scala Faczors
Controlilea oy Geometry (Jutside Jiameter)
Prat. A 3 C 2
0.0. (in.) 10.78 0.125 0.154 0.187 0.218
g-level (g's) 1 86.0 69.8 7.5 49,3
Length (in.) 429 4.88 5.02 7.39 8.52
Stiffness (%) 100 95.4 73.8 66.5 57.5

NOTE: The axial! stiffness of the model piles is given as a percentage of
that of the prototype.

In summary, four suitable aluminum tubes were found for the manu-
facture of model piles. Scaling factors based on the outer diameter of
the tubes yielded four pile sizes to be tested at g-levels between 49.3
and 86.0 g's. There was no manufactured aluminum tube which accurately
modeled both the outer diameter and axial stiffness. Figure 4-1{(a) de-
picts the individual model piles and associated gravity levels of test-
ing. Figure 4-1(b) depicts the model pile groups and test gravity

levels.
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1) Individual Model Piles (Laft to Right--49,3, 57.5, 59.3
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b) Hodel Pile Groups (Left 69.8 g., Right 86.0 g)

Figure 4-1 Model Piles. a) Individual Model Piles {Left to
Right--49.3, 57.5, 69.8 and 86.0 g models)
b) ‘'odel Pile Groups (Left 69.8 g., Right 86.0 g)
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rise 2o tusaing them dntc she ~ogdated soil (Millan,

ves freguently rasultad in the model piles splitting and 2xnibiting
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irrequiar butt deflection natterns during loading. The significantly
qreatar stresses regquired for driving the pile orevented tne reuse of
this -achnigue as only continuous tubular stock could be =2xpected %o
withstand the driving process. The most siqgnificant drawback n the use
27 ¢ontinuous stock is the difficulty of nlacing strain gqages inside *he
model pile.

The method of placing the strain gages had to satisfy three cri-
teria; the bond between gage and model had to be complete and permanent,
the gages nad to be positioned precisely, and the gages had to be able
to perform after completion of driving. In addition to the above
critaria, the gages had to be olaced with Teads already soidersd on.
Connection of the leads to the gages after placement was not possibie
#ithout excaptionaily sopnisticated equipnent.

zach strain gage, regardless of its working environment, must be
piaced on a clean, chemically prepared site. Proper cleaning ensures
the gage can be bonded as intimately as possible with the material being
measured. Preparing the sites inside the models was accomplished in
accordance with Micro-Measurements Instruction Bulletin 8-130-2. Fine
grade emery paper was rolled into a small tube and inserted in the
model. Being a soft metal, the aluminum required little sanding to

smooth the interior and expose clean metal at the sites. An acid




33iatnion Micromeasurements f-/r2n 30 ouas usad o etch the metal during
zi2insing, Trhe $i%3 was neutraiized 4ith the aporaoriate sotution,
Micromeasaraments Heutralizer. 2renaratiion was complieted by pqshing
sma'l wads of Tint-free cotion matarial down the nile shafs in one
4irection onty to oravent recontamination of tne clieanea sitas. Tne
cleansing process was repeated until the cotton wads emerged dirt-free
from the nodel pile interior.

Suizaply sized strain gages (Micromeasurements ZA-06-01ZLA-120,
Figure 4-2) were then prepared for placement. These gages were chosen
Secause the lead terminals werz large with respect to the fieid and were
placad above fhe field in such a way that they presented a narrow 2lan
yiaw, This was imporzant as the gage nhad to conform to rather tight
radii on the insides of the mcdels. The minute gage size required the
_leads be snidered on while being viewed under magnification. Conse-
quently, the gages were sent to a laboratory where suitable equipment
was available.

The strain gages with leads attached were prepared using the fol-
lowing procedure. Excess gage backing material was removed as indicated
in Figure 4-3(a) to make the gage as tall and slender as possible. Gage
resistance and continuity were checked to determine if damage had
occurred during the trimming process. A piece of Micromeasurements
nonstretch tape was cut to the width of the lTength of the strain gage
field. This tape was affixed to the two strain gages holding them in
the same position relative to one another (Figure 4-3(c)). Special care
was taken to ensure the principal strain measuring axes of both gages
were parailel and the gages were the carrect distance from one another.

The distance between the two gages was predicated on the inner diameter
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Tiqure 4-2 Micromeasurements EA-06-015LA-120 Strain Gages




b
——

;F

¥

s

E:‘

AR

—

=5

ii
Fii I
o
B
==

Tip

t

Figure 4-3 Strain Gage Application Technigue




)¢ Tne aila mocal n oanizn tne Jagas wou:g ce piacad. The correct cis-
T3nc2 2quaiad 3ne-naict orf The Inaner circumrarence of the noa=l. A smal’
amounT OT ranid-curing 2poxy was apopiied as a sealer to tne ieads,
qages, and taoe as shown in Figure 4-3(d). This assembly was set aside
S0 Iry wnii2 T2 inserTian jevice was Jjraoarad,

A Corgnary 3alloon Jilitation Catheter served as the insertion
device. Tne catheter is fittad with a baiioon which expands *to a
specitic diameter upon preassurization. The balloon was wrapped witn
Taflon tape as shown in Fiquras 34-3(e) and 4-3{(f) while tne epoxy was
drying. The gages and tape assembiy was then wrapped 'gages out' around

A}

the catheter balicon fFigure 4-3{71 ). Gage resistance was recnheckea it

0 ensure cnly functional gages were inserted into the model.

ct

this time
The small size of the aeflatad balloon permitted the catheter and gaces

/=3

to be inserted as a unit down the shaft of the pile {Fiqures 4-3(i) and

’

4-3{j;). The lead wires were inserted first, into what was to eventu-
ally become the pile tip. They were followed by the gages and balloon
assembly which was acdvancad by pushing the pressurz line lead ng to the
balloon. Proper positioning was accomplished by marking the gressure
line at tne correct depth of inser=ion and insert ng the assembly up to
the mark. Each pair of gages became successively more difficult to
insert as the leads from the previously placed gaces interfered with
feeding the new leads through. When in the proper position, the baT]an
was inflated, pressing the gages into the preplaced bonding material at
the site. The balloon remained inflated until the bonding material had

cured at which time the balloon was deflated and removed. The wrap of

Teflon tape prevented the balloon from being bonded to the gages.
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I72YISUS Y I2SCrTiRC I2Crnaiiue AT iaserting tne 12ag «ir2s ints tne Iio
swing with the dalicon ind gage assembiv. ‘lodeis r2quiring :zhe
3Ticsment OF TULtide2 2ains 57 Zagdes Jnderwent a 3.igntiy moaitieg
Jtacament 2racadure to 31mpiifty the placement af the first 23ir. The
5aiialon was first inserted througn the model oite pefore seing wriapnec
on tape and nfaving the gage assembiy attacned (Figure 1-4.,

175 methog improvea the glacement success rata o7 Ihe Hutt gages v
~aquiring tney 2e pullad back into the model a snort distance rather
znan ceing oushed :tnrougn the lengtn of the moce! sefor2 osonding. The
saiioon was detlated and witharawn after slacement in tne same manner 1s
Wnen the jage nair is placad by deing pushed tnrough tne modal. The
rasistance of =ach gage was measured after being nliaced in the modei.
Jariation of the gage resistance by more than 5.0% of the specified
factaory value of 120 ohms was cause for rejection of the gage and notad
in the model piie construction log. There was no w~way to repiace tne
jaces if they were rejected. Afier placement of the final oair, the
Sutt was seaiad witn 2 siiicone cap reducing the chance of tne l2ads
oreaking off of the gage during driving and testing.

The model was completed by fitting the tip with an individually
machined cap which wu. . .orted into the model plugging the tip. The
sutside diameter of the nlug was equal to the model diameter. Each cap
was neld in placa by pressure fit and sealed on the inside with silicone

sealer to prevent the intrusion of water. This technique and the afore-

mentioned procedures yield a fully instrumented waterproof pile capable

of withstanding the stress of driving.




Figure 4-4 Alternate Technique for Placement of First Pair of
Strain Gages When Multiple Pairs are Needed
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Strain gages were positioned in tne instrumentaag modeis at the tip
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amt zutt onlv.  Inisial tests wer2 conducted on pusned piles with one
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ain gages at the tin (0.974 witn d ceing the distance the
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mocel was ousned into the soii). Instrumented driven models (Figure
1-372)) shouiz nave oairs of strain gages placad at the one-third noints
and tip. The uopermost pair {(gages 4A and 4B) serve to measure the
sotal resistance of the pile to penetration due to hoth tip capacity and
skin friction. The nushed models use a load cell to measure the total
resistance to penetration and can therefore have four pair of gages
alaced at the guarter-points and tip (Fiqure 4-3(b}). Individual piles
fitted like the one in Figure 4-5(a) snould be usaed for measurement of
the tip and side friction capacity in driven modeis. Again, the gage
pair at the top (butt) of the model is reguired because the load cell
could not remain in-line when models were driven. Positioning of the
gage pairs at the butt in individually instrumented driven piles permits
the immediate conduct of loading after the pile is driven.

Figure 4-6 depicts the suggested placement of gage pairs when
instrumented model groups are driven and pushed. After being driven,
the centrifuge must be stopped to fit the top of the group with a load
cell. Load tests are then conducted after the centrifuge has been spun
up to the required test rom. When the group has been pushed in, loading
is coﬁducted immediately as the load cell is already in nlace.

Provision was made to protect the leads during driving and loading
as will now be discussed. This method of protection was also used to

orepare all models pushed into the soil with only slight modifications

of the caps depending on whether the model was driven or pushed.
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In ‘mpor<tant consizeritiscn in 2il2 driving is the protaction cf she
3utt a7 =ne pit2 from the notentially damaging blows of the hammer.
This was accomp’ished using 31 3772 cap 31s discussed in Section 2.3.1,
Hdammer-cusnion-Can Intaraction. 3 3imilar method was used in the
iriving of the models. Figures 1-7 thraugh 4-10 show the types of caons
ievelooed for driving and pushing the model piles {z2roups). The caos
served to protect the model as well as the strain gage lead wires wnile
germitting the models to ne intarchanged guickly between tests. The
lead wires were terminatad in miniature connectors mountad on the sup-
oort arm shown in Fiquras -7 throua 4-13. Uhen only one conneﬁtor 'Was
necessary, the weight of the <zonnector ind snielded leads to the side of
the specimen container was counterbalanced oy the piacement of 3 suit-
able weight at the end of the supnort arm extansion through the other
side of the slotted cast acrylic guide tube. Tnis precluded the devel-
cpment of excassive moment at the top of the model when under the
influence of the design gravity level. The model pile, cap, lead wires,
ind connectyrs are thus a comoiete unit capabl2 of being olugged into
the 2lacement device as necessary for testing. This permits the models

to be reused and interchanged quickly between tasts.

4,2 Model Placement Device Design

The placement device needed for this investigation was required to
1ift a considerable variety of weights, provide accurate feedback re-
garding position of the lifted weight, and accurately raise the lifted
weight a predetermined height above an object whose position changed

with every impact. A1l of these activities were to be performed in an

—_
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Figure 4-7 Pile Cap Assembly for Individually Driven Model Piles
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Figure 4-3 Pile Cap Assembly for Driven Model Pile Groups
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Figure 4-3 Pile Cap Assembly for Individually Pushed Model Piles
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axnaustive 2iimination oF many staer mecnanical metaods, severa
Fluta avaraulic systams, ang zsven 3 suraiy 2lactrsomagnetic device. The

0 systams was Inelr ipanilizy =C

i1 spsection o some T e araca2eqia

W3

Y

"Failow" the mode! 2ila {(grouo’ as it advancad tnrougn tne sof
sheir reliancz on awkwara 20s1:ion monitoring devicas wnicn would nave
17f2cted the dynamic rasoonse of tne system., Compounding the 4itiiculty
of building the device was the limitation imposed by *he lack of clzar-
anc2 above the nlatform. A suitably sizad soil sopecimen with 2 mocel
7112 on the surface and <ne 2lacament device above reauires 3 ralativa
raasar tentricuge Thaan tnat needed Tar axoveriments with compact scect-
mens. Furthermore, the svstem must be desiyned witn a low center of
gravity. An alternative design considerad the driving device being
mounted statically on the arms of the centrifuge with the soecimen
swinging inta oosition far driving. However, pile nlacement accuracy
zoutd not Se guaranteed with this design. The chosen configuration con-
sistad of a3 soil soecimen container with the driving device mountad
above in 3 protactive canistar.

The system chosen (Fiqure 4-11) consists of a stcpper motor geared
through a pall cearing scraw assembly (ball screw) to a support shafi
wnich 1i7ts an eiectromagnet and pile nammer when individual piles and
groups are driven. Rotation of the ball nut (the housing around the
ball screw which contains the ball pearings) either raises or lowers the
ball screw tc which the electromagnet ‘s attached. During driving, the
elactromagnet is advanced (downward) until it comes within 0.005 in. of

the ram. The closeness of approach is determined by a proximity device.

e —————————————————————
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Figqure 4-11 Specimen Container, Placement Device Protective
Canister, and C-Channel Support Beanm
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ne aiactrecmaanet is tnen anergized. Reverse rotation of the stapoer
Toter retracts fupward) the magnet and ram %o the poredetarmined drop
neignt. The magnet is then de-energized allowing the weignt to fall and
impact on the 2ile cap.

The precetermined lift height is achiaved oy rotating the stapper
motor a «nown number of "steps". Counting the number of stens which the
magnet is lowered to regain contact witn the ram permits the determina-
tion of the number of steps the device has penetrated the soil. That
nunber of steps is easily and accuratelv converted to a vertical dis-
tance. The process then repeats itself with the energizing of the
magnet and the retraction of the magnet and ram 2¢sembly to a newly
determined 1ift height. This system offers the advantages of accuracy
and control of the height to which the ram is lifted, repeatability, a
free falling weight, the capability of following the device as it
penetrates the soil, and no bulky displacement measuring devices to
alter the dynamic performance of the system.

when piles (groups) are pushed, the electromagnet and hammer are
renlaced by an in-line load cell which fastens directly to the base of
the ball screw. During pushing, the pile (group) is advanced intoc the
soil with readings being taken from the load cell at frequent intervals.

Load tests are conducted as will be presented. in Section 4.5.2,
Software. The major components of the system will now be presented.

4.2.1 Specimen Container, Placement Device Protective
Canister, and C-Channel Support Beam

Support for the device consists of a circular specimen container
machined from high-strength aluminum and welded to a square base plate.
The square base plate is bolted to the swinging platform on the end of

the centrifuge arm (Figure 4-11). The base plate can be mounted in four
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contijurations, w~itn any given sice deing able to be positionea at 9,

(SN

=90, and 130 degre2es with resoect to the centar line of the platform.
The top of the soil specimen container nas a groove machined around the
rim. This groove serves as the male end which fits snugly into the
female groove machinea into the base of zhe placement device canistar.
The grooves hold the canister in place above the specimen container
while permitting rotational flexibility. The top of the canister sup-
norts the aluminum c-channel which is the main frame of the nlacement
device components. The c-channel nas limited positioning capability
which permits the placement of the ball screw directly above the center
of the canister centerline as well as in any position within approxi-
mately 2 in. of the centerline. This flexibility permits the driving of
pile groups by individual piles as with the prototype. The combination
of the back and forth freedom of movement of the c-channel with the
rotational freedom of the canister top provides substantial positioning
freedom within the specimen container.

The capability of mounting the specimen container base plate in
four unique positions was included in the design to ensure the least
stress was exerted on the platform support arms during testing. Figure
4-12(b) shows how the canister and placement device should be config-
ured. The intent is to decrease the eccentricjty of the load on the
platform due to the placement of the stepper motor. Figure 4-12(a)
shows the configuration of the canister and stepper motor when video
recarding of the placement process is necessary. This position exposes
the placement mechanism to the camera through a port in the side of the
canister when the platform and canister have rotated to horizontal. A

mirror is needed for the video camera to view the placement device.




a) Configuration Used for Video Recording

Figure 4-12

b) Normal Configuration

Top View of Canister and Placement Device Configuration.
a) Configuration Used for Video Recording;
b) Mormal Configuration.




dcwever, this is the ieast desirabie contiguraticn and was Jsaa only
when necassary. .n this nosition, the zoncantrateda load of Lhe notor
“close tn the vertical centerliine of the piatform) wiil force overrota-
“ion of the platform. This configuration would ultimately cause the
sayload to faii off into the bottom of the centrifuge nousing if the
payload were not properly fastened to the platform or if the 2latform
were not fixed against overrotation. Rotation of the canister untii the
stepper motor is almost in line with the horizontal centerline of the
olatform (Figure 4-12(b)) will decrease the tendency of the platform to
overrotate. However, video recording of the pnlacement process is not
nossible because the line of sight is blockaed by the canister side.
Rotation of the canister until the stepper motor is above the center
line of the platform will induce underrotation, another obviously unac-
ceptable occurrence. The combination of stepper motor positioning which
caused the least stress on the platform bearings was the position which
developed a slight tendency to overrotate just pushing the platform arms
against mechanical stops installed on the centrifuge arms (Figure 4-13).
This was the configuration used most often. Once this position was
established, the driving of second and subsequent piles in a group could
be accomplished by pushing the stepper motor slightly closer to the
central axis of the specimen container. The shift in placement would be
equal to the scale distance between multiple piles. Shifting the step-
per motor towards the central axis of the specimen container would then
serve to decrease the eccentric loading induced by the motor. For
subsequent piles, the specimen container would be rotated ninety degrees

underneath the stationary canister.




Figure 4-13 Platform Mechanical Stops
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The 3taoner wotor s 3 versatiie ana r2iatively important member a7
<1e system., 1t arovides ooth preciseiy controliea incremental oJosition-
ing ang ~ign static and aynamic torgque. Tne name stapper mator is
zarveq Trom wne discontinuous motion of the driveshaft as eacn aulse
racieved initiates accaleration, precise rotational displacement, and
jecelerition of the drive shaft. Thus, there is no continuous shaft
motion, only short steps in the desired direction. Controliing the
nurper of oulses determines the amount of rotational displacement.
Controlling the freguency of the pulse input determines the "speed" at
which the drive snaft rotates. Initialization of the drive shaft
scsition will permit the accurate determination of the shaft oriasntation
at any %time if the input pulses have been accurately accounted for. OJne
revolution of the drive shaft requires 200 pulses, or steps. Thus, each
step results in a shaft rotation of 1.8 degrees.

Proper use of the staepper motor requires an understanding of the
amount of time required to perform a given rotational command, the nec-
essary static and dynamic accuracy, settling time reauired to achieve
that accuracy, and the total system friction and inertia. These para-
meters must be determined before the stepper motor can be chosen. Con-
sidering the type of experiment being conducted, the first three con-
cerns are minor. The stepper motor frequency was chosen to ensure the
motor would accurately perform the desiréd rotational displacement. A
Tow frequency (200 pulses per second) was chosen for initial tests. The
motor control circuitry was configured to provide input pulses at this
frequency as prior research has not even suggested a time dependence on

pile driveability vs. the frequency of impact in the granular soils
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“ar2, Tor ZonIrol Juralosaes, the stacper motor

D

yeling invastiiataa.
43S ariven at tne r~atational soeed wnicn Jttered the optimum combination
of 1ifting capacity and step accountapility--the latter being the
Jrimary concern.

Aczording to zhe manutacturer, a low perrormanca systam, i.a., ‘ow
ratational soeed, can provide accurate stepping under an inertial load
of aporoximately nine times the rotor inertia. This is true under
normal gravity. However, rotation of the stepper motor drive shaft
inder a higner iner=ial loaa, as was necassary in the centrifuge Ztesis,
could result in missed steps. One or more steps could be Tost or gained
due to inertial "coasting" of the motor after oulses have stopped.

Thus, it was necessary to verify the stepper motor was performing tnhe
commanded rotations under the proposed test gravity levels.

Jerification of the accuracy of the rotational displacement is presented
in Section 4.7, Equioment Limitations.

Operating the motor at a low rotational speed minimized the poten-
tial for dynamic overshot of the desired number of steps. Dynamic accu-
racy concerns settling time, or the amount of time it takes the stepger
L0 return %o its commanded position after a given rotation. Settling
time was also reduced by operating the motor at a low frequency.
Regarding this application, the settling time was negligible.

Static accuracy is dictatad by the amount of control desired over
the 1ift height of the ram and is adjustable by several means. A direct
linkage between the stepper motor and ball screw assembly provides the
simplest relationship governing the number of steps versus the vertical
displacement of the rack gear and magnet load cell. Vertical displace-

ment of the ball screw for each step equals the "lead" of the ball screw
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stanper "otar 4rive snaftt (200 for the steoper motor used). Siner zon-
trol of the vertical disoiacement can be achieved by the introduction of
1 gjear reduction assambly Detween the steaooer motor and ball screw
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V7. Accuricy ot tne vertical displacement can be improvea dy 23
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factor equal to the reduction gearing. The redustion gearing likewise
increasas the lifting {or pushing) capacity of the driving device by a
1ike factor. Alternatively, the stepper motor can be configured to
advance only 0.9 degrees ser step (called half-stepping) effectively
doubling the accuracy of the system, however, the dynamic and static
torque available decrease as a result of this reconfiguration.

Manufacturers' litarature should be consulted prior to use of a
steoper motor fto familiarize the operator with the unique power and con-
trol requirements of the system. The required 24-volt power is provided
by an appropriately sized transformer. A Bodine THD-1830E Adjustable
Hotion Control provided precise control of the direction and speed of
rotation. Figure 4-14 shows the transformer and adjustable power resis-
tors required to nower the stenper motor. The motion control is shown
in Figure 4-15. The slip ring assignments for power and control leads
are shown in Figure 4-16. Control is switchable from manual to external
{computer) by toggling a single pole double throw switch fitted to the
side of the stepper motor controller.

4.2.3 Ball Screw Assembly

The ball screw assembly consists of threaded shaft (ball screw)
fitted with a cylindrical housing and collar (ball nut). Contact
between the ball screw and ball nut is maintained by small ball bearings

which facilitate rotation of the ball nut even with the ball screw under




o)

i
v

=3

Figure 4-15 Bodine Type THD-1830E Adjustable totion Control
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substantiil ixial load. The Da screw and nut ar2 supnorted dy 3

.
}

<om o manyractured supoort ring wnich Tixes the 2ait scraw assemdiy
against lataral movement. The stepper motor drivesnatt torque is trans-
mitted to the ball nut by identical gears on the drivesnaft and bali
AUT. The ariving gear s iocated on the stepper motor 4rive snart and
the driven jear on the support ring. The gears have a diametral oitch
3f 34, the Tinest available from the manufacturer. Gears of this pizch
have 64 teeth at tne pitch diameter for every inch of diameter. These
gears are the largest available of the stated pitch diameter. The pitc
diameter was chosen pecause the finer teeth provide smoother meshing and

~
i
i

tass hacklash due to meshing errors. Furthermorza, there is less play
setween the teeth when the direction of rotation is reversed. The large
(3.0-inch pitch diameter) gears are suitable for several reasans.

First, the centerline of the stepper motor must be at least 2.90 in.
from the centerline of the ball screw shaft in order to be mounted in
the confiquration shown. This configuration was the most compact with
regard to height. Secondly, the larger the pitch diameter of the chosen
jear, the smaller the stress on the individual teeth in contact. This
is an important consideration as the gears of this size are available
only in brass, a relatively soft metal.

The driving gear was bored out to fit snugly over the stepper motor
drive shaft and fitfed with three set screws to lock the gear onto the
motor shaft. The driven gear required extensive machining. It was
placed in custom made lathe chuck teeth to hold the gear by the teeth
while the center of the gear was removed. The remaining ring gear was

press fitted onto the support ring shoulder of matching diameter and

held in place by a pressure ring. The shoulder was necessary to keep
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iriven gear and ball screw assembly in concentric alignment.
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uszort ~ing 2onnecting the driven gear and hall screw rasis on 2

)

oracision thrust bearing. Likewise, the support ring is sandwiched
betwean 3 similar thrust bearing wnich nrovides a r=action for the pusn-
ing of 2iles. The ball screw assembly, thrust bearings, and support
ring are held in position by a cliamp attached to the supporting c-chan-
nel. Figure 4-17 depicts the assembly devised to transform rotational
displacement of the stepper motor into vertical displacement of the baill
scraw.

The hall screw device located on top of the support ring is the
means of converting the rotation of the stepper motor drive shaf:i into
yertical displacement of the bhall screw. As mentioned, there is no ohy-
sical contact between the screw and nut as they have matching grooves
{or races) which contain ball bearings. As either the screw or nut
rotates, the rolling balls reach the end of their travel within the nut
and are then recirculated by a return tube outside of the nut. A signi-
ficant advantage of the rolling contact between ball and screw is the
alimination of "stick slip" normally encountered when two surfaces slide
across one another. Rolling contact improves the precision and repeata-
bility of the positioning of the screw. Most commonly, the screw
rotates and the nut moves back and forth along the shaft. The nut is
attached to whatever object is being moved. Precise placement of the
object is cantrolled by monitoring the rotation of the screw from some
known orientation. In this application, the screw is restrained from
rotation while © = nut is rotated. This results in translation of the
screw through the rut. The same degree of precision and load capacity

is maintaine as i1 the standard configuration. The ball screw assembly
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Is atgnty aerficient, wiin over 30% oFf tne input Jowar jeing converteg -0
Tinear motion. This aign erficiency oermits the use of 3 smailar stan-
Jer motor for a given system. ihe roileg thread pail screw is machined
%o J.0005 in. and case nardened giving nign accuracy and reoeatapilitv
tarougnout tne :ife oT tne bai. screw. “ne assembly usad in zhis aonpii-
cation was fitted with oversize bails to decrease the amount of backlash

to 3.003 in.

Nominally, the screw traveled 0.125 in. for every rotation of the
nut. This is called the "lead" of the screw and is significant becaussz
the ability of the »all screw assembly to transmit power is dependent an
the lead. When changing rotary nower to linear, the following axpras-
sion is used to find the ultimate lifting capacity when given the avail-
able torque input and screw lead (Rockford Ball Screw Form Number RBS-
101-8, 1986).

5.65 (T)

P (1bs) = e — £g. 3-1

1)

where T = Torque input in inch-1bs.

—
1}

Screw Lead

5.56 (28.125)
0.125 £q. 4-2

<
]

1,250 1bs

The ball screw assembly was subjected to a maximum load of approxi-

mately 250 1bs during the operation of the placement device.
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is oraviousiy mentioned, the oracision piacament charactaristics of
the dall screw are ennanced 2y tae use or nall bearings as 2oposad o
“he standara metal to metal siiding contact between a conventional screy
and nut. For a standard screw and nut configuration, the displacement
of tne nut is equal to the iead of the screw times the numbper of rota-
tions {or portion thereof) of the screw. Rotation of a screw witn a
lead of J.125 in. for 3 turns displaces the nut 1 in. However, the pre-
sence of the ball bearings between the screw and nut introducas a
"slanetary ratio" wnich slows down the advance of the nut for a given
rotation of the screw. The name nlanetary ratio is derived from the
motion of the ball »earings around the screw. The revoiutions of the
ball nut needed to move the screw 1 in. is the product of the planetary
ratio and the threads per inch (N).

Planetary Ratio = -Jlﬁ§£i~ £g. 4-3

u

0.600 in.

where R = Roiling Diameter in Nut

0.003 in.

it

w
1

= Rolling Diameter in Screw

Planetary Ratio = 1.005

Therefore,'the nut must be rotated 8.04 times to advance the screw
1 in. Conversely, one rotation of the nut advances the screw 0.124 in.
One rotation requires 200 steps of the stepper motor giving an accuracy
of 0.0006219 in. per step. Determination of the travel of the screw
under various operational circumstances required experimental verifica-

tion. The screw was fitted with a Linear Voltage Differential
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Transformer (LYDT) which provided a hignly accurate measure of displace-
ment of the scraw for a given rotation of the shaft. Experimentally,

ANACEN 7

the hall screw was found to dispiace 0.508C217 in. for each step of tne
stepper motor. See Section 4.7, tauipment Limitations, for verification
of the accuracy of verticail displacement for a given rotation of tne
stepper notor.

4,2.4 Guide Tube

A guide tube for the electromagnet, hammer, and other associatad

placement components was fastened to the supporting c-channel adjacent
to the stepper motor. The guide tube was clear cast acrylic to permit
the viewing of the pile during placement and also to facilitate align-
ment of the pile placement components. The inner diameter was 1 7/s in.
and the outer diameter was 2 3/3 in. Two longitudinal slots were
machined in the tube walls, one each down opposing sides. The purpose
of these slots was to provide an opening for the strain gage and elec-
tromagnet leads to exit the tube and also to provide a means of pre-
venting rotation of the electromagnet while it moved up and down. The
guide tube was long enough to reach top of the soil and served to keep
each piece within the tube (magnet, ram, and pile) aliined. The base of
the tube was fitted with a guide to center the pile (group) as it exited
the placement device. The centering pieces were individually machined
for the pile (group) being tested to prevent scouring around the model
pile(s).

4.2.5 Electromagnet

An electromagnet is fastened to the bottom of the ball screw during
the driving sequences. As manufactured, it is 2 in. tall with a 1.00-

inch diameter core. The windings are encased in epoxy which is housed




in 3 meta. casing with 2 Jiametar of 1.75 in. The too of :ne casing is
oredriiiaa ind -acoed w0 accept 3 J.25-incn diameter, 14 Inread ser incn
bolt. Ratag capacity of the magnet is 140 1bs with a voitage input of
12¥ D€, 125 milliamos. The two leads exit the casing on the side at the
t0D as manutacturea, dowever, thel eiactromagnet was modifiz2a extansive-
iy for use in tne driving device.

The leads were required %0 exit the top of the casing for the mag-
net to fit properly within the guide tube (1 7/a in. 1.0.}. Therafora,
sufficient material was removed Trom the casing to permit the lead wires
to be placad as required. A plastic guide washer was fastened to the
top of the casing to serve as a spacer oetween the walls of the guide
tube and the magnet casing. The washer was thick enough (0.25 in.; %o
npermit two opposing noles to be drilled from the circumference towards
the center of the ring. A brass electrode was then forced into each of
the holes. The leads from the electromagnet were soldered to the elec-
trodes so the electrodes could then be inserted through the milled s]ots
in the side of the guide tube and be connected to a power source outside
the tube. The milled slots were larger than the diameter of the
electrodes. B8rass bushings were manufactured to slip around the elec-
trodes where they passed through the guide tube to help keep the elec-
tromagnet centered within the tube and also to provide a rolling bearing
surface as the magnet traveled up and down. The guide tube was fixed to
the bottom of the c-channel and thus, the passage of the electrodes
through the side of the guide tube prevented the magnet from rotating.
The guide tube then also served the purpose of insuring that the rota-
tion of the ball nut resulted in the vertical motion of the electro-

magnet.
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A secona sat of susnings were fittad onto the 2lacirsdes. Zower
was suoplied to =he magnet oSy leads attached to this second set of
busnings. The bushings permitted the leads to hang in a natural posi-
tion as *the nagnet traveled up and down reducing the stress on the mag-
net iand tube. Figqure 4-13 shows the electiromagnet actuator circuit ana
slip ring assignments for the power leads.

The tapped shaft at the top of the casing was not modifiea.
Rather, tne tip of the ball screw was modified to be screwed into the
casing. When screwed tightly into the magnet casing, the ball screw
could not rotate either, but only travel up and down.

4.2.6 Model Pile Hammers

The nammers had to bSe individually machined for tests at a specific
gravity level. Initially, the hammer weight for driving individual
piles was determined by dividing the prototype hammer weight by the
appropriate gravity level to the third power as discussed in Section
3.4, Experimental Requirements. This resulted in hammer weights of 3.30
and 4.45 grams for the driving of individual piles at 69.8 and 86.0 g's,
respectively. Considering the system being modeled, weights of this
small size would have to be lifted almost 500 times to drive the model
to the desired 30 ft depth of penetration. This was deemed unrealistic
as one impact cycle required approximately 20 seconds. The total time
to drive a model pile would have been almost three hours. Furthermore,
the measurement of insignificant model penetration after each impact
could introduce significant cumulative errors in the determination of
total penetration. Therefore, the model hammer weight was increased
arbitrarily by a factor of approximately 2.5. The intent was to drive

the pile (group) as quickly as possible decreasing the wear on the
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centrifuge ind aslacement device while increasing the number of tests
wnich zan be conducted. This served as a starting n2oint in the deter-
mination of the optimum weight to be usad for driving individual model
2iles. Moninstrumented models wers first driven to determine the suit-
ability of the weight and to ensure the instrumented models would not be

destroyed by impact of the hammer. The hammer weight for driving group

oiles was determined by multiplying the factored weight required for
driving the individual piles by five. Again, initial tests were con-
ducted on noninstrumented groups to assess their survivability during
driving. Table 4-2 provides the hammer weights for driving individual
and group model niles determined by this process. The hammer dimensions
were determined based on the hammer having a diameter approximately
equal to that of the electromagnet. The intant was to provide a large
face for the development of capacitance between the electromagnet and
hammer. The dimple at the bottom of the hammer decreased the contact
area between the hammer and pnile cap and also the magnetic attraction

between the %two.

Table 4-2 Model Hammer Weights and Dimensions

. 1.5" L
1 K
[ 1. ]
=ik
Hammer Weight/"A"
G-Level
Individual Piles Group Piles
69.8 20.0/0.125 100.0/0.625
86.0 10.7/0.060 53.5/0.300

NOTE: Weight and Dimension (A) are provided in grams/inches.
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The nammer dimensions suggested ibove assume the nammer is manu-
factured from cold rol’ed steel stock as was commonly avaiiable 3t tha
Jniversity Machine Shop. Being ferrous and dense, tnis metal was the
obvious choice of hammer matarial.

1.2.7 Mode! °ile Cap as an Alianment Too!

The model 9ila cap served the functions attributed to the prototyne
‘Section 2.32.1, Hammer-Cushion-Cap Interaction) and others based on the
requirements of the olacement system. Figure 4-19 shows the standard
design of the pile cap used during driving. The most significant func-
tion of this cap was to gquide the hammer down to the center of the pile
butt., A quide rod extending up through the nammer, then through the
magnet, and into the center of the ball screw shaft fulfilied this pur-
pose. Additionally, the guide rod ensured the magnet returned to the
center of the hammer after impact and helped keep the magnet and hammer
faces parallel during the approach of the magnet. The length of the
gquide rod was dictated by the hammer length (variable), magnet length
(constant), and 1ift height (variable). Thus, each test g-level sti-
nulated the use of a specific gquide rod length. Figure 4-20 shows how
the length of the quide rod and depth of drilled hole within the ball
screw shaft were determined for the 65 g tests. This is the worst case
as the hammer length, 1ift height, and guide rod length all decrease
when testing at higher g-levels.

The model cap served the purpose of the prototype cap and hammer
cushion. The cap was machined to fit snugly over the butt of the pile
and protect it from the potentially damaging blows of the hammer. Being
made of aluminum, the cap deformed slightly under the repeated impact of

the hammer. The cap head was kept large enough to provide adequate area
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far the n1ammer to strike and transrter energy efficiently to the pile
hutt. Yeening the area of Lhe cap nhead raiatively large with raspect o
the 2172 butt aiso helped ensure the nhead was perpendicular to the
longitudinal axis of the pile at hammer impact. An alternate cap design
was necassary for the driving device to pe abie to push piles and
groups.

The alternate design for the pile cap to be used during the pushing
of piles (groups) included the capahility for the model pile %o be
inserted in an adaptor screwed into an in-line load cell. The force of
pushing the pile (grnup) was transmitted through the load cell. This
~as important also in the conduct of the load tests. fach test con-
ducted Sy nushing the pile was accomplished with the load cell in place.
Loading the model pile after nushing was accomplished without stopping
the centrifuge. The electromagnet and hammer were renlaced by a load
cell before load tests were conducted on driven piles (groups). The
load cell capabilities are presented in more detail in Section 4.2.9,
Load Cells.

4.2.5 Proximity Device

The ability to use this device as a pile driver was predicated on
the capability of being able to determine when the electromagnet had
been Towered just to the point of contact with the hammer. If the elec-
tromagnet were not broughﬁ down close enough to the hammer after impact,
the magnet would not have been able to engage and lift the hammer for
succeeding impacts. Alternatively, if the electromagnet continued its
downward travel past the point where it had made contact with the ham-
mer, the device would push the pile further into the soil and possibly

alter the creation of the desired soil stresses adjacent to the pile.




The capapility af measuring tne 2raximity oF Ine madnet tTo the hammer
vas impertant “aor the above reasons as well as ‘n tae detarminaticon oF
the penetration of the pile after impact. Using the steoper motor in

its capacity 3s a precision oJositioning device, the 4isaiacement of the

1" il

3ile could be measursd by counting the number of "stens” the pilz2 nad
advanced after impact. Thus, a oroximity devicz was necessary to ensure
the magnet was engaged for successive impacts, to orevent the
electromagnet from pushing the pile into the soil, and to permit the use
of the stepoer motor as a device to measure penetration of the nile.

Tne electrical oroperty of capacitance was chosen as the bhasis of
qesign for the proximity device. A capacitance circuit produces 2
current orooortional to the time derivative of the voltage across the

capacitive elzment. The constant of nroportionality is called the

capacitance. Sxpressed quantitatively, the current is

[0 ¥
13}

o= 0 £q. 4-4
where —%%— is the time derivative of the voltage
The element voltage (e) can be found from the above equation.

e = -1%- [ i dt | €q. 4-5

Since the instantaneous current (i) in a circuit equals a change in
electrical charge (q) over some time period (t), one can denote the

instantaneous current as follows.
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Substituting Zgquation 4-7 into 4-5, the 2lement voltage is
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The oroportionality constant (C) is the charge storing property of the
element and is referred to as capacitance. With g expressed in coulombs
and e in volts, the resulting capacitance is expressed in farads [(F).
fapacitance is most often expressed in microfarads (uf), or 1075 farads.
A fixed capacitor usually consists of a pair of metallic plates
separated some known constant distance by a dielectric. One of the
plates is positively charged and the other is charged negatively. The
plates discharge alternately at a constant frequency if a resistor is
introduced in series with the capacitor and the capacitance is held con- -
stant. The frequency of discharge is directly related to the "charac-

teristic time" of the resistance-capacitance, or r-c, circuit. The

product of resistance times capacitance is time (characteristic time)

and the frequency of discharge is found easily by taking the inverse of




tnis sime. Thne characteristic time (and freguency! can be varied &5v
cnanging eitner the resistanca of the circuit or the capnacitanca.
increasing eitner increases the characteristic time and thus decreases
the frequency of discharge. 7This relationsnip between capacitance and
frequency of discharje serves as the basis for oJperation of the proxi-
mity device.

The capacitance of the magnet and hammer couple was the variaple
capacitance of the design r-¢ circuit. The bottom face of the electro-
magnet was the negatively charged face of the capacitor and the top of
the hammer the positively charged face. Capacitance between the two
faces could exist only if the faces were electricaliy insulatad from one
another. The method of insulation chosen was to insert a plastic tube
through a hola drilled through the center of the hammer. This preventad
the guide rod and cap from coming in contact with the hammer unless the
hammer was resting on the top of the cap (after impact). Likewise, a
hole was drilled through the center of the electromagnet and up through
the center of the ball screw shaft. This hole was also fitted with a
thin-walled plastic tube. Thus, the pile, cap, guide rod, and hammer
were totally insulated from the electromagnet and ball screw shaft, a
vital consideration when measuring the capacitance between the two.

When resting on the pile cap, the bottom of the hammer made electrical
contact with the cap. This was necessary as the hammer was required to
be positively charged to serve as one face of the variable capacitance
proximity device. The model, cap, and hammer were positively charged by
a lead wire fastened to the miniature connectors used to protect the
strain gage lead wires. Similarly, the bottom of the electromagnet had

to be electrically charged. This was accomplished by attaching the
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neqitively charged lead wir2 to the c-channel supoort which was aiways
in intimate contact witn the bail screw and thus the electromagnet. The
capacitance across the two faces could exist only if they did not come
in ohvsical contact. Therefore, they were insulated from one another by
covering the too of the hammer with a layer of cellopnane tape.

Two proximity devices based on capacitance were considered. The
devica used in this research was an electron charge pump proximity
device. It included several features which were improvements on its
predecessor, a phase comparator proximity device. £fach device will be
discussed.

4.2.8.1 Charge oump oroximity device

The proximity device consisted of a crystal reference oscillator
and divider, which alternately charged and discharged the variable ca-
pacitor made up of the bottom face of the electromagnet and top face of
the nammer. The gquantity of charge stored and subsequently discharged
from the two faces is a function of the distance between them. The
discharge served as the input to an integrating microchip which trans-
formed the discharge into a unique value of current determined by the
distance between the plates. This current was passed through a preci-
sion resistor resulting in a measurable variable voltage across the
resistor. The output voltage was compared to a reference voitage which
was adjustable based on the desired closeness of approach of the vari-
able capacitor faces. Figure 4-21 shows the schematic drawing of the
device. Figure 4-22 depicts the proximity device before mounting on the
c-channel support.

The reference system voltage output was constant depending on the

adjustment of a precision potentiometer. Increasing the capacitance of
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tne local c¢irzuit increaseq tne cnarge storing capapility of %the circuic
juring the Tixed time interval and tnus also the amount of discharge
wnen the Zieciron Charge Pump (ECP) was de-energized. 7hus, the voltage
reorasentation of the output increased as the eleciromagnet and hammer
iporoached one another. When the voitage from the variabie capacitance
circuit exceeded the refarence voltage, a transistor in the voltage
comparator microchip changed its output from a low state of O volts to a
high state of 5 volts. Thus, the approach of the magnet to the hamer
closer than some preset distance is signified by an instantaneous change
in the output of the device from O to 5 volts.

A crystal reference oscillator was chosen to "drive" the device
because of its inherent accuracy. The divider reduced the circuit
frequency to a nominal value of 150 kXHz from the crystal frequency of
2.4 MHz. The reason for this reduction will be explained shortly. The
output from the reference oscillator powered a microchip which contained
an ECP. With the ECP energized, the variable capacitor faces would
store charge. De-energizing the ECP caused the capacitor to discharge.
The divider was necessary to increase the amount of time available for
the capacitor to store charge. The resulting discharge was larger in
magnitude and more easily compared between the two circuits. Adjustment
of -the reference system output permitted the determination of the
distance between the electromagnet and hammer at which the comparator
output changed. The output from the comparator was connected to the
high-speed analog to digital converter in the multiprogrammer to notify
the computer the electromagnet had found the hammer.

Figure 4-23 shows the electron charge pump proximity device circuit

and slip ring channel assignments for the power and output signal leads.
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1,2.3.2 Phasa comparator oroximitv device

The altarnate design was very similar in orincipie but relied on
the comparison of the frequencies of two r-c circuits rather than the
measurement of voltage output from a current integrating microchio.
figure 4-24 depicts the phase comparator device schematic. ZXnowing the
approximate capacitance of the canister, magnet, and ram system, a
similar r-c circuit was constructed which oscillated with a frequency of
490 Khz. Tnis was termed the reference oscillator. By varying the
distance of the electromagnet from the hammer, the capacitance of the
"Tocal" osciltlator could be changed. Altering the capacitance likewise
changed the frequency of discharge of the svstem. This freguency, and
the constant frequency of discharge of the reference oscillator were
simultaneously input to a frequency comparator. When the frequency of
the local oscillator equaled that of the reference oscillator, the
voltage comparator triggered a transistor to change its output from zero
to five volts. Changing the frequency of the reference oscillator
(using a precision adjustabla resistor) changed the distance at which
the transistor output changed from zero to five volts. The device was
adjustable to a gap of approximately three thousandths of an inch but
could not repeatedly provide accurate results.

The most significant drawback of this proximity device was the use
of a phase-locked loop (PLL) in the local oscillator circuit. The PLL
is a noninductive, tunable, active filter with an adjustable bandwidth
(Buchsbaum, 1973) suitable for use in communications devices and servo
controlled motor systems. The basic PLL circuit consists of a voltage

controlled oscillator, phase detector, and loop filter (Figure 4-25).
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The Jhasa ‘cop is considerad iockea anen tne aiffarence detween ine
input sianal 7rom the local csciilator in this application; and <ae YC2
output signal is constant. A variation in eitner tne input signai pnase
or the YCJ outout ohase generates an "error" voltiage From the ohas=2
detactor wnicn is proportional in botn magnitude ana doiarity o the
pnase snift. This error voltage serves to modify the YCO output unti:
it is again in phase witn the reference signal. The range over which
the circuit can keep itself in phase with the reference circuit is
referred to as the lock range. Regarding the use of this circuit in the
proximity device, as the alectromnagnet approached the top of the hammer,
the capacitance of the local oscillator circuit increased, which served
to decrease the circuit's frequency of discharge. As this frequency
fell within the Tock range of the PLL circuit, the reference oscillator
frequency would lock onto and follow the frequency variations of the
local oscillator circuit. Thus, any additional changes in capacitance
(or variation in the distance between the electromagnet and hammer)
would be masked by the ability of the PLL circuit to lock onto and
follow the fregquency variation.

The inability to accurately adjust the frequency output of the
local oscillator also hampered the operation of the device. The PLL
circuit was incorporated into the frequency determining network for the
reference oscillator. Variation of the PLL circuit output thus affected
the reference frequency output negating the use of the circuit as a true
reference. The reference circuit capacitance aiso varied in response to
the nearness of the tools needed to adjust the precision potentiometer
in the reference r-c circuit. Thus, it was not possible to achieve a

predetermined, stable reference oscillator frequency with the device and




tne PLL circuit oreciuced the orecise and repeatabie determination of
she proximity of the =2lectromagnet to the hammer.

1.2.9 lLoad Cells

Two load cells were used in this research. The load cell used for
npusning and loading individual piies nhad a static capacity of 200 ibs.
This load cell was also used to conduct load tests on individual pilas
wnich had been driven. The load cell used to push and load group piles
nad a static capacity of 500 1bs. Load tests on pile groups were con-
ducted with the 500-1b capacity load cell. Each load cell had a cali-
bration factor provided in the form of millivolts output per volt of
input power. Millivolt output per pound of force wés determined as
follows. The calibration factor (1.9961 mv/v for the 200 pound capacity
load cell) is multiplied by the load cell input voltage (10 volts in
this example). The resulting maximum output voltage (19.961 millivolts)
is divided by the static capacity of the load cell. The 200-1b capacity
load cell output is thus .0998 millivolts per pound. The calibration
factor for the 500 pound capacity load cell was determined to be 0.0397
millivolts per pound. The load cell power and signal cicuit is shown in
Figure 4-26. Slip ring channel assignments are included in the figure.

Each Toad cell had leads which exited from the side of the casing.
These leads were passed through the side of the cast acrylic guide tube
and helped to prevent the ball screw, load cell, and model from rotating

during placement and loading.

4.3 Centrifuge Design

Conduct of this research required the development of a new centri-

fuge facility and associated testing equipment. This section of the
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1.3.1 In-Place Zquioment

Tne equioment in-nlace at the beginning of This resaarcn consistad
aof 3 fifteen horsepower alectric motor mounted in the centar and below
the floor of an 11 ‘/2-foot square room having a neight of 4 ft. The
too of the centrifuge enclosure was at floor level in the pasement of
the Weil Halil addition, Reed Laboratory. WNominally, the motor was
capabie of 1200 rpm. Other pertinent motor specifications are as oro-
yided in Aopendix B. The drive shaft (3.0-~inch diameter) stood to a
height of 3 ft within the enclosure and was linked to the motor through
a Holloshaft 5.077:1 speed reducer thereby limiting the rotational speed
of the centrifuge arms to 236 RPM. Initial testing revealed that 1231
rom of the motor resulted in only 201 rpm of the arms indicating the
rotational speed was being reduced by a factor of 6.373. Inspection of
the nulleys on the motor shaft and centrifuge drive shaft accounted for
the additional reduction by a factor of 1.25. The pulley on the motor
snaft was 3.87 in. in diameter and the pulley on the reduction gearbox
driveshaft was 11.09 in. in diameter. The reduction gearbox driveshaft
oulley was replaced by a pulley similar to the one on the motor drive-
shaft thereby correcting the tofa] reduction to the desired 5.077:1.
One-hundred g's could then be consistently achieved with the arm
rotating at 241 rpm, depending on the radius at which the desired
gravity level was measured.

Arms had already been mounted on the driveshaft. The arms and

'mounting nplates were made of T-6061 high strength aluminum having a




i3z ostrengta of 42,300 21, 4190 sTrengta Scits wer2 usaa tnrouqncut
“h2 zonstruction., Lastly, far 3eradynmamic r=zacons, 2aca of The arms nad
nac matariai removed Ttrom the web to reduce turpuience auring rotation.
Zacn 2air of arms nas a nominal cross-sectional area of 14.90 square in.
3 main pjower transtormer {Figur2 4-27), and Parajust AC Motor Speea
Control (Figure 4-28) constitute the dedicated circuit which oowers tne
zentrifuge. Rotational soeed control is nrovided either by a precision
notantiometer housed in the hand-held control shown in Figure 4-29 or by
the variable direct current voltage input (from O to +10.24 voits) from
the multiprogrammer (Section 4.5, Computer Control of the Equinment). A
rotary switch mounted on the side of the Parajust speed contrcl permizs
the ooperator to switch control from the hand-neld speed control to the
extarnal control (multiprogrammer) and back. The main circuit breaker
for the centrifuge is mounted directly above the transformer adjacent to

the resistive speed brake shown in Figure 4-30.

4.3.2 Shroud Construction

Tne initial modification consisted of building a shroud to encase
the arms thereby oroviding a more suitable housing for them during
rotation. The inside radius of the shroud was constructed at 83.5 in.
from the center of the drive shaft as this was the largest circular wall
which could be built within the confines of the centrifuge housing. The
wall of the shroud is 0.25 in. smooth finish plywood sheeting supported
by a 2x4 frame which is in turn mounted on 0.75-inch thick plywood forms
fastened to the floor and walls. Two support beams were fastened in
place above the centrifuge equidistant from the center of the drive
shaft and spaced at a width of 34.0 in. The purpose of the beams was to

provide solid support for the cover to be placed on the centrifuge,




Figure 4-27 Centrifuge Main Power Transformer

Fiqure 4-28 Parajust AC Motor Speed Control
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Figure 4-29 Hand-Held Centrifuge Speed Control

Figure 4-30 Centrifuge Main Circuit Breaker and Resistive Speed Brake




Irovii2 3 oiatiorm o wnicd Couil supbport tne S1ip £~ing nousing 2ventual iy
nountea 10o0ve tne drive snath, ang to serve as a Irick 1iong wnich coula
Se rollad a nortable noist to be used for transf¥aring duckets to and
from <the zentrifuge arms. The completad shroud, support deams, and s1io
ring nousing are shown in Figures 3-31.

4,3,3 Main Arm Modification

The original arms were removed and taken to the University of
Florida Machine Shop where a 12 in. by 12 in. by 0.5 in. high strengtn
aluminum and 12 in. by 12 in. by 0.25 in. steel plats was fastened to
the end of each arm (Figure 4-32). These plates served as the attach-
ment points for the pillow-block bearings which supported the platfarm
arms. The plates were welded in place and bolted with high strength
bolts for redundancy in case of weld failure during flight.

4.3.4 Cover Construction

After replacing the arms, the centrifuge roof was closed with
sheets of 0.75-inch thick plywood and interlocking pieces of heavy gage
pressed steel floor grating (Figure 4-33). A distributed load of 2000
pounds was temporarily placed on the roof with no adverse effects. The
inside of the centrifuge housing was then caulked and painted to provide
a smooth inner surface. The cover had an access opening of 30 by 40 in.
as shown in the foreground_of Figure 4-33 through which the main arms
can be removed if necessary.

The current draw of the main motor at full speed was reduced 44%
(from 41.5 amperes to 23.2 amperes) after placement of the shroud and
cover. Figure 4-34 shows the current draw (per phase) for a given

rotational speed of the centrifuge and includes the voltage input to the
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Figure 4-31 Completed Centrifuge Shroud

Figure 4-32

Pillow Block Bearing Support Plates Fastened
at the Ends of Each Arm

.
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Figure 4-33 Centrifuge Cover, Access Opening and Slip Ring Housing
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Jar3iust Speed Tontroller necassary to icaiave che aesired rotationa)

12iocity.

4.3.3 Slip Ring Placement

Zguioment control input and data capture dictatad tne use of ajac-
tric slip rings and rotating nydraulic unions. The nmounting of the siio
rings was the next modification. A pyramid shaped frame of angle-iron
{(Figures 4-31 and 4-33) was fabricated with a base large enough to span
the support beams and with a housing at the top to permit the firm but
flexible restriction of the rotating hydraulic union assembly.
Flexibility was needed to accommodate the unavoidable vibration asso-
ciated with the operation of the centrifuge. The nydraulic slip ring
~¥as fastened to the housing by four large eye-bolts and springs which
gave the necessary flexibility while also permitting lateral adjustment
of the entire slip ring assembly to ensure trueness during rotation.
Figure 4-35 depicts the electric and hydraulic slip ring assembly with
mounting device already in-place on top of the large rotating hydraulic
union. The bottom of the slip ring assembly was fastened to the top of
the drive shaft via a Wood's No. 6J universal joint. The universal
joint consisted of two metal end pieces with a short, hard rubber, fine-
toothed coupling sandwiched between them. This type of joint was
selected for its abijity to transmit power smoothiy with a minimum of
vibration. An adjustable cap was manufactured and placed over the top
of the main drive shaft serving as a connector between the shaft and
universal joint at the bottom of the slip ring assembly. The stainless
steel central shaft of the slip ring assembly was mounted directly on
top of the universal joint. This shaft supports the electric and

hydraulic slip rings and is hollow to permit the passage of shielded
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Ring Assembly

Hydraulic Slip

Figure 4-35 Electric and
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cables and nydraulic pressure iines. Sufficient rcom was available for
<he tassage o7 20 snhieided cables and two nydraulic oressure lines.
Figure 4-36 shows the completed slip ring housing with the electric and
Aydraulic slip rings in-place. The top slip ring unit is designated "A"
and the bottom unit "B".

4.3.6 Rotational Speed Monitoring

Following placement of the slip rings, a pulse generator was fixed
atop the single rotating hydraulic union (Figure 4-37). The pulse
generator consisted of a small light source and reader on opposing sides
of a small c-shaped fitting. The source and reader were fixed to the
stationary outar casing of the union. A slotted disk was fitted to the
rotating central shaft of the union such that the slots passed between
the arms of the c-shaped fitting. Rotation of the centrifuge, and thus
the central shaft of the union, caused the slotted disk to intermit-
tently interrupt the path of light between the source and reader. Each
passage of an opening between the two resulted in the generation of a §
volt pulse. The frequency of the pulse is directly related to the
rotational speed of the centrifuge. The pulses are transmitted to the
multiprogrammer and counted by a pulse counter card over some predeter-
mined time period. This permits the computer to determine the rota-
tional speed of the centrifuge. Comparison of the actual rpm with the
desired rpm causes the computer to adjust'the output of the dig{tal to
analog voltage converter card which commands the rotational speed of the
centrifuge. Figure 4-38 shows the rotational speed monitoring and
control cicuit developed to permit control of the centrifuge by either

the multiprogrammer and computer or manual means. The specific
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Figure 4-37 Pulse Generator and Slotted Disk
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Figure 4-38 Rotational Speed Monitoring and Control Circuit
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“ynctions of the zomoutar system components and software wiil oe aJre-
sented in Sec=tion 4.3, Clomputer Control of the Equioment.

Figure 4-39 snhows the photoelectric tacnometer and display unit
which was used for monitoring the centrifuge rotational speed with the
motor under manual control. This attachment also served as a backup
system when the centrifuge speed was controlled by the computer and
multiprogrammer,

4.3.7 Specimen Platform Construction

Identical platforms were built for each arm. The major considera-
tion was to provide similar capacity for each arm permitting the simul-
taneous'oerfarmance of like tests during one flight of the centrifuge.
Balance of the arms was accomplished by placing equal weight payloads on
each platform. The orthographic projection of each platform is
presented in Figure 4-40. Figure 4-41 depicts one of the fabricated
platforms. The 1 3/1g-inch diameter hole bored in the end o% each sup-
port arm permitted the passage of a steel pin. The pin was supported on
either side by pillow-block bearings mounted on the main arms (Figure
4-42 shows a platform in-place). Special consideration was given to
ansure the base was as far as practically possible from the drive shaft
(during flight) to provide the highest g capability.

The platform arms were spaced at 28 in. (inside spacing) predicated
on their being mounted adjacent to the outer face of the inner pillow
block bearing plate. The pillow block bearing bolts which would have
interfered with the swinging up of the platforms were countersunk. Thin
plastic washers were placed between the platform support arms and cen-

trifuge main arms permitting unrestricted rotation of the platforms.




a) Photoelectric Tachometer

b) Display Unit

Figure 4-39 Eguipment for Monitoring Centrifuge Rotational Speed.
a) Photoelectric Tachometer; b) Display Unit
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Figure 4-41 Completed Platform

Figure 4-42 Platform In-Place
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The wasners aliso prevented lateral displacement of the platfoarms during
spin up.

The bhase of the platforms were reinforced with lengthwise ribs of
0.25-inch thick high strength aluminum to achieve a satisfactory moment
of inertia. Five ribs were required. The spacing of the ribs intro-
duced difficulty in fabrication as the welding tool could not fit
between the ribs once they were tacked in place. Therefore, the center
rib was the only one to have fillet welds on both sides. The remaining
four ribs had fillet welds only on the side away from the center rib and
had to be mounted in outward succession starting from the center rib.
The eccentric welding required the placement of a tie-strip at the ex-
treme fiber of the ribs to resist their tendency to bend outwards under
load. The tie-strip increased the depth of the platform to 2.25 in.
which resulted in an in-flight clearance of 0.75 in. between the shroud
wall and bottom of the platform. This was considered the minimum per-
missible as there are minor irregularities in the shroud. Table 4-3
provides the pertinent specifications of the base and includes factor of
safety calculations.

4.3.8 Closed Circuit Television

A television nonitor was mounted on the centrifuge main shaft
between the two plates which support the main arms. This monitor pro-
vided black and white live coverage of the tests in-progresé. The flex-
ibility of the mount permitted either the top of the placement device to
be viewed or, by use of an appropriately adjusted mirror, viewing of the
driving, pushing, and loading processes. The camera was not adjustable
during the flight of the centrifuge. It performed very well throughout

the research at up to 90 g's.




Tabl2 4-3 Platform Specifications and Factor of Safety Computations

Unit per Total
(1bs) nlatform {1os)
?illow Block Bearing Static Capacity 3,250 4 13,000
Support Arm Capacity* at Pillow
Block Bearing Pin 15,250 2 30,500
Wdeld Capacity* Where Support Arm
is Connected to Platform Base 30,000 2 50,300
Platform 3Base Capacity*t 29,750 1 29,750
NOTE: - Ultimate platform capacity (13,000 1bs) is based upon the

1imiting strength of the pillow block bearings. Centrifuge
capacity is thus 6.5 g-tons.

- Pillow block bearings can be safely used with a factor of
safaty of 1.0. The ball bearings begin to deform their races
only when the ultimate capacity is exceeded. The pillow block
housing still has a factor of safety of 5.0 when the bearing is
subjected to its ultimate load.

* High strength aluminum (T6061, yield strength 32,000 psi) was used
throughout construction. Welding decreases the strength to 8,000
psi. Conservatively, the limiting strength of 8,000 psi was used in
the determination of member strengths whether they were welded or
not.

t+ Platform base capacity based on 8.2 in.* moment of inertia, yield
strength of 8,000 psi, and a distance to external fiber (y) of 2.20
in. Moment determined using worst case conditions; concentrated load
at mid-span with pinned connections.
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Fiqure 4-43 qepicts the closad circuit television circuit and slio
~ing 2hannel iassignments. An in<line opower suonly filter was used o
decrease the interfarence in the outout signal caused by the nearby dis-
charge of the speed contrnl capacitors. The output signal was shielded

o anhanca2 monitor dispiay.

4.4 Model Pile !Group) Set-Up Procedure

The following procedures were followed in the set-up of each nodel
specimen. This procedure presumes a suitable specimen nas oeen created
in accordance with the method presented in accordance with Section 5.1,
Soi! Description and Specimen Characterization. The platform stops at
the end of the main arms must also have been adjusted with the platform
empty to ensure the platform will be stopped in the appropriate nosition
during testing.

The multiprogrammer (Hewlett-Packard 6940B) must be connected to
the pulse generator, Parajust Motcr Speed Control, and Stepper Motor
“lotion Control by the provided plugs. The Data Acquisition/Control Unit
(Hewlett-Packard 3497A) must also be connected to the load cell and
strain Gage output slip rings by the provided plugs.

1. Mount the appropriate specimen .ontainer and fasten with the four
bolts provided. The bolts should be tightened slightly more than -
finger tight, just enough to ensure there is no looseness which
would permit the specimen container (and placement device canister)
to rock back and forth during centrifuge spin-up.

2. Rest the placement device protective canister on the lip of the
access hatch opening. Ensure the canister is well supported as the

attached umbilical cords protecting the wire leads tend to pull




Monitor
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Ground
Line + 120 VAC
Filter
- 120 VAC
B1 Green
-
B2 Black
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Wri]ter
VCR Signal

On-board
Camera

Figure 4-43 Closed Circuit Television Power Supply and OQutput
Signal Circuit and S1ip Ring Channel Assignments
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the canister into the centrifuge. Experience will teach the

operator the best position in which to rest the canister.

3. Advance the ball screw until the tip is within approximataly 2.0
in. of the bottom of the slotted cast acrylic quide tube.

4. Fasten either the electromagnet or the appropriate load cell in
nposition at the tip of the ball screw. The ball screw can bhe
screwed into the magnet/load cell at this time because the ball
screw is resticted from rotating only after being tightened down
into the magnet/load cell.

5. Retract the ball screw several inches upward either by manual rota-
tion of the driving gear or by energizing the stepper motor and
inputting the necessary command at the motion control.

6. a) For driving; Choose the appropriate model. Slip the necessary
hammer over the guide rod which extends from the cap. Insert
the guide rod into the plastic insulator tube inside the elec-
tromagnet. The model must be held in place either by light
pressure upward on the pile tip or by 1ifting gently on the
connector support arm which extends through the slotted cast
acrylic guide tube. A piece of tape fixed underneath the con-
nector support arm serves this purpose.

b) For pushing; Choose the appropriate model. Insert the top of
the cap into the load cell adaptor and tighten the set screws
which hold the model in place when strain gaged models are
used.

Models are simply screwed in if no strain gages are used.

7. Place the guide washer in the base of the guide tube and fasten

with the clamp provided.
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10.

11,

12.
13.

—
=

atract the model until the oila tinfs' is fare) adjacent to the
and of the cuide tube.

Place tne canister on top of the specimen container being carefui
not to disturb the specimen surface by drawing the umbilical cords
across the soil. Rotate the canister %to the final oJosition ana
fasten with a wrap of duct tape. Adjust the supporting c¢-channel
to its final position and tightan the locking bolt underneath the
proximity device housing until the stepper motor just 1ifts off of
its support. Loosen the locking bolt until the stepper motor is
lowered back onto its support. This degree of "tightness" is suf-
ficient to hold the placement device in position during tasting.
Advance the pile (group) until the model tip(s) contact the soil
surface or continue until the desired depth of insertion is
achieved.

Measure the distance from the butt(s) of the pile (group) to the
top of the centrifuge platform. This distance equals the depth of
the specimen container plus 0.25 in. (the thickness of the base of
the specimen container) plus the height of the butt(s) above the
soil surface. Measure the distance from the top of the electro-
magnet to the bottom of the slotted guide tube support. This is
the maximum available 1ift height which must be compared to the
computed t1rt neight dizplayed during execution of PILEDRIVE.
Furthermore, this 1ift height is subject to the limitations
depicted in Fiqure 4.20, Guide Rod Length Determination.

Attach the appropriate miniature connectors.

Ensure the top of the ball screw has sufficient clearance to permit

one full rotation of the payload. One rotation is required to
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16.

17.
18.

19.

20.

[
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2evelnp sufficient accelaration to cause the bucket to rotate

JutTwards.

3alance the centrifuge by nlacement of a suitable payiocad an the

appesing nlatform,

Close the centrifuge access natch and olace botn cover locking sars

in nosition.

Snergize the following power supplies.

a) Pulse generator (5 volits)

b) Strain gage bridge completion unit (Two power supplies at 3
volts each)

c) Load cell (10 volts)

d) Electromagnet (when necessary) (Two power supplies, one at +12
volts and the other at -1 volt.)

Start the small portable fan which cools the stepper motor power

resistors. This is critically important as the resistance of the

power resistors changes as they heat up. If the resistance changes

sufficiently, the stepper motor could be damaged.

Connect and turn on the closed circuit television equipment.

" [}

Load the appropriate program into the computer. Press "“run" and
input the requested information. This is referred to as
"initialization" of the program. Follow the provided instructions
until the plotter and orinter have completed their initial
graphs/listings.

Verify the output voltage of all power supplies and adjust as
needed.

Check again to ensure the centrifuge access hatch cover is securely

fastened.
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Energize the stepper motor power supply. The transformer must be
turned on first followed by the toggling of the switch which oowers
the stepper itself. This switch is in-line between the transformer
and Bodine adjustable motion control. Check the small toggle
switch on the side of the motion control. It must be set on "com-
outer”.

Toggle the c¢ircuit breaker which supplies power to the centrifuge
main motor and enable the hand held speed control as follows. Push
the red "reset" button and then the green "start" button. The
"start" button must be depressed for approximately 2 seconds. The
Parajust motor speed control will generate a high pitched whine.
"Continue” the prograrm. The computer will automatically spin the
centrifuge, conduct the requested tests, record and plot the data,
and shut off the centrifuge. Appropriate instructions will be
displayed on the monitor. IMPORTANT: If it becomes necessary to
stop the test, turn the multiprogrammer off. This will interrupt
power to the Parajust AC Motor Control. The program will not be

continuable from this point and must be "run" again. If it is
important to stop the progress of the test only momentarily, push
the "pause" key on the keyboard. This will stop progress of the
test until the pause key is depressed again. The program will then
continue execution. Follow the instructions displayed on the
monitor until pile placement and load testing is complete. The
Toad test will be conducted automatically when the pile (group) has
been pushed in. [f the model is driven, the centrifuge will auto-

matically shut down after driving is complete to permit the load

cell to be placed in-line with the model. As tr  centrifuge is
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decelerating (the Parajust will be silent), turn off power to the
stenper motor [see 24 below) and the centrifuge main power. This
is done to enhance operator safety while the load cell is being
fitted. After the load cell is in place, close the centrifuge
safety cover, energize the stepper motor. Centrifuge main power
and Toad cell power supply. Enable the hand-neld speed control and
"continue" the program. The load test will be conducted
automatically.

As the centrifuge is decelerating after load testing (the Parajust
will be silent), de-energize the stepper motor circuit. The toggle
switch between the transformer and Bodine motion control must be
opened first. If the transformer is turned off first, the charged
capacitors within the stepper motor will discharge back through the
controller circuitry possibly damaging the motor or controller.
Turn off the transformer after the stepper motor has been de-
energized. The stepper motor is de-energized with the centrifuge
still rotating to give the motor the best opportunity to cool after
testing.

After the centrifuge has stopped, turn off the remaining power
supplies. Allow the small fan to cool the stepper motor power
resistors for approximately 10 minutes.

Performing consecutive tests on similar models is much simpler than

trying to perform a variety of tests on different ones. For example,

the placement device should be configured to push individual piles and a

series of such tests should then be conducted. The placement device can

then be reconfigured for pushing groups or driving models prior to the

next series of tests being conducted. Consecutive tests of similar
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13ture can e startad within 30 ~inutes 2f the stoocing of zhe centri-
“uge from che 2revicus %est. T1e aJushing and loading tests can he
conducted in approximately 29 minutes. Oriving and loading mcdei piies

~aquires aporoximataly 30 minutes.

4.5 Cormouter Control of the Eauinment

Several aspects of the final model pile placement device design
required the use of computer controlled equipment. The two most signi-
ficant aspects requiring computer control and feedback were the rotation
of the stepper motor and control and monitoring of the rotational speed
of the centrifuge. The stepper motor served the dual purnosa of 1ifting
the electromagnet and hammer *0 the predetermined 1ift heignt and sub-
sequently determining the amount of penetration after impact. Penetra-
tion of the pile altcred the successive 1ift height of the hammer. The
rotational speed of the cantrifuge was monitored and adjusted, when
necessary, at several intarvals throughout the conduct of every test.
Several other secondary functions were performed by the computer and
multiprogrammer such as voltage measurement, voltage output, pulse
counting, analog to digital and digital to amalog voltage conversions,
and relay switching. Each of these functions was made possible by the
installation of the appropriate "card" in a multiprogrammer. A Hewlett-
Packard 69408 multiprogrammer was available for use and configured to
perform the desired functions. This multiprogrammer was used in con-
junction with the Hewlett-Packard series 9000, model 216, computer which
is programmable in the BASIC language. The pertinent specifications of
the computer will be presented in 3ection 4.5.1.1, Hewlett-Packard 9000

series, model 216 computer. The specifications and
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aperating charactaristics Tor 2ach of the muitinrogrammer cards iseq
4117 he orasented individually foilowing a broad descriotion 9f the use
of the multiorogrammer. The tnree main programs deveioped, one eacn for
1) 2ile driving, b) pile fgroup) oushing, and ¢) model 2ile calibrazion
w111 then be oresented in Section 4.5,2, Sortwara.

4.5,1 Hardware

The information oresented has been extracted from the Hewlatt-
Packard 9000 Series, Number 216 Computer User's Guide and 59408 Multi-
nrogrammer's User's Guide as well as the operating and servicea manuals
for the individual cards. The User's Guides should be consulted for
more detailed information.

4.5,1.1 Hewlett-Packard 9000 series, model 216 computer

The computer shown in Figure 4.44 consisted of a combined central
processing unit and mnonitor with an attached disk drive and keyboard.
The users manual should be consulted for pertinent specifications.
Transmission of data between the computer and multiprogrammer will be
presented in the following section.

4.5.1.2 Hewlett-Packard 59408 multiorogrammer and
59500A intarface uJnit

The multiprogrammer permits the computer to read inputs from
various electrical/electronic devices/transducers and command the action
of other devices based on the provided inputs. The multiprogrammer and
cards serve to translate the input/output from the attached devices into
a format understood by the computer and vice versa. The multiprogrammer
communicates using 16-bit words which are normally transmitted via a
General Purpose Input/Output (GPIQ) interface. However, the existing
system has a Hewlett-Packard Interface Bus (HP-IB) interface which com-

municates using 8-bit American Standard Code for Information Interchange




Figura 4-44 Hewlett-Packard 9000 Series, Model 216 Computer




130070 szaeg Inmarictarcs. Tneredsra, use o7 tne 9403 mwltioroqgrammer
ViTn o oTre G007 Gager<ica ~2quifea e yse of 1 298504 Snanerace it oo
zonvart tne ASCI0 cnaractars Lo tne 19-bi1f words raaquired by the muiti-
Jrogrammer, _ikewise, =he ‘ntarfaca unit translates the 15-0i% ~wuini-

-

oragrammer «ords inta fne 3-2it ASCII characters recognizag by the :on-
trolling comouter. The 59500A Interface Unit and 534908 Mul-icrogrammer
ir2 snown in Figure 145,

The multiprogrammer must be establisned as the listening device

before any communication can take slace. 7This is 2specially important

if more =

1410 R A=,

han sne multiprogrammer is being used. However, sinc2 one
~ulsisrogrammer was sufficient for the number of cards required, the
standara selact zode and muitiprogrammer address of "723" was used o
addrass the muliiprogrammer. This address, fcllowed immediately by a
semicolon (;), alerts the mu1tiprogrammer to listen for subsequent com-
mands.

Tharse types of codes (words) can be sent during computar-to-
muitiprogrammer exchanges. Only one type can be recajved during
nultiorogrammer-to-computar exchanges. These words will be recognized
oy the multiprogrammer only after it has been properly addressed as
discussed in the preceeding paragraph. The tnree output (computer-to-
multiprogrammer) words are either control words, data words, or address
words. Control words are usually the first words sent to the multi-
programmer system. They consist of six control word characters which
are transmitted and obeyed in the order written. The first of the six
digits is the control word tag which tells the 63408 the information
which follows defines the control mode and internal unit adress, or

slot. The address character (first character) is "0" for the
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Figure 4-45 Hewlett-Packard 595004 Interface Unit and
69408 Multiprogrammer
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nutsisragrammer system being descrived.  The next four characters arz2
the fata fiatd consisting of four octal numbers {see Appenaix 3, lumber
Theory and Decima!, Octal, and 3inary Conversion Algorithms). The left-
most diqit, D4, is always zero in the control word. The operiting mode
is tnen speciried by the following two digits, D3 and 32. Diqit D2
serves a dual purpose, though, as it is also used in conjunction with Dl
to specify the unit address. The operating mode and unit address must
be considered independently before the correct data field can be deter-
mined. Table 4-4 shows the most common data field codes for the two
multiprogrammer operating modes.

After selacting the desired operating mode from Table 4-4, the
complete controal word can %e determined by adding (in octal) the unit
address to the previously selected operating mode. Since only one
multiprogrammer was required to conduct the research, the only unit
address used was 00. Thus, the correct control words are as shown
above. The control word is followed by either a data word or an address
word.

Data words select and control output cards within the mainframe
previously specified by a control word. The four most significant
digits of the data word specify the address of the multiprogrammer card
which will execute the specified command. The remaining 12 digits are
the computer's input to the card. The 12 digit data portion of the word
is then stored on the card and executed on command resulting in rotation
of a stepper motor, closure of a solenoid, output of a specified cur-
rent, etc.

An address word is used to select the input card that is to send

data back to the calculator. Only the four most significant digits of




Tapia 4-4 Mylsiprogrimmer Joeriating 'ode Todes
Myl siprogrammer Operating Mode Sata rield
Jutout Mode input ode
StE Off 2000
$YS On 0040
OTE,SYE On 0140
DTE,SYE,TME On 0160
[SL,SYE On 0240
ISL,SYE,TME On 0260
[EN,SYE,TE On 0460
NCTE: Data field codes shown are in octal and assume a unit address of
30.

SYE - System Enable; Absence of this signal automaticaliy deactivates
certain cards to a "safe" state.

OTE - Data Transfer Enable; Controls data transfer and timing signals
on certain output cards.

T™E - Timing Mode Enable; Modifies action of the handshake logic by
suppressing the automatic flag and causing the FLA signal to
follow the state of the CTF (Common Timing Flag) signal. FLA
(Leading Edge of Flag) is a signal returned to the calculator to
indicate a process has begun.

[SL - Input Select Mode; Termjnates output data in the mode gates,
thereby permitting input data to be returned to the controller
from an addressed input card.

IEN - Interrupt Enable; Used in conjunction with TME to modify the

action of the handshake logic during input operations.
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the address word are recognized dy the input card. The remaining 12
1igits are ignored. An example of a control word and associatad data or
address word is shown below.

10 SPOLL (723)

20  QUTPUT 723,;"00160TC.....
The calculator output words requiring a slightly modified format will be
discussed when the appropriate card is presented.

A return data word is sent from a specified input card to the cal-
culator when the input card is addressed from the controller output
register with an address word. The return data word is composed of 12
digits representing the system property being monitored by the card.

In general, a Serial Poll (SPOLL) is conducted to clear the multi-

programmer and nrepare it for the following command. Then, a control
word is sent to specify the mainframe and its mode of operation. The
control word is followed either by a data word or address word. The
data word selects and controls a specified output card whereas the
address card designates an input card which must then transmit its
stored information back to the calculator., The word the input card
sends back is called a data return word. The multiprogrammer Users
Guide should be consulted regarding specific requirements concerning the
multiprogrammer word formats. Both output and input words were required
in the us~ of the multiprogrammer and their specific formats will be
presented in the following discussion of each card used during this
research.

Stepping motor control card, 69335A. This card is programmable to

generate between 1 and 2047 squarewave pulse trains at either of two




autaut tarminais. When the pulses are received by 3 stepoing motor
centroilar they are translatea into either clockwise or counterclaockwisa
rotation of the motor shaft thereby permitting the use of the stepper
motar as a orecision nositioning devica. The direction aof rotation is
dictated by <ne output terminal used. Jctal outputs up =0 3777 (decimal
2047) will be output from pin number one. Adding any value to this
number shifts the output to pin number two (reversing the direction of
rotation) and results in a pulse train of up to 2047 pulses in the opoo-
site direction (octal 7777). Rotation of the motor more than 2047
pulses in one direction requires simple software modifications. Tnis
card has two operating modes. The first mode, Automatic Handsnake,
provides no indication to the user's program that the output pulse train
has bSeen completed. The second, or Timing Mode, provides the user's
program an indication from the multiprogrammer the the output pulse
train nas been completed. The timing mode was used in this application
as the physical rotaticn of the motor drive shaft was the limiting
factor in the amount of time needed to drive a pile. The timing mode
permitted the processing of additional information in conjunction with
the rotation of the motor. Essentially, the electromagnet was kept in
oscillating vertical motion during the driving sequence. The frequency
of .ne output pulse train was dictated by a resistor placed across
terminals C3 and R12 located on the card. The frequency equals 213
pulses per second (pps). This frequency was chosen, after testing

several resistors, as the value which permitted the most rapid raising

and lowering of the electromagnet without any loss of steps.
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Vi7i%al *o analoag D/ vnltaae converter card, 592313, This card

is orogrammadie %9 orovide an outdut of from -10,240 to +10.235 volts
diract current in increments of five millivolts. lUse of this card
requires the installation of a 593513 Voltage Requlator Card which
supplies the necassary *13V bias voltages to the D/A converter. The
output from the D/A card was used to control the rotational speed of the
centrifuge. The voltage output from the card was input across terminals
2 and 3 within the Parajust Motor Controller Housing. This card was
used in conjunction with a oulse counter card to establish a fzedback
loop between the output from the D/A converter and the rotational speed
af the centrifuge.

Pulse counter, 69435A. This card counts pulses incrementally or

decrementally in the range of 0 to 4095. A 'borrow' pulse is generated
if the count goes above or below these values to permit significant
counting capacity by cascading multiple cards. One card was sufficient
in this application as the card was used to count the pulses output by
the pulse generator monitoring the rotation of the centrifuge drive-
shaft. Pulses were counted for a specific time period permitting the
accurate determination of rpm by the appropriate software.

Relay output with readback, 69433A. This card is programmable to

provide twelve, independent, normally open, Single Pole-Single Throw
relays. Qutput data from the card is in the form of contact closures.
The readback option on the card permits the computer to determine the
status of each of the relays before and/or after any of the relays are
changed. This cards primary purpose was the energizing and de-

energizing of the electromagnet used to Tift the pile hammer via closure
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of a relay. The reiay switches can pass a current of up to 500 milli-
amperas with a maximum voltage potential of 100 volts.

Analog to digital (A/D) voltage converter card, 69421A. This card,

aiso called a Voltage Monitor Card, is programmable to monitor analog
direct current voltage inputs and return a digital input to the muiti-
programmer interface indicating both polarity and magnitude of voltage.
Three voltage ranges are available on the card; *+102.35V, +10.235V, and
+1.0235V. Use of this card requires the jnstallation of a Voltage
Regulator Card, 69351B, which supplies the required 15V bias voltage
necessary for the operation of the A/D converter card. The converter
card was used in conjunction with an additional Relay Output with
Readback Card (69433A) to monitor the output of the proximity device
which sensed the closeness of the electromagnet face to the top of the
pile hammer. The proximity device used TTL logic and thus had an output
of either 0 or +5V permitting the A/D converter to be used at the fac-
tory setting of +10.235V.

4,5.2 Software

Two main programs were developed to control the centrifuge and
placement device in this investigation. DRIVEPILE was developed to
drive individual model piles. PUSHPILE was a simplified program
developed for the pushing of individual model piles. Both programs
include a loading subroutine which conducts the required load test,
plots, and then stores the resuits. Each program consists of a series
of questions which the user answers to initialize the computer before
testing. The initializing portion of the program has certain safeties

built in which prevent the placement device from being used in a manner
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whicn might be damaging. CFurthermore, constraints are built into the
orogram which ensure a mininum of 10 scala feet of clearance is orovided
hetween the bottom of tne model pile and base of the specimen container.
This portion of the program alsoc displays the required rotational speed
of the centrifuge on the monitor to give the user an indication of
whether or not the computer is controlling the test properly. The rpm
shown by the photoelectric tachometer dispiay box should be equal to the
value displayed on the monitor. After initialization, each program
nlots and prints the necessary forms and then pauses, waiting for the
user to check all connections and voltages before continuing the test.
The programs will not spin the centrifuge until the user has performed
the specific tasks covered in Section 4.4, tfodel Pile (Group) Set-Up
Procedure. However, the programs have not been made safe against simple
errors of omission or errors in data entry which can potentially damage
the device. It is the users responsibility to ensure all tests con-
ducted are within the capacity of the placement device. Refer to Sec-
tion 4.7, Equipment Limitations, for a summary of those limitations.

The programs include commands to interrupt the power from the
Parajust Motor Speed Control to the centrifuge upon completion of the
desired tests. Subsequent running of the program clears all previous
inputs and reinitializes the system. Specific aspects and the logic of
each program will be presented in Section 4.5.2.1, Main programs.

Each program refers to a series of subroutines which will be pre-
sented and discussed in Section 4.5.2.2, Subroutines. New programs can
be developed relatively simply by changing the order in which the sub-
routines are utilized. The device can be quickly adapted to perform the

types of research suggested in Section 6.2, Recommendations.
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Tne orogram PUSEGRCUP, a derivative of 2USHAPILZ, was deveioped to
ousn modei 2iie Jrouns and wiii not be discussed as a separate arcgram.
The only signitficant aiffarences are a change in tne caiioration factor
of The load cell output, as the 500-1b. capacity load ceil is used when
groups are pusned, and modification of tne plotting subroutine due to
the increased load output. Rather, the programs are consicered the same
and presentad under the neading PUSHPILE., The program developed to
calibrate each of the model piles, CALTEST, is presented following tne
discussion of the two main programs.

4.5.2.1 Main programs

The initialization of each main program is similar with only slignt
modification of the DRIVEPILE program which pro. :es the user a sug-
gested hammer weight. Both programs, all associated subroutines, ang
CALTEST, are listed in Programs Developed for Use in the University of
Florida Geotechnical Centrifuge (GEOCENT) (Gill and Kofoed, 1988).

Each program requests the following inputs during initialization;
prototype pile length (LO), prototype depth of tip at termination of
nlacement (T0), soil specimen density (Gamma), depth of soil in the
specimen container (S), neight of the model butt above the top face of
the centrifuge platform (H1), thickness of the specimen container base
(C), and proposed gravity level at which the test is to be conducted
(N). Each input will be discussed separately. Refer to Figure 4-46.

The prototype pile length and depth of tip at termination of place-
ment are the two most basic parameters. Initially, the two inputs are
reduced by a factor of N and stored as L1 and Tl, respectively, for

lTater use in the determination of whether the specimen container is
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C = thickness of specimen container base

E = efficiency of energy transfer

E1= prototype energy at impact (100% efficiency)
Gamma = soil unit weight

g = g-level at midpoint of hammer

H1=Heignt of top of mode! above centrifuge platform base
|0= depth of model gile insertion

| = cumulative number of impacts

KQ= prototype hammer lift height

LO= length of model piie

n = g-level of test

P = penetration of model pile

P1=penetration per impact

RoO=centrifuge rom

R1=radius at midpoint of hammer

R =radius at midpoint of fuil penetration

S =depth of soil in specimen container

WO=weight of prototype hammer

W awe.ght of model hammer

X1 =commanded step rotation to the stepper motor

inches
Y%
ft-ibs
pcf
g's
inches
inches
integer
feet
inches
g's
inches
inches
pm
inches
inches
inches
lbs
grams
integer

Figure 4-46 Computer Variable Designations




suitable for the test peing cerformed and when penetration of the model
o9ii2 is finished.

The dry unit weight of the specimen, as determined using the proce-
dure outlined in Section 5.1, Soil Description and Specimen Characteri-
zation, is inout and cailed Gamma. The program determines void ratio
and relative density using the algorithms also presented in Section
5.1. The program assumes all tests are conducted on Reid-dedford sand
in the determination of the aforementioned parameters. Yalues obtained
are then saved for use in the plotting of results.

The depth of soil in the specimen container (S) is used in the
detarmination of the suitability of the container to be used for the
proposed test. The program includes an arbitrary limit on the clearance
between the tip of the pile and base of the specimen container of 10
scale feet. For the piles being modeled (10.75-inch outside diameter),
the minimum distance between the tip and container wall is 11.16 d. The
test will not be performed if the computer determines there is insuffi-
cient clearance. This determination is based on the program's assump-
tion the specimen container is filled to the top.

The height of the butt above the top of the platform base (Hl) is
the most important input assuming all other inputs have been made cor-
rectly. It is used in the determination of the depth the model has been
inserted in the soil prior to testing, the distance the model will be
driven or pushed before the load test is conducted, and the rotational
speed of the centrifuge. Depth of insertion (I0) is determined by
adding the thickness of the specimen container base (C), soil depth, and

the model pile length (L1). The value of Hl is subtacted from the sum
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of e three inputs to give the value of [J. The resulting vaiie can 2e
2itner positive ar neqative. If positive, the piile has bheen inserted
and tne tip physically rests within the soil specimen. I[f negative, the
2il2 is not yet in contact with the specimen. The test wiil be con-
ductad in eitner instance witn the piie peing driven or pushed untii the
tip achieves the desired penetration. The test will not proceed if the
nile has been inserted past the desired depth of total penetration. The
distance the pile is to be driven or pushed is designated ? and called
penetration., [t is the difference between the depth of the tip at the
termination of placement and the depth the pile has been inserted. At
the start of the test, P = 0 and increases incrementally with each suc-
cessive blow from the hammer or push on tne medel until P + [0 equals
the desired depth of pile placement.

The rotational speed is determined based on *the midheight of the
final total depth of penetration of the model with respect to the height
of the soil specimen. The radius of the top of the centrifuge platform
is constant at 53.5 inches. Subtracting the height of the specimen con-
tainer from this value and adding one half of the final total model
penetration depth (in inches) provides the average radius at which the
test will be conducted. This is done automatically and the proposed
speed of the centrifuge is displayed on the monitor. The value of the
specimen base thickness (C) is included in the computation of the
average radius to ensure the desired g-level of testing is determined
for exactly the midpoint of the final model placement depth.

DRIVEPILE includes additional inputs to aid in the proper conduct

of pile placement. The prototype pile driver hammer weight (1bs),




qomingl 1177 nsignt (7%, and ariver erficiency %, are input as <3, Jd,
ind 4. Tne nominal 1i7% neight is reaquirad to determine the ftotal

nammer input energy. However, the orogram computes a new 1ift neiant

-4

aftar every impact based on the gosition of *he hammer relative to the
xnown alactorm base radius of 53.5 inches. The nammer weight is com-
outed by first determining the average radius at which the hammer will
be acting during the driving process. 7nis value equals the average of
the distance of the butt from the center of rotation of the centrifuge
at the start and finish of the driving process. The program accounts
for the height of the cap assembly and one-haif of the height of the
model nammer. Knowing the proposad rotational speeda of the centrifuge
and the average radius at which the hammer will be acting, the average
g-Tevel at which the hammer will act is determined. The weight of the
prototype nammer is divided by the cube of the average g-level (see Sec-
tion 3.4, Experimental Requirements) to determine the proposed weight of
the model hammer. The model hammer weight is determined in grams. This
weight is considered to be the weight which most closely models the
artion of the nrototype driver. However, model hammer weights were
determined as described in Section 4.2.6, Model Pile Hammers, using the
proposed model hammer weight as a starting point. DRIVEPILE requires
the weight (grams) of the model hammer being used be input as W.

As mentioned, the 1ift height of the hammer varies with every
impact. The constants used in determining the 1ift nheight are the
weight of the model hammer and the prototype impact energy. The height

of the butt and rotational speed of the centrifuge are known throughout

the progress of the test. Thus, the g-level at the butt is known also.




af the mouei. Cividing toat resuit Jy Ine «nown Constant weijnt Jr Ine
nodel nammer Jives the raquired
1S Tne mpgel seneti,ratas cue o oIne increasing Torce of jravity is toe
model moves outward with respect to the central axis of the centrifuge.

Tne computer requests the erficiency of ine Jrototype pil2 ariver
as a simple means of moaiTying the number of impacts needed to drive the
pii2 Wwithout manuficturing a new weight. An afficiesncy of greatar inan
130% increases tne 117t height, and tnus, impact 2nergy of tne ariver.
_ikewise, an inout 2fficiency of iess than 130% decragses the 1if:
neignt. Tne detarmination of tine model nammer weignt is not afiectea oy
the vaiue of efficiency input.

DRIVEPILE. Following initialization and the plotting/printing of
the initial output formats, ORIVEPILE is paused waiting for the operator
-0 "continue" the proqram. The electromagnet is energized and remains
anergized wnile %ne multiprogrammer accelerates the centrifuge arms o
<he oropar rom. ne 2lectromagnet is de-energized ana aliowed to rest
on top o° the pila. Contact is re-estapiisned between the ale<.-omagnet
and nammer using the FIND subroutine (it is possible the model pile nas
not settled into the soil due to either spinup or deflection of the of
the placement device.) This establishes the reference point from which
driving is bequn and penetration measured, the total amount of penetra-
tion already having been determined in the initialization portion of the
program. The 1ift height is determined based on the starting position

af the pile bHutt.
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Tne nammer js 'iftad off of the pile and five readings ar=z taken

‘ram <he striin gages. The averacge of these readings (for any j3iven

[¥%4]

nair of gages; is the initial reading to which all subsequent strains
ara refarenced. The nammer is then lowered onto the pila and the
driving sequence begun.

The RAMBILOW subroutine oerforms one impact and returns the elec-
tromagnet to its starting position. The counter for the number of
impacts (Ij is incremented by 1 and the FIND subroutine then reesta-
blishes contact between the electromagnet and hammer. The FIND subrou-
tine provides the main program with the number of "steps® reguired to
make contact. This amount is converted to penetration and added to :he
initial insertion and any previous penetration. Total penetration
versus impact is plotted as the test progresses. If additional 5Slows
are required, a new Tift height is computed and the RAMBLOW/FIND
subroutines are repeated. This process continues until the model has
heen driven to the desired depth.

The development of residual stresses is monitored by 1ifting the
nammer off of the nile and reading the strain gage pairs. Tne final
residual stress readings are taken with the hammer having been lifted
from the pile butt also. The program interrupts power to the Parajust
AC Motor Control after the final residual stress readings causing the
centrifuge to coast to a stop. With the electromagnet energized, the
placement device is lifted from driven model. The appropriate load cell
is then magnetically attached to the magnet using a specially manufac-
tured metal plate and centering bolt. The "continue" key is depressed
when the load cell and placement device have bee: properly positioned

over the model and the load test is conducted.
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Fallowing initialization and the 2latting/orinting of

tna ini<ial autnus formats, PUSHPILI determines tha number of s%ans %he

stanper Motor must rotate to push the model 3.0 scala inches into the
soil. Load cell and strain gage readings are then slotted, orinted, and
stored on disk. Ac’ 'al penetration is added to the origina! value of
inserticn and compared with the total value of desired penetration. If
actual Jenetration exceeds desired penetration, the nushing orocess is
considered complete. I[f actual penetration is less than desired, the
nrocess repeats itself until total desired oenetration is achieved. The
arogram then oroceeds with the conduct of a loading test without the
need of stopoing the centrifuge.

The data recorded consists of total force reqguired to gush the pnile
for each increment, the force experienced by each pnile at the cross
section fitted with a pair of strain gages, and the time at which the
readings were taken (provided by an internal clock on the 3497A).

The transducers are zeroed at the start of the pushing process
befare any data is recorded. After the computer has spun-up the centri-
fuge, five readings are taken from the load cell and strain cages.

These are averaged to provide the initial reading for each transducer.
The difference between the actual output of the transducer and the
initial reading is the measured load for a given penetration. After
pushing is complete, the load is removed from the pile by backing off
the load cell one "step" at a time until the load cell output equals the
initial reading. The strain gages are then read and the readings taken
to be the residual stress in the pile. Loading is accomplished by

Jowering the load cell, two steps at a time, onto the pile and pushing
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3C3.2 ‘acnes.  .cag /ersus Sutt 2T action s 3iotTtag 1uring Inis snase
of %ne test. Readings taken Trom tne strain gages during ioaaing
argvide an incication of the %ransfar of the Tonading strasses %o the
soii down the ‘ength of the model.

CALTEST This orogram is used to calibrate all individual oiies and
each gaged sile subsequently used as a member in 3 group nodel. The
200-1b. capacity load cell and pile to be calibrated are instailed in
the placement device and encased in a riqid tube to arevent buckling of
the model. The basa of the rigid tube provides the reaction preventing
the nile tip from displacing during calibration. The base and tube are
supportad by - reaction beam connected to the ball screw bearing assem-
bily clamp (Figurae 4-47).

Five readings are taken from the load cell and each strain gage.
The average of these readings is the initial reading for the respective
“ransducer. The load cell is lowered onto the pile model with the load
cell and strain gages being read aftar each step. The pila is loaded
until a preset load cell reading is attained. Final readings are made
from each of the strain gages and the load cell is 1ifted from the oile.
The calibration process takes approximately five minutes once the model
has been positioned in the placement device.

The program provides gage calibration factors for each ~age and
performs a linear regression resulting in a correlatic.. . .or. The

correlation factor provides an indication of the linearity of the gage

response.
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311 calisrations are performed tarougn the slis rings with the
svstam beinag set yp as if a driving or pushing test were being con-
ducted. Thus, the calibration factors do not change during the conauct
77 a driving or oushing sequence.

1.5.2.2 Subroutines

Each of the subroutines used in this research are oresented below.
The thrae main orograms do not necessarily contain each of the subrou-
tines presented.

STARTSTOP. This subroutine is used in the initial accelaration of
the centrifuge to test rpm and also to interruot power to the Paraiust
AC “otor Soeed Control at the conclusion of testing. There is a counztar
in the program (35) which is set to zero when the program is started.

If the counter equals zero when the subroutine STARTSTOP is used, as it
will the first time the subroutine is used, the computer commands the
high speed Digital to Analog converter card to incrementally increase
its output voltage to the Parajust Speed Control until some nredeter-
mined voltage outrzut is achijeved. That voltage level is dependent on
the value of rotational sceed required for the conduct of the test. The
subroutine accelerates the cenirifuge to within 10 rpm of the desiread
speed but does not exceed the test rpm. The rate at which the centri-
fuge aqce]erates is determined by the "WAIT" command which tells the
computer how long to wait, in seconds, between incremental increases of
the D/A converter card output. The value of 0.025 wasdetermined by
trial and error to be the wait time which résulted in the least adverse
vibration of tne specimen during spin-up. After the computer had

increased the D/A converter card output to the desired level, the
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countar 35 was increased bdy 1. Subs2dquent refarence of the arogram to
the STARTSTOP subroutine caused the D/A converter card outout %2 730

immediitely to zero and the centrifuge would coast to a ston. Anytime
the counter 35 4id4 not eaual zero, the computer would <hange the outout

3f +the D/A converter card to zero volts.

RPM., This subroutine commanded the timer card to energize the
pulse counter card for fifty 0.1 second time increments (5.0 seconds).
The pulse counter card then determined the number of pulses inout by the
oulse generator on top of the hydraulic slip ring assembly. This vaiue
was used in the determination of the rpm based on one nulse bheing
generated for each 15 degrees of rotation of the centrifuge arms. The
actual value of rom was compared to the rpm required for the test and
the subroutine determined the diffarence in those rpm, whether pesitive
or negative. Fiqure 4-34 shows that the centrifuge rotational speed
will vary 0.143 rpm for each 5 millivolt increment output from the 0/A
converter card at the test rotational speeds. The difference in rpm is
then divided by 0.143 to find the number of 5 millivolt increments the
0/A converter card output must be increased or decreased. The subrou-
tine adjusts the output accordingly. The subroutine is referred to
twice consecutively after the STARTSTOP subroutine has brought the
centrifuge up to initial rpm and subsequently in the program to monitor
and adjust the rpm as needed. This program maintains the centrifuge rpm
within #0.1 rpm.

STEPPER. This subroutine accepts the required number of steps
cormputed by the main program ( +X1 ) and manipulates the value into a

format acceptable by the Stepper Motor Control card. The stepper card
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will acceot inputs no greater than 2047 steps in either direction. This
subroutine was estabiished to 1imit the maximum number of input stens %o
2000 in eitner direction. If the computer determines less tnan 2000
steps are required Tor a given rotation of the stepper motor, that
number is input directly to the stepper motor card. When more than 20CC
steps are reguired, this subroutine determines the number of 2000-sten
increments needed. The required number of 2000-step increments are then
input to the stepper card. The final increment of steps, some value
less than 2000, is then input fo the stepper control card. The main
program resumes after those steps have been sent from the stepper con-
trol card.

ROTATE. This subroutine accepts the value of steps input by the
STEPPER subroutine and commands the stepper motor to perform the desired
rotation. The use of the automatic handshake mode prevented the program
from continuing until the commanded rotation was complete.

RAMBLOW. This subroutine performs as described in Section 4.5.2.1,
Main programs, subsection DRIVEPILE., The intent of the subroutine is to
raise and lower the electromagnet as quickly as possible. B8ringing the
electromagnet back to its position at the beginning of the RAMBLOW
subroutine establishes the reference from which incremental pencstration
is measured.

. FIND. After the electromagnet returns to its starting position,
the FIND subroutine is used to bring the electromagnet back into contact
with the hammer. In this subroutine, the stepper is commanded to rotate
five steps at a time lowering the electromagnet onto the hammer. The

output of the proximity device is checked after every five-step




increment. When she oroximity device signals the electromagnet is
witnin three thousandths of an inch of the nammer, the electromagnet is
lowered an additional 5 "steps". The total number of steps required for
the alectromagnet to r2gain contact with the hammer is the oenetration
from the previous blow.

MAGON/MAGOFF. This subroutine commands the exclusive closure of

the mercury relays in the relay readback card which energize and de-
energize the elactromagnet. Closure of relay switch 1 results in the
electromagnet being energized with 12 volts of direct current. Closure
of switch 2 {(which automatically opens switch 1) provides 1 volt direct
current of the apposite polarity causing separation of the hammer from
the electromagnet. Switch three is then closed permitting residual
magnetic flux to dissipate from the electromagnet. Switch three remains
closed until the magnet is again in close proximity with the hammer and
the 1ifting cycle is repeated.

READ TTL. This subroutine reads the TTL (5 volt) output of the
proximity device after every five-step increment taken by the electro-
magnet while searching for the nammer. 1lhe output is read by the analog
to digital voltage converter card in the multiprogrammer.

PUSH ROUTINE. This subroutine commands the stepper to rotate far

enough to push the pile (group) 3 scale inches and reads the load cell
output from channel 11 of the 3497 Data Acquisition/Control Unit. This
subroutine is used in the PUSHPILE program only. The required number of
steps to push the model 3 scale inches is determined in the body of the

main program.
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L3AD TEIST. This subroutine zonducts the load tast sn %the nlacad
modei. It is used immediately artter the conclusion of the susning oro-
cess in PUSAPILE. However, CRIVEPILE requires the centrifuge be stooped
momentarily, for the olacement of the aopropriats load cell on %too of
the driven 2il2, and ~estartad %efore the load test is conducted. The
main orogram oauses itself and interruots power to the centrifuge whiie

the load cell is being positioned. Depressing the "continue" key causes
the centrifuge to resume speed and the load test is conducted.

LOAD TEST begins by establishing the zero reading on the Toad ceil.
In DRIVEPILE, five initial readings are taken with the load cell raisez
apove the point of contact with the nile butt. Tne average is the zer?
reading. The load cell is lowered one step at a time until the load
cell reading increases to a praset level indicating the load cell has
contacted the pile butt. The load cell is then lifted back off the butt
until the zero reading is reestablished. In PUSHPILE, the load cell is
lTifted off of the model butt until the zero reading established at the
beginning of the test is attained. This is the point in both programs
where the pnile is considered as having been placed in the soil and
resting with no applied load. A reading is taken from each strain gage
as an indication of the residual stresses develcped in the model during
pushing.

The load test consists of the load cell being lowered onto the
model one step at a time until the butt has been pushed down 5 scale
inches. Load cell and strain gage readings are taken after each step to
provide the most accurate record of the load versus deflection perfor-

mance of the model, the increase in stress above the residual stress




javel, ana tne transtar orf stressas rtrom the dile to thne surrounding
soil.

Zaca increment of defiection (step of cthe stepper moTtor, rasuiis in
a scaie outt aerlection of J.043 and 0.053 in. at 59.3 and 36.3 g's,
respectively.

CREATE FILZ, STORE DATA, and CLOSE FILE. Tnese subroutines are

uysed to create the filaspace on the disk, store the data as the tast
progresses, and close the file upon conclusion of the test, respective-
ly. This sequence of subroutines may be used more than once by the main
arogrart as the data obtained during each phase of the test; pushing,
driving, loading of the pile (group), etc., requires a separata storacge
file.

GRAPHICS LAYQUT/PLOT. This pair of subroutines is used to generata

the initial graph upon which the results of the DRIVE ROUTINE, PUSH
ROUTINE, and LOAD TEST are plotted. Plofting is accomplished in scale
thousand nound (xip) increments as the test progresses to orovide the
user indication that the test is being performed properly.

NOTES. This subroutine permits the addition of notes to the
plotter output. An individual line of notes cannot exceed tnirty
characters.

PRINT LAYOUT/PRINT. This pair of subroutines is used to create the

printout format upon which the results of RAMBLOW, PUSH ROUTINE, and
LOAD TEST are recorded. Printing is accomplished as the test is being

performed.
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1.5 Data Collection and Recording Zcuipment

This saction sresents the theory benina ithe apneration of all model
response measuring devices, collectively called transducers. All of the
transducers were electrical in nature and provided data measurabls with
a Hewlett-Packard 3497A Data Acquisition/Control Unit. The operation of
the unit and practical considerations to aid in the proper use of the
transducers is covered in Section 4.6.1, Hardware. Section 4.6.2, Soft-
ware, explains the techniques used to access the output from the trans-
ducers and Lransmit the information to the computer.

4.6.1 Hardware

This section outlines the operating characteristics of the Hewlett-
Packard 3497A Data Acguisition/Control Unit. Also presented is the
theory of operation of the transducers used to verify the performance of
the placement device and to measure the model pile response to placement
and loading.

1.6.1.1 Hewlett-Packard 3497A data acquisition/control unit

Figure 4-48 shows the Hewlett-Packard 34977 Data Acquisition/
Control Unit. Various cards are placed in the data acquisition unit
depen*ing on the type of measurement being made. The 3497A was chosen
because all circuits being monitored are kept energized between readings
noted of being energized when readings were requested. This option
eliminates errors in the transducer readings associated with rapid
temperature changes when the transducer circuit is energized.

4.6.1.2 Transducers

The word transducer is used collectively to refer to an instrument

or device wnich converts one form of energy into another. A very common
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Figure 4-48 Hewlett-Packard 23497A Data Acquisition/Control Unit
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“um2 3f Sransaucer, the electrical sensor, js used to orovide signals to
3%azorical racarding insirument. The devicaes used in this research oro-
$.22 3n ouTout Jroportional to a change in some parametar. Collective-

<nev ar2 called analog electrical sensors. An analog device oro-
vi125 an infinite number of possible signais within the Timits of tae
device output voltage as opposed to the discreet output of 3 digital
sevice. Four basic types of transducers were usec; strain gages, load
celis, Linear Variable Differential Transformers (LYDT), and Rotational
‘Jariable Differential Transformers (RYDT). Each will be discussed
separately.

Strain gages. The strain gages usad in this research were of the

alactrical resistance type. These gages function by changing their
alaectrical resistance in resnonse to the strain of the object they are
bonded to. The change in resistance of tnese gages is linear within the
elastic limits of the gage. By applying an known constant electrical
current through the gage, the resulting voltage across the terminals
varies directly with the change of resistance, or strain. This voltecge,
when corrected using the approoriate gage factor, is the analong of the
induced strain. Trese gages are frequently used as transducers in the
static and dynamic measurement of load, torque, pressure, and
acceleration. In this application, strain gages were apalied to the
interior of the model piles to measure fhe force required to insert the
pile, the development of residual stresses in the pile during placement,
and response of the pile to static loading.

The principles of operation of electrical resistance gages were

discovered in 1356 by Lord Kelvin. He made three significant
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aiscoveries dy simply measuring the resistance of iron ang copoer wires
subjected to various tansiia forces. First, the resistance of the wires
changed 1in response to the strain. Secondly, the different materiais
naa different sensitivities to strain. Thirdly, a wheatstone bridge
could pe used to accurataely measure the changes in rasistance (voltage;
accurately. <tach of these aspects of strain measurement by electrical
resistance methods will be discussed.

The resistivity of a given material is dependent on the degree of
cold working of the conductor during formation, the range of strain over
which the measurement of resistivity is made, the purity of the alloy
being tested, and temperatures. The resistance of a specific piece of
material is then determined by muitiplying the resistivity of the
material by the length and dividing by the minimum cross-sectional area
through which current will have to pass. The resistance (R) of a uni-

form conductor is expressed as follows:

Ro= o £q. 4-10
where
L = length
A = area
p = resistivity

Differentiating the above equation and dividing by the resistance

gives

= + - Eq. 4‘11




The *a2r7 A reorasents the shange in tne ¢ross-sactional area of
<me 2onduczor resulting from the longitudinal strain. This change 15 3
function of the Poisson's Ratio {v) of the material and is denoted as
shown helow.

1
A = =20 =4 Ig. 2al2

L

A tensile strain produces a decrease in cross-sectional area and a
nroportionate increase in resistance. The reverse is true of compres-
sive strains. This relationshin is valid for all materials commonly
uysed in electrical resistive gages today. It also nighlights the depen-
dence of resistance on the geometric prooerties of the material being
used as a gage filament, Lord Kelvin's first finding.

Continuing the refinement of the initial relationsnip between the
resistance of a uniform conductor and its resistivity, one can determine
the sensitivity of the strain gage filament with respect to the metallic
alloy used as a conductor. Denoting the original diameter of the con-
ductor as do’ the diameter after the application of some axjal strain is

shown below.

) . dL
de = d (1 -v—=) £q. 4-13

It can be shown (Dally and Reilly, 1984) that

d A d L d L, . dL

o T i) = () fq. 4-14
Substituting Equation 4-14 into 4-11,

dR=dD+dL(1+2v) Eq. 4-15

R 2 L
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The sensitivity (Sa) of the metailic alloy used in the conducTor is
definea as the change in resistance per unit of initial resistance
divided by the appiied strain as shown above.

This relationship is used in the determination of the gage factor
(F) as shown in Equation 4-17. The change in resistance of jage is
related to the strain in Equation 4-17 as opposed to the change in the
resistivity of the gage foil material as shown in Equation 4-15,

AR /R(_J

‘N

2

The gage factor is directly dependent on two material properties;
the change in the cross-sectional area of the conductor ( 1 + 2v ), and
the change in the resistivity of the alloy ( dp/p)/e. In pure metals,
sensitivity can range from -12.1 (nickel) to 6.1 (platinum). However,
most metallic alloys used in the manufacture of electrical resistive
gages have sensitijvities between 2 and 4. Since the geometric factor
varies between 1.4 and 1.7 for most metals, it is implied the resisti-
vity and thus, the gage factor, can change dramatically over the range
of strain for a specific measurement unless the gage foil material is
selected properly. ‘

The gages used in this research were formed of the metallic alloy
Constantan, with a sensitivity of 2.1. This material is used quite
commonly in resistance gages for several reasons.

1. The value of strain sensitivity is linear over a wide range of

strain.
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Tne value of sensitivity remains constant if the material goes
213astic auring testing.

3. Tne specitic resistance of Constantan is relatively high.

4. The alloy exnhibits high thermal stability.

5. The remaining smaii temperature induced changes in rasjstance of the
alloy can be virtually eliminated by heat treatrment or introduction

of trace impurities into the alloy.

-n

ae sensitivity implies the gage calipration con-

cr

The linearity o
stant will not change with strain level. The wide range of the linear
region shows the allov can be used in gages measuring both elastic and
plastic strains in most common construction materials. The high speci-
fic resistance is important as small gages can be constructed with rala-
tively high resistance. This permits the measurement of strain over
small lengths of the material being tested. Finally, the ability to
eliminate the temperature induced changes in resistance of the alloy
permits the fabrication of temperature compensating gages for each
material being tested.

Metal foil strain gages are manufactured almost exclusively today
rather than relying on the bor 2a wire gages introduced in the mid-
1930's. The foil method is advantageous as the grid is formed by a
photoetching process. The grid is drawn in the broper configuration and
then photographically reduced before photoetching on the appropriate
alloy. This provides infinite flexibility in the gage configuration.
More importantly, it permits the manufacture of very small gages with

the shortest gage length available being less than 0.008 in. (0.20 mm).
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The fragiility of the atched metal ailoy grid requires tnat it e
honded %o a 2ase material, or carrier, to aid in application of the
gage. In most instances, the foil is first bonded to the carriar and
then pnotoetched. The carrier is then bonded to the material being
tested serving the adaitional purpose of insulating the alloy grid from
the specimen. The carrier material is very stiff to ensure the transfer
of strain from the specimen to the grid.

A resistance circuit element is presented diagramatically in Figure
4-49, This type of circuit element produces a voltage across the ele-
ment directly proportional to the current passing through it. Quantita-
tively, the voltage equals the resistances of the element times the

current passing through. This relationship is known as Ohm's Law.

i

v = Rj or R = :

£g. 4-13

[t should be apparent that changing the resistance of the device results
in a voltage output which varies in direct relation to the current.
Gages used in this research nad a nominal resistance of 120 ohms. This
value of resistance is required to permit the gage to exhibit a
measurable change in voltage output for a given strain. The voltage
output is measured using a Wheatstone bridge configuration which will
now be presented.

The change in resistance of a strain gage subjected to loading is
cormonly measured using the Wheatstone bridge depicted in Figure 4-50.
This configuration is known as a "full bridge" if all of the resistors
are subject to variation. More commonly, three of the resistors are

kept constant and only the remaining resistor is permitted to vary.
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Figure 4-49 Resistance Circuit Element
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Tnis configuration is denoted as "quarter bridge" and tne variable

[V}

~asistor is the strain jage. The "balanced bridge” methed of strain

calcuiation wiil be nresented. Tnis method is useful in the measurement
of strains induced by static loading as was done in this research. The
bridge is oowered by an input volitage supply, denoted vi. The bridge is
halanced when the voltage drop across a-b is the same as across a-d. In
this instance the output voltage, vo, equals zero. Assuming Rl, RZ, and
Ra are equal, the voltage drop across b-c equals the drop across d-c.

Stated in terms of the current through the four arms of the bridge;

A3
r—t
1}
A
-

V)
3
o
A
—
1}
A
-—
in
£
Fo
]
WO

In the halanced condition,

I =1 and I =1 =g, 4-20
1 g 3 2 4
Therefore,
RI =R 1 £q. 4-21
9 32 9
and
R R
a . 'TTl_ tgq. 4-22
1 2

Continuing the development of the balanced bridge method of strain
measuremnent, the full bridge must be balanced in the unloaded condition.
This is accomplished by replacing R1 with a variable resistor and
adjusting it until Vo equals zero. After loading, the bridge is again
balanced by adjusting R1‘ The difference between the two values of R1
is used in the calculation of strain as follows.
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A Ql = Rl(loacec) - R idnivaded; Zq. 1-23
Jsing Zquation 1-22,
= 4 \ c da?:
A Rg \R3/R2; Rl £q. 4-24

Since Ra/R2 is a constant, the value of R is directly proportional to

g9

R,. Substituting A4 R_ into Equation 4-183,

1 9
R
= 3 g el 1-75
€ R R]F A:Zl e 4
24

Equation 4-25 is used to determine strain in balanced bridge circuits
where there is sufficient time to adjust the strain indicator device to
obtain a reading. This research required eight channels be read at
frequent intervals during the penetration and loading of the pile.
P2netration occurs too ranidly for the bridge to be rebalanced and tne
manual balancing of the bridges introduces a potentiail for error. The
‘unbalanced bridge' method of calibration is presented as an alternative
in the determination of pile strain,

Tabatabai (1987) and Williams and McFetridge (1983) develap the
equations which proQide strain measurement based on the output voltages
of an unbalanced wheatstone bridge circuit. Again, AVo is the change in

the bridge output between the initial and strained conditions.

- 4 A Vo
F(Vi + 24 Vo)

e Eq. 4-25




Sudoiv /ois3ge, /i, and zage facise, T, must ramain constar:
SAr%udnout The measuraTant 2ariond. Tae r21itionsnio detween 3tratna,
Z, and A /3 is nonlinear, however, for gage factors ¢igose %3 <wo, Ine
seviation from linear is l2ss tnan 1.8% Tor straians less tnan 12,3C0
micrs in./in. Jove ana idams, 384, Tais germits a !iaear iocoroxima-

“icn of Equation 34-25 as snown beiow.

train can thus be determined oy measuring *he change in voitage outouz
of the wheatstone bridge circuit from the xnown initial conditions.

Figura 4-31 depicts now an active strain gage is tysically wired fats

«

the wneatstone briage cicuit.

Three equal-Tength Teads are needed to connect the gage o :tne
wheatstone bridge. This is because of the relatively long distance
which separates the active gage from the rest of the bridge. If the
leads connecting the gage to the bridge were the only long leads, then
resistance changes in the wires, due to temperature, stretchina, etc.,
would be interpreted as strain by the strain indicator. 3y using equal
Tength Teads in adjacent arms of the bridge, the change in rasistance of
the individual leads due to the aforementioned causes is the same.
Equal resistance changes in adjacent arms make equal ana opposite
contributions to the bridge output. Thus, the effects of temperature
and strain in the lead wires cancel themselves (Dove and Adams, 1964).

Recording strain gage response from a process which occurs in the
centrifuge implies the need for slip rings to pass signals from the

payload to external equipment unless both the bridge completion circuit
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Figure 4-51 Three-Wire Circuit for Strain Measuraements
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anc vsitige Teasuring,/racording <evices are mountacd on-jo0ard. Mounting
Tne Yoitage measuring, ra2corging tevicas on doard was impossioie due o
tne limitac size of the availapie cenzrifuge. Tnerafore, s1ip rings had
%3 sSe used 3t some point in the circuit. The change in resistance of
tne slio rings can be intarpr2teq as significant strain 17 the sii1p
~ings are introduced Detween the active gage and bridge completion cir-
suiz {Tabatabai, 1987). Insta2ad, the slip rings should be introducaa
between the bridge completion circuit and voltage measuring/recording
devicas. This implies the bridge completion unit be mountad on-board
the centrifuge with the output from the individual channeis bSeing nassed
snarough the siip rings. Amplifying the cutput signal prior to passage
tarough the s1ip rings provides a satisfactory signal-to-ncise ratio
depending on the gain of the amplifier.

Figure 4-52 depicts the on-board signal conditioning and amplii-
fication circuitry developed for use in the blast loading research of
Tabatabai (1987). This device was designed to provide linear response
at high frequency and was well suitad for the static strain readings
being made in this research. The INA 101 amplifiers used in each
cnannel had a gain of 100. Modifying Equation 4-27 to include the gain
of the device results in the following equation which was used to

convert all voltage changes to strain.

o 4 A Voa c o
= T T TFVig =q. 4-28
where
Yoa = amplified bridge output voltage

amplifier gain

(Vo]
u
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Figqure 4-52 On-Board Bridge Completion Circuit for Strain Gages
(8 Channels Available)




Sor o =ne congitiang undar anicn all measuraments wers nace, - = 2,05, 53
= 5.3 velts, inc 7 = 130, the falTowing calibration factor is Jetar-
mined.

.. 171 yo's) .~ sz, aa-a Stratn

i 2.35 (9; .o e Y /017
or 3.25 microstrain per millivolt of amplifier outout

The device built for Tabatabai was bench checked and mountea in *the
centrifuge close to the center of rotation to reduce unwanted centrifiy-
gal accelerations on the electronic components. The lead wires connect-
ing the device to the active gages were aporoximately 5.3 ft long and
shialded reducing the potential for noise pickun. Figure 1-33 shows the
on-board bridge compietion unit and slip ring channel assignments.

Load cells. The term load cell refers to a load measuring device
which incorporates strain gages mounted on a protected coupon or within
a suitable load carrying member. Load cells usually contain the
necessary bridge completion circuitry and provide calibrated output.

Load is transmitted through the load cell by a tubular compressive/
tensile member. Strain gages mounted on the member strain as the member
is subjected to load. Both longitudinal (active) and transverse (dummy)
gages are mounted on the member. The longitudinal gages provide the
measurement of load and the dummy gages are applied to compensate for
temperature or other environmental effects which could be misinterpreted
as applied load.

The magnitude of the applied load can be determined when the
Young's modulus and cross-sectional area of the load carrying member is

known. The Young's modulus is defined as stress divided by strain.
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aquals 30,000,000 15/in.? times =nhe sirain of tne memder. That stress,
timas the croass-sectional area »f <he member is 2agual %o the Zotal
appiied load. Manufacturasrs 4o not usuaiiy supoly this infaormation witn
the load cell. Rather, a calibration is orovided in terms of millivolt
ouput versus voltage input as axplained in Section 24.2.3, Load Cells.

Linear variable differential transformers (LYDTs). As impliied oy

the name, this transducer provides a variabie voltage output in rasponse
to some linear displacement. An LVDT with a range of #1.0 in. was used
to measure the displacement of the pail screw in r2soonse to the com-
manded rotation of the stepper motor. LVDT's are generally flexibie in
design with operating ranges of from one millionth of an inch %o over 30
in. This device consists of a central primary winding flanked by two
secondary windings (Figure 4-54)., The windings surround a hollow core
which houses a moveable magnetic piece, or armature. The secondary
windings are manufactured so that they are balanced and the current
induced in them by the armature is equal and opposite when the armature
is exactly in the middle of the device. Displacement of the armature to
either side results in a measurable imbalance in the secondary windings
output which is proportjona] to the displacement. Detection of this
output voltage requires the secondary coils be connected to form an AC
bridge (refer to the above passage concerning Strain Gages). Movement
of the armature through the center position results in the output signal
changing sign. The exact displacement is then found by knowing the

magnitude and sign of the output voltage.
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Figure 4-54 C(Cross Section of a Linear Voltage Differential Transformer
(LvoT)
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In o2ariy gevices, the primary winaing was 2xcitad by an aitarnating
current . ac, zenerilly 7 1,200 o 10,300 H4z. The outout from these
devices was an ac signal witn the same frequency as the excitation
voitage, cr carrier. However, dc-to-dc versions have been develooed
wnich nave iatarnal oscillators and fiitering circuits to improve output
voltage characteristics. Direct current power supplies can be used with
these devices and the dc output signal is the analog of the armature
movement. The LVDT used in this application was of the dc-to-dc type.
Figure 4-55 depicts the circuit which powered the LVDT and the output
signal leads.

The accuracy of the output signal depends on the stability of the
nower supply as the output is directly proportional to the primary
winding excitation voltage. The input voltage was considered to be
constant during the short period of time over which readings were
taken. Use of this device, or other dc-to-dc transducers for a long
period of time would require frequent monitoring of the excitation
voltage or measurement of the voltage prior to each reading.

An LVDT was mounted on top of the ball screw to measure displace-
ment of the shaft versus the commanded rotation of the stepper motor.
Results of those tests are presented in Section 4.7, Equipment Limita-
tions.

Rotational varjable differential transducers (RVDTs). An RVDT

precisely measures rotational displacement using the same principal of
operation as an LVDT. The significant difference between the two is
that the armature in the RVDT rotates within the hollow core of the

wound coils as opposed to being displaced linearly. Although the
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Figure 4-55 LVDT Power Supply Circuit and Signal Output




W
($a]

irmalura s Trea to o ~onata wizthin tne RYDT housing, MDT's cannot oe
manu’acTurad T2 2ravicte 31 ounique voitage output Tor 21 compiete revoiu-
<ion. Razner, =ney are agesignea to provide a highly accurate, linear
response over 31 aredetermined degree of rotation. The RYDT used in this
appiication orovided a linear resoonse up to t30 degqrees from its center
Jcint. [t was used in 3reliminary tests to determine the degree of ora-
¢ision with which the stepper motor could perform its commanded rota-
tions. The RYDT was mounted directly to the drive shaft of the stepper
motor and testad as described in Section 4.7, Equipment Limitations.

4.6.2 Software

The sofiware required for data measurement was minimal. All read-
ings were made using the 3497 Data Acquisition/Contrzl Usit. The unit
nad to be cieared of all previous readings orior to new readings being
taken. The measurement of transducer output was then accomplished by
the computer commanding the 3497 to output the value from the appro-
oriate channel(s).

The 3497 is cleared by the command CLEAR 709. The number 709 is
the address of the data acquisition unit. The subsequent command dic-
tates the channel(s) which are to be read. When more than one channel
is read, the requested information is transmitted from the 3497 to the
computer as a string varijable instead of individual readings. This
speeds up the data transmission when a significant number of channels

must be read quickly. Refer to Gill and Kofoed, 1988.

4.7 Equipment Limitations

The placement device designed for and used in this research was

made to drive and push piles which modeled the Hunter's Point Pile Group
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17 t2st 1-lavels oetween 5% ane 26 3's. However, it was aesigned %9

argvige Ine user a Ireat <4eai oT vsersatility and is zapanie of slacing a

(Vo]

Wide variaty of model pilas without moditying the device. Tnis section
orasents zhe iimitations of the centrifuge and placement device in
jeneral terms and 3iso in specific terms where use of the 2quipment
b>evond zthose limits would cause damage to or destruction of the device.
The limitations imposed by the centrifuge will be discussed first
followed by a discussion of the 1imitations of the placement device.

The centrifuge is limited to a rotational speed of 250 rpm. Rota-
tion of the arms at this speed results in the tops of the nlatforms
(radius aquais 53.5 in.) being subjected to approximataly 115 g's.
Yssuming a soil specimen of 5.0-in. height (average radius equals 60.5
in.), the specimen is subjected to an average g-level of approximataly
110 g's. The weight of the payload on one arm is then governed by the
maximum static capacity of the platform and arms and the factor of
safety the user is comfortable with. Figure 4-56 shows the maximum
payload weight based on the limiting strength of the pillow block bear-
ings. Also shown are the payload weight and rotational speed combina-
tions used in this research. The weight of the platform and support
pins (26 1bs) has already been included in the computations. Weights
shown are for payload only.

The eight channel on-board bridge completion unit restricts the
number of strain gages which can be mounted on an individual model
(group). Fifty-six of the available eighty electric slip ring channels

were usad. The twenty four remaining channels could provide the capa-

bility of reading an additional twelwe strain gages if the appropriate
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on=-20ard oridge c¢comoiation unit wera2 consiructad. I[ncre2asing tae number
3T strain gage circuits available fFor use on the nodeils represents the
most erficient use of the remaining channeis.

The most significant concerns about the equipment designed for this
researcn arise from the misuse of the nlacement device. There are not
many safeties built in to protect the user from damaging the device
through misunderstanding or unintentional error in the initialization of
the pile placement programs. The device was designed to place piles
which were 35.0 scale feet long and driven or pushed to a scale depth of
30.0 ft at g-levels above 69.8 g's., Consider the placement of a model
nile at 69.8 g's as this is the worst case scenario with the least
clearance between payload and centrifuge top. If the pile is driven,
there is approximately 0.5 in. clearance between the top of the ball
screw and centrifuge roof at the start of the test. This is adequate
clearance to permit the centrifuge tc start safely. Problems can arise
during the early portion of the driving sequence in which the ball screw
(and electromagnet and hammer) must be raised to the specified 1ift
height. Should the stepper motor or multiprogrammer devices fail with
the ball screw in the rajsed position there will no longer be adeguate
clearance between the top of the ball screw and the centrifuge roof when
the centrifuge is spun down. Decelerating the centrifuge with the ball
screw in the raised position will cause severe damage to-the placement
device. The only option in this situation is to continue rotating the
centrifuge arms at some minimum speed to maintain clearance until the
stepper motor or its support devices can be repaired. I[f the failure is

a result of programming failure or computer malfunction, it might still
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@ Tes3ini2 to Turn the stapper MOTer over %) Manudl ontrd’ oina Jusn
the 23’1 screw downward Tar anough o achiave the necassary zlairance.
The centrifuge zould then be safely spun down.

Significant damage could also be caused to the slacaement <eyice i

and

t

thera is insufTicient ciearance between the top 37 the electromagne
dottom of the c-channel support to permit the 2lectiromagnet and hammer
to hHe raised the desirad amount. The steoper motor will comolata i*s
commanded rotation even after the electromagnet has been pulled up far
enougn to contact the c-channel. This will most Tikely result in the
soft brass teeth of the driving or driven gear (or both) being shorn
off, The iavailable clearance must be detarmined by the user srior to
conduct of any model driving to ensure the electromagnet can be raised
the necessary amount. Remember, the program detarmines the hammer 1if¢
neight based on the g-level at the midheight of the hammer and not the
nominal test g-level. ORIVEPILE displays the initial 1ift height. This
value should be compared with the distanca between the electromagnet and
c-channel measured during specimen setup. Obviously, the program should
be continued only if there is sufficient clearance for the proposed 1ift
height. [If there is insufficient clearance, the hammer should be re-
placed by a heavier hammer thereby decreasing the required 1ift height,
or the pile should be inserted some distance which would provide the
necessary clearance.

The pushing process can culminate in the separation of the ball
screw from the ball nut if the proper consideration is not given to the
length (height) of the pile cap and load cell. The ball screw is not

long enough to reach the top of the soil with the screw still properly
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fousaa witnta Tne nut. Thus, At some oint, Tne screw 1. Taii o9yt o7
she nut ¥ the aut is rotated Tar enougn. Zven 1T The nut is 10T ro-

i

tatad Fir 2nougn to permit separation, baill bpearings will oe dislodgea
“eom tneir race if the top af the screw sinks below “he tap af <he

nut. This can result in damage to the device wnen the scraw {and 'naaq
call) is lifted back off of the model as the ball bearings can be lodged
hSetween the screw and nut. The model cap and load cell —must e Tong
2nough to ensure the top of the screw will remain above tne top of the
nut after final penetration has bheen achieved. Figure 34-1 shows how the

s
i
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caps were constructed for initial push tests hearing in mind the
need tc keep tne screw high enougn from the soil surtace ifter final
oenetration to prevent dislodging the ball bearings in tne ball screw.
This is not a concern in the driving tests as the electromagnet, hamnmer,
and cap assembly are sufficiently long to preclude the ball screw from
being lowered too far.

The size of the model pile is limited only by the depth of the
specimen container and the desired clearance between the pnile tip and
container base after penetration. The specimen container was designed
to provide 10 scale feet of clearance between the pile tip and specimen
container base after placement of a scale 35-foot pile was complete at
the 69g test level. Subsequent tests of this prototype at higher g-
levels are possible using this container as the model becomes smaller
and the clearance between tip and base larger. In general, the size of
the modeled prototype must become smaller as the test scale decreases if
this container is used. The suitability of the container and centrifuge

being used for a specific test is the decision of the user.
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1 second soecinen container was manufactured and oroviized suffi-
ziant dentn o T2st the chosen oratliyoe 31T no 1ess than 37 3's, assum-
2 feet of tip clearance was still required. 3eing talier
tnan tre first container, the canister restad higher above the platforn,
and <ne extanded ball scraw higher still. This resuited in insufficient
clearance for the payload between the platform base and centrifuge roof.
Two alternatives are availabla. The user can either insert the nii2 far
enough that the ball screw has sufficient cliearance or tilt the specimen
container far enough to ensure the ball screw top will clear the roof
support beams during initial spin up. If the pile is inserted prior to
fiight, the potantial for developing skin friction is reduced along the
portion of the shaft which has been inserted. This alters the %total
capacity, unit skin friction determination, and distribution of residual
stress. In general, it makes the verification of modeling of models
more difficult. [If the specimen container is tilted prior to spin up,
as can be done with mechanical stops similar to those which prevent over
rotation, the soil character may be altered by the vibration experienced
during spirn up. The specimen may have to be tilted as much as 2%
degrees denending on the size of the prototype and depth of model inser-
tion. This degree of tilt approaches the angle of repose of the sand
creating a significant potential for the soil to shift if vibrated. If
it is necessary to test models of the chosen prototype in this (tilted)
configuration, the harmonic response of the arms should be altered to

reduce vibrations during spin up.
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4itain reason, the diametar o7 *he model oile is not restrizied sy
“he 3ize of the soecimen container, Assuming the minimum clearancs
between the nile and container wail is 10 diameters, the container must
be at least 21 oile diameters across. Given the 8.0-in., diametar of the
containers, the largest model pile tested is limited to 0.38 in. This
model diameter represents prototypes of 19.0-, 26.6-, and 34.2-in. diam-
ater at 50, 70, and 90 g's, respectively. The length of the model is
again restricted by the depth of bottom clearance desired aftar pene-
tration.

The scale 1ift capacity of the placement device is unlimitad within
the boundaries of the weights commonly in use. The electromagnet is
capable of 1ifting 120 pounds. Halving this capability results in the
electromagnet having a 1ift capacity of 75, 147, and 243 scale tons at
50, 70, and 90 g's, respectively. Thus, the placement device can be
used to model any single-acting impact pile driver currently available.
Rather, the size of weight used for driving is limited only by the dyna-
mic stress capacity of the model.

The rate of penetration during the pushing process is controlled by
the rotational speed of the stepper motor. This rate of rotation was
fixed at 1.065 revolutions per second (213 pulses per second) by place-
ment of a 50,000 ohm resistar across the R3 terminals of the stepper
motor card. This rate of rotation results in 0.132 in. of ball screw
translation (penetration) per second. The scale rate of model penetra-
tion was thus different for the different g-levels. At 69.8 g's, the
model was pushed in at 9.214 in. per second. At 86.0 g's, the rate of

penetration was 11.352 in. per second. This variation in the rate of
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Jgnatr~3tion mav o 9r naY "ot :TT2CT “he otal capacity of ang
37 residuyal strasses ‘n thae models oushea into 2erc-2edfors sand,
However, tne notential for altering the capacity and stress distrisution
2t 3 mode! 2iia oJushed into a conesive soil with deformation-rate decen-
dent response is signiticantly greater. This response can be investi-
gated by the addition of a readily available variable resistance card *to
the multinrogrammer. Ysing this card in tandem with the stepper motor
card permits the rate of rotation of the stepper to be varied during the
course of a test. Thus, rate of penetration can be altered. Further-
more, having this capability lends itself to development of a model cone
wnich can then be pushed into soils at scale speeds depending on the
aravity level of the test.

The length of time required to complete one 1ift cycle of the
hammer is controlled by the frequency of pulses output by the stepper
notor controller card. Increasing the frequency of output pulses
~aduces the time needed to raise the magnet and nammer and lower the
magnet in search of the hammer after impact. This was the limiting
factor in the amount of time required to drive a pile after the hammer
size nad been determined. Oriving time can be minimized by finding the
optimum rate of rotation of the stepper motor. This is most readily
accomplished by experimentation with a variable resistance card.

Two tests were conducted to verify the positioning capability of
the stepper motor at test gravity levels. The first test proved the
stepper motor drive shaft could be made to return to a predetermined
starting position after commanded rotations in either direction in a

high gravity environment. The second test proved the ball screw
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1icad an 2qua’ iand reoeatap:2 distanca for 2acn step oT Ine stacper
motor. An outline of the tast Jracaduras and Tull results are oJre-
santad.

The first tast involved mounting the stepper motor horizontalliy on
the centrifuge piatform and measuring the response of the stepper motor
to commanded rotations at test g-levels between 20 and 90 g's. Response
to the commands was monitored by a rotational variablie differential
transformer (RVDT) mounted directly to the driveshaft as shown in Figure
4-57. The stepper motor response was tested by commanding the drive
shaft to rotate 15 steps (28.8 degrees) in each direction from a preset
starting position prior to returning to the starting position. The
motor shaft was first commanded to rotate 28.8 degrees clockwise, then
23.8 degrees counterclockwise, 28.8 more degrees counterclockwise, and
finally 28.8 degrees clockwise to return to the starting position. The
RVDT response was linear over +30 degrees. Results are provided in
Table 4-5. A1l readings are in millivolts.

The stepper motor and RVDT were mounted at a radius of 61.0 in.
One step changed the RVDT output by 0.24 millivolts. Subsequent rota-
tion of the stepper motor drive shaft by one complete rotation (290
steps) in each direction at every test g-level showed the stepper motor
~was performing as commanded and precisely returning to the starting
point.

The second test involved mounting a linear variable differential
transformer (LVOT) to the top of the ball screw shaft after the place-

ment device had been completed. The connections to the placement device
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Figure 4-57 Stepper Motor and RVDT in Test Position
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Table 4-5 Stepper HMotor Response to Commanded Rotation at Test g-Levels

5 2t P T S P - b A M R R

Drive Shaft Position

G-Level RPM 0 +28.8° 0 -28.8° 0
20 107.6 0.00 +3.78 0.00 -3.80 0.00
30 131.8 0.10 +3.77 0.00 -3.80 0.00
40 152.2 0.00 +3.78 0.00 -3.80 . 0,00
50 170.1 0.00 +3.78 0.00 -3.80 0.00
60 186.3 0.00 +3.79 0.00 -3.80 0.00
70 201.3 0.00 +3.79 0.00 -3.80 0.00
80 214.4 0.00 +3.80 0;00 -3.81 0.00
90 225.8 0.00 +3.81 0.00 -3.81 0.00

NOTE: A1l readings are in millivolts




Yol
[

ing _/07 wera madge zharaugn tne siin riags :s In1s was to be the configu-
=31%ion during testing. Fiqure 1-33 snows the LYDT in-place atop tne
2lacement device. The LYDT was adjusted to be in the middle of its 2.0-
inch range of motion and the stepper motor was commanded to rotata 1600
stans counterclockwise, 3200 steos clockwise, ana then 1600 stens coun-
terclockwise returning to the starting position. A1l rotational dis-
nlacements were conducted in 40 step increments. Figure 4-59 depicts
the displacement of the ball screw for the commanded rotations of the
stepper motor drive shaft. An additional test was conducted by com-
manding a rotation of 200 steps in both directions (-200, +400, -200)
with readings being taken from the LVDT after each step. Results of
that test are provided in Figure 4-50., Both tests demonstrate the
ability of the ball screw displacement to be precisely controlled and
the suitability of using the stepper motor-ball screw assembly as a
position measuring device. Furthermore, both tests confirmed the ball

screw displaced 0.0N006217 in. for each commanded step.




Figure 4-58 Placement Device and LVDT in Test Position
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Figure 4-59 Ball Screw Response to Stepper Motor Drive Shaft
Rotational Displacement (& 1600 Step Displacement,
40-Step Displacement Increment)




i

Figure 4-60 Ball Screw Response to Stepper Motor Drive Shaft
Rotational Displacement (+ 200 Step Displacement,
1-Step Displacement Increment)




CHAPTER 5
SPECIMEN PREPARATION, TEST RESULTS, AND JISCUSSION

This chapter presents the method used to prepare all specimens,
results of all tests conducted on those specimens, and discussion of the
results. Discussion is divided into qualitative and quantitative sec-
tions. Discussion of the results in a qualitative manner provides
insight into the operation of the placement device and an understanding
of its capabilities. The quantitative discussion presents the initial
findings regarding scale capacities of the modeled piles. Secticn 5.2
presents the results of tests in which the models were pushed into the
specimen. Results of individual pile and group tests are presented.
Each plot of penetration versus load is followed by the associated load
test plot. Load test results are analysed using the deBeer method of
capacity determination and presented in the quantitative discussion
section. This section also includes the results of tests in which the
model piles were pulled from the soil in an attempt to separate skin
friction forces from the tip end bearing capacity without the use of
strain gages. Section 5.3 presents the results of the tests in which
model piles were driven into the specimen. The inability of the bridge
completion c¢ircuit and chosen strain gages to measure model strain is
discussed at the end of this chapter (Section 5.7, Strain Measurement).
Several causes are suggested.

A1l pushing and driving tests are designated by a 10 digit alpha-

numeric notation. The first letter is either a D or P corresponding to

211
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Tne mocdel 212 Jgroup! aither being driven or pusned into the speci-
men. Tae secong eiter, aiways a G, inuicatas the ncdals are scaled
5ased an the geometry of the prototype. The following three digits
designate the 3-level at which the test was conducted, for 2xample, 698
for 53.3 g's or 360 for 36.0 g's. The next two pair of digits denote
the month (first pair) and day (second pair) on which the test was
conducted. The last digit denotes the order in which tests were con-
ducted on a specific day. The following test designation is provided as
an exanmple.

0G69803273--This model was geometrically scaled to represent the
orototype and driven into the specimen. The test was conducted at 59.3
g's. It was the third test conducted on the 27th of March. The data
sheet associated with the conduct of each test provides information
regarding whether the test involved an individual pile or group. Fur-
thermore, each data sheet includes notes regarding any unique asnects of
the test. Load test plots are designated by the date and number of the
test with the suffix LOAD. Thus, the load test for the example above is

designated 03273L0AD.

5.1 Soil Description and Specimen Characterization

Reid Bedford sand was used exclusively in this test program because
of its availability énd well documented behavior. It has been used in
several recent investigations involving centrifugal modeling at the Uni-
versity of Florida (Tabatabai, 1986, Giil, 1985) and many efforts per-
taining to determination of its constitutive properties (Seereeram, 1983,

1986, Linton, 1986). Additionally, information is available from the




N
p—
(98]

axtansive rasaarch conaductad with this sand at tne Zorps or tngineers
daterways zxoeriment Station in Yicksburg, itissicsiopi. The foliowing
soil descriotion is a consolidation of the detailed presentations from
the above-listed autnors. More detailed descripotions can be found in
Davidson et al. (1983) and Gupta (1983).

Color and type: 1light brown, clean, fine sand

Grain shape: subrounded to subangular.

Mineralogy: 89% quartz, 9% feldspar, 2% ferromagnesians and
"heavies"

Specific Gravity: 2.66

A1l specimens were prepared by raining soil through a "chimrey" as
shown in Sigure 5-1. The fall height was kept constant at 40.J inches
with the first 6.0 inches being taken up by four sieves. Variation in
the overall density of the specimen was controlled by changing the number
of stacked sieves and altering the size of the sieve openings. A
spreader plate was placed in the top sieve for the preparation of all
specimens to promote uniform raining through the cross section of the
chimney. There were nine holes in the spreader plate (3 by 3 matrix
pattern) which were 0.25 inches in diameter. Relatively loose specimens
were created by allowing the sand to pour through the openings unob-
structed. Denser specimens were obtained by placing tape over the
openings partially obstructing the flow of the sand. Trial and error was
necessary to create specimens with the desired dry unit weight. However,
specimens can be created within +1.0 pcf once the tape obstructing the
nine openings has been fixed in the desired position. Specimens with dry
unit weights of 96.0 to 102.0 pcf (relative densitys of 44.25% to 76.17%)

were produced routinely without vibration or additional equipment. The




Figure 5-1 Specimen Preparation "Chimney" and Associated Tools




specimens zppearad aquize unitorm yi1tn r2gara to gestn 2asad 3n ine
nusniag anc ariving rasults wnicn will se Jresentaa,

Two specimen containers wer2 used in the conduct or Inis3 rasearca.
Both are snown in Figure 5-2. The dry unit weignht and re2iative density
of =2ach specimen was detarmined oased on the known volume and weignt of
the containers as foliows.

The empty volume and weight of each container is shown beiow:

Small Large
Container Zontainer
Jepth (in.) 6.9 9.7
Yolume {cu. ft.) 2.199 2.279
Smpty Weight [1bs.) 7.21 3,32

After raining the sand into the specimen container, the chimney was
removed from the top of the container and the sand screeded off in multi-
ple passes. A straightedge was used to level the sand surface. The
excess sand was cleaned from the base of the container. The container
and specimen were then weighed. Subtracting the weight of the container
from the total weight provided the sand weight in the container.

Dividing the specimen (sand only) weight by the cubic foot capacity of
the container rendered the dry unit weight. This value was requested

during the initialization of each program in which a pile (group) was

placed. The computer then calculated the void ratio (e) and relative

density (Dr).

The value for relative density was determined using the relationship

provided in Perloff and Barron, 1976.




igure 5-2 Specimen Containers




The values for €nax 2Nd enj, were taken from Seereeram, 1983,

X

= 0.871

1]
[l

max

eqin = 0.550

Therefore, the relationship used to determine the relative density

of the specimens was

0.871 - e
0.321

o
=
]

Egq. 5-2

5.2 PUSHPILE and PUSHGROUP Test Results

5.2.1 Qualitative Discussion of Pushed Model Pile Test Results

Several tests were performed with the intent of determining the
operating characteristics of the placement device and a general under-
standing of the magnitude of output loads expected during model place-
ment. The ability of the placement device to push piles from different
jnitial insertion depths down to the desired depth of total penetration
was verified. No load tests were conducted during this phase.

The following conclusions were drawn from the tests; the device can

precisely record and reproduce the pile's resistance to penetration
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versus denth wnen like tasts are conductad on the same specimen and
interrupting the flight of the centrifuge one or more times during
insertion of the pile does not appear to adversely affect tne ul:imate
resistance to penetration of the pile. The tests substantiating the
above conclusions are now presented.

Tests PG69812072 and PG63812073 (Figure 5-3) demonstrates both the
reproducibility of the load versus penetration curve for like tests in
the same specimen and the insensitivity of the result to the interruption
of the flight of the centrifuge during the pushing sequence. Both tests
were performed on the same specimen. The piles were spaced at 10d.

Test PG69812072 depicts the load versus penetration curve with the cen-
trifuge being stopped every five scale feet of penetration after the
first scale ten feet. The large reduction in load at ten scale feet is
due to the stepper motor being turned off in conjunction with the
stopping of the centrifuge. The stepper motor remained energized for the
next three times the centrifuge was stopped. Each stop permitted the
specimen to rest five minutes. There were no major discontinuities in
the plot after the ten scale feet of penetration and it is concluded
neither the specimen nor the load carrying capacity of the model pile is
adversely affected by momentary pauses in the rotation of the centrifuge
if penetration and loading are accomplished at the test g level.

Test PG69812073 was conducted to determine the load versus pene-
tration response for a model pile pushed into the same specimen without
interrupting the flight. The response duplicated that of PG69812072
indicating the pile soil interaction during penetration is modeled

precisely by the placement device. These two tests are not conclusive
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oy “nemselves. Rather, tney are cresentad as Iwo of many investigations
songuctad wnich displaved the same similarities.

Tests PG69812151 and ?Go9812134 (Figure 5-4) invoive the bduckling
failure of a model pile (test 1) and reproduction of the test to nelp
detarmine the cause (test 4). ?PGo9812151 was conducted on a specimen
with 73.42% relative density. The model bhuckled under a scale load of
350 kips after the pile had penetrated to 26 scale feet. The second test
was conducted on a specimen with 73.92% relative density. The model
buckled under a scale load of 350 kips after the pile had penetratea 25
scale feet. The response of the models indicate the breakage of the
first was not the fault of the device but the true response of the modef
to the loading conditions as verified by the second test.

A like specimen (69.89% relative density) was used in test
PG36012153 (Figure 5-5). The purpose was to recreate the failure of the
previous two tests in a different scale model. The model's load versus
penetration curve indicates slightly less resistance than the two tests
conducted at 69.8 g's, however this can be attributed to the slight
decrease in dry unit weight. The model withstood being pushed to a scale
depth of 30 feet due to the relatively higher axial stiffness of the 86.0
g model (95.4% of the axial stiffness of the prototype for the 86.0 g
model versus 73.8% for the 69.8 g model). The same model was
subsequently tested in a specimen with a 72.12% relative density and
buckled under a scale load of 425 kips after penetrating 26 scale feet
(PG86012181, Figure 5-5). The tests conducted in the higher range of
relative densities, greater than 64%, suggest penetration should be

Timited to 20 scale feet when testing models of relatively low axial
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s=iffness. Yo modeis wers destroved during fests conducted with speci-
mens naving 1 r2lative qensity of less than /4%,

.oad tests were conducted on all successfully pushed model piles
{groupns) after the performance of the placement device and associated
programs was deemed acceptable. The following is a summary of the tasts
conducted. Scaled models of individual piles, grcups of four (same
pattern as the group of five, but with the center pile removed), and
groups of five were tested at 69.8 and 86.0 g's. Three tests were con-
ducted on each model at each g level. The plots of penetration versus
load and the associated load tests are provided in the order shown in
Table 5-1. Quantitative results of those.tests will be discussed in the

following section.

Table 5-1 Pushed Pile (Group) Model Test Series

Type Unit Wgt. (pcf) Or (%)
Individual Piles

Figure 5-6 PG69804013 97.7 53.61
PG69804011 98.6 58.44
PG69804021 99.5 63.18
Figure 5-7 PG86004014 97.7 53.61
PG86004012 98.6 58.44
PG86004022 99.5 63.13
PG86A012172 100.5 68.35

Group of Four
Figure 5-8 PG§9802251 96.6 47.58
PG69802252 97.3 51.43
PG69802253 98.0 54.96
Figure 5-9 PG86002244 97.2 50.89
PG86002243 98.3 56.84
PG86002242 98.5 57.91

Group of Five
Figure 5-10 PG69804023 96.5 47.03
PG69804051 97.2 50.89
PG69802254 97.9 54.69
Figure 5-11 PG86002231 97.7 53.61
PG86002232 98.6 58.44
PG36002241 98.6 58.44
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ATT oiots demonstrata the axoected increase in rasistance o nene-
Tration av <he 2172 ‘group. in r2saonse to an increase in the relative
dqensity of the specimen. Furtnermore, most of %the olots of Pile {Group)
Penetration vs. Load indicate a tendency for the resistance of the soil
to increase noticeably in the iast five to ten scale feet of penetration.

This tendency is most pronounced in the 659.3 g model tests. Bound-
ary effects were suspected as the tip of the pile was 1.72 inches (ten
scale feet) from the specimen container base. However, tests conductad
in the Targe specimen container on the same models also showed the ten-
dency. The pile tip was 4.54 inches (26.5 scale feet) from the container
base in these tests. The tendency was first noticed aftzr failure of 3
group of five test which exerted a significant lateral force at the
bottom end (near the soil) of the slotted cast acrylic guide tube.
Apparently, the connection between the tube and supporting c-channel was
weakened which subsequently permitted the tube base to move sideways
during heavy axial load applications. This tendency became more
pronounced as testing continued indicating the connection was becoming
progressively weaker. The tendency was most pronounced when 69.3 g
models were tested because these models were the least stiff and require
application of a relatively large axial force compared to the 86.0 g
models.

Correction of this weakness requires that the connection between the
supporting c-channel and the top of the support tube be stiffened.
Alternatively, the bottom of the support tube could be restricted using
an appropriate attachment to the c-channel. Tests were conducted at

relative densities which kept the tendency of the model piles to
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displace latarally %o an acceptabie lavel. It is recommended the device
Je fitted w~ith idditional support before further tests are conducted.
This may increase the range of relative densities which may be testad
with the aluminum models.

The looseness of the support tube is not thought to have influenced
the results of tests on individual piles at 86.0 g's. However, all of
the individual and group tests at 69.8 g's, PG86002243, and PG86004023
appear to have been influenced to varying degrees. The significant
effects of the looseness of the support tube are more pronounced dif-
ferences between the ultimate capacity of the group models (higher axial
loads) at the two test g levels and an increase in the apparent effi-
ciency of the groups as will be explained.

Three tests were conducted in which the pushed individual model pile
was slowly pulled from the soil in an attempt to determine how much skin
friction resistance might be acting on the model and contributing to
total ultimate capacity. One test each was conducted at 57.5, 69.8, and

36.0 g's with the results as presented below.

Test No. Or(%) Tension (kips)
PG57501161 60.03 20*
PG69801162 57.91 5
PG86001291 55.77 3

* Tension based on the 13.3 kip tensile capacity of the 20-foot portion
of the pile pushed from ten feet to thirty feet (scale magnitudes)

The tests indicate the frictional forces resulting from the pullout
of the model pile may be influened by the g level at which the test is

conducted. The same effect may appear when the piles are pushed into
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tne specimen, ncwever, this determination cannot be made on mModeis untass
the frictional forces are separated from the tip lcads. The above data
may also indicate the influence of the specimen relative density on its
ability to mobilize resistive frictional forces, however, the change in
relative density is minimal compared to the resulting change in unit skin
friction. Rather, the change is attributed to scale effects. Figure 5-
12 shows the change (%) in total frictional resistance with respect to
the change (%) in model pile-soil contact area using the 86.0 g model as
a reference.

5.2.2 Quantitative Discussion of Pushed Model Pile Test Results

The deBeer method (Sharp, 1987) was used in the interpretation of
the capacity of the pushed models. This method invoives the plotting of
the load test results (deflection vs. load) on log-log scales. The capa-
city of the pile (group) is highlighted as being the intersection of two
approximately straight lines. Figures 5-13 through 5-18 depict the
deBeer plots of the load test results. The capacities determined by the
deBeer nmethod are presented in Table 5-2.

Results of the deBeer capacity determinations are plotted with
respect to specimen relative density in Figure 5-19. This plot includes
a failure envelope beyond which the aluminum models will fail if loaded
under the respective combination of axial force and specimen relative
density. Conclusions baged on the results of the capacity determinations
are presented below. .

The following trends are observed regarding the capacities deter-
mined by the deBeer method (Figure 5-19). Ultimate capacities for the
single piles agree very closely; the average difference between the 69.8

and 86.0 g model capacities being only 12.0%. These capacities are
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Tible 5-2 Pyshed Pile (Group) Load Test Results

“yne Or (%) Scale Capacity ’xips’

Individual Piles

Figure 5-13  PG69804013 53.61 112
PG569804011 58.44 130
°G569804021 63.18 150
Figqure 5-14  PG36004014 53.61 33
PG36004012 58.44 111
PG36004022 63.18 140
PG86012172 63.35 179

Group of four

Figure 5-15  PG69802251 47.58 660
PG69802252 51.43 710
PG69802253 54.96 811
Figure 5-16  PG86002244 50.89 500
PG36002243 56.84 700
PG86002242 57.91 720

Group of Five

Figure 5-17  PG69804023 47.03 700
PG69804051 50.89 815
PG69802254 54.69 1050
Figure 5-183  PG36002231 53.61 710
PG36002232 58.44 930

PG86002241 58.44 1010
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axpectad 0 Iive she cilsast iqr2ement 3s Ine 3ixial l0ads 2xarvaz dy the

acament 1eviza ar2 tna ta2ast of 111 of the tasts conductad.  Theratiara,

W

“here is &tne '2ast tendency for the cast acryiic gJuide tube t2 e ousned
t0 the side. The c2-ccities of the jrouds show graatar divergence 3s the

>~
¢
i

Aumber of 2iias in the group increases. nis is 20ssibiy due *o the
greater axiai load needed %o push the piles to full penetration. It may
also indicate scale effacts with the 86.0 g models developing iesser
capacities as a result of their relatively smaller pila-soil contact
areas. 71he group factors are presented below in Table 5-3 %0 aid in the

understanding of which effect is controlling. The following relationshi

is used in the determination of the group factors.

Group UTtimate Capacity

m
Q
.
(02
'
w

Group Factor =
Single Pile Capacity x # of Piles in Group

Group factors are determined at 52.0 and 57.0% relative density to
discern the influence relative density may have on the group factor.
WAithin the accuracy of the pile capacities measured, the group
factors are equal for all groups. There appears to he no tendency for
the group factor to increase in response to an increase in specimen
relative density. Nor does there appear to be any tendency for the group
factor to decrease as the test g level increases as might be expected if
there were scale effects. It is concluded the scale effects influence
the friction forces only (as discussed in the previous section) and not
the bearing capacity of the tip. Since these models derive a significant

portion of their capacity from end bearing, scale effects are minimal.
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Table 5-3 Pile Group Factors 3asad on 4deBeer Capacities

83.3 1's Capacity (kips) Group Factor
52% Or 57% Or 52% Or 37% Or
Singla Pile 105 125 - -
aroun of Four 725 335 .73 1.57
Group of Five 915 1175 1.74 1.38
86.3 g's Capacity (xips) Group Factor
52% Or 57% Or 52% Or 57% Dr
Single Pile 75 105 - -
Group of Four 535 710 1.78 1.59
Group of Five 650 915 1.73 1.74

The group factors are all significantly higher than 1.0. This
indicates the looseness of the guide tube, as suspected, may have con-
tributed to the apparent strength of the groups. Lateral displacement of
the guide tube tip permits the pile to tilt at the point of insertion
which results in a larger cross sectional area being presented to the
soil (greater resistance to penetration). This increases the tendency of
the piles to break and may even cause the piles to "grab" the guiding
template thus deriving additional apparent strength from the friction
between the template and pile(s). Excessive bending-induced strain will
be recorded from the piles which are flexing at the soil surface compared
to those which are inserted straight into the soil. Thus, it is
important to monitor development of strain in the models before this
determination can be made.

The initial slope of the loading curve for the individual and group
piles at both g levels was determined from the butt deflection vs. load

plots (Figures 5-6 through 5-16, éven numbered figures). The plot of
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elastic deformation {(PL/AE) of <he 2iles {(groups) is also shown on those

figuras {a.) . The diffarence defween the two (initial slooe of the
loading curve minus the slope of the elastic deformation curve) is attri-
buted to the soil response and possible group effects. The slopes are
Jisted below (Tabla 5-4) with the values of hutt deflection (incnes) at
failure versus failure load being plotted in Figure 5-20. The values of
dltimate capacity and deflection at failure are basad on the deBeer
method.

Table 5-4 compares the soil's response to loading for the individ-
ual, group of four, and group of five models at each g level as well as
the response at the two test g levels for =ach of the models. The group
effect becomes evident in the first comparison as the pile group
responses to loading show an average efficiency of 1.17 for the group of
four and 1.18 for the group of five. The models at each g level display
efficiencies within 2.0% of one another indicating again the scale
effects for axial loading of model piles placed in granular soils may be
insignificant (Figure 5-21).

Comparing the soil response for each of the model types at the two g
levels indicates the soil is 130% more stiff at 86.0 g's *»an 69.8 g's.
The relative increase in the stiffness of the soil at 86.0 g's is to be
expected as moduli for model materials are scaled one-to-one. Based on
the ratio of the g levels (86.0/69.8, or 1.23), the model soil for the
69.8 g tests appears 7.0% less stiff than one might expect, or the soil
used in the 86.0 g tests 7.0% stiffer. The difference is most reasonably

attributed to the relative axial stiffnesses of the models with the 69.8

g models being only 77.4% as stiff as the 86.0 g models.
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Tapia 5-4 Initial Loading “urve Slope, Zlastic Deformaticn Curva
Slooe, ina Resulting Soil Responsa Tor Incividual and
Group Model Piles
539.3 3's Single Pile Groun of Four Sroup of Five

Slastic Deformation

Curve Slope (kxips/in.) 644 2,577 3,221

initial Loading Curve

Slope (kips/in.) 177 375 117

A Slope

(Soil Response) 467 2,202 2,304

tfficiency* 1.18 1.29
86.0 g's Single Pile Group of Four Group of Five

Zlastic Deformation
Curve Slope (kips/in.) 833

Initial Loading Curve

Slope (kips/in.) 217
A Slope

(Soil Response) 816
Efficiency

3,332

484

4,165

555

3,610

1.17

Single Pile

Group of Four

Group of Five

A Modulus
86,0

A Modulus 1.32
69

1.29

1.29

A Slope (Group Piles)

* Efficiency =

A Slope (Single Pile) x number of piles in group
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Figure 5-21 Per Cent Increase in Soil Stiffness vs. Increase
in Number of Piles




254

3ettar agreement can be expactad wnen the axial stiffness of the »nila is

modeted exactiyv instead or chcosing models from available stock.

5.3 DRIVEPILE Test Results

5.3.1 Qualitative Discussion of Oriven Model Pile Test Resuiis

Five tests were conducted but terminated before reaching full pene-
tration. The reasons for stopping the test provide insight into the two
most important considerations in the operation of the placement device in
the driving mode. Test DG68903171 (Figure 5-22) was the first successful
use of the device as a driver. The pile was pushed in at one g to a
scale depth of fifteen feet prior to starting the driQing process.

This permitted the electromagnet, hammer, and pile cap to be viewed by
closed circuit television during the entire driving cycle. Penetration
stopped at 24 scale feet because the electromagnet had not been powered
sufficiently to 1ift the hammer. Increasing the electromagnet voltage
(and current) alleviated the problem. The electromagnet then continued
to 1ift and drop the hammer until full penetration was achieved. This
test demonstrated the capability of driving model piles in the centrifuge
by the use of a falling hammer. Surprisingly, the resistance to
penetration from the initial blows of the hammer was relatively weak
compared to -that at the end of penetration. The pile penetrated gasi1y
during the first five impacts even though the soil's unit bearing capa-
city and lateral stresses were already significant. It appears the
insertion at one g does little to develop the overall bearing capacity of
the model. Bearing capacity in the model is developed only by the
penetration of models (either by driving or pushing) at the approriate g

level. This is in agreement with the findings of Ko et al. (1984) and
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sne JSCOT/THWA recorts 13843, 13B4c:.  30tTh r2porTs conciuceg Tne
JorTian 37 The 1egel iasartad 3T 2ne 7 contrinutag 'itila o the itimata

>eari=g zoactty, 2and tnus, resistance to oenetration ar tne model pi

Tasts DG69R03131 ana DGA2803Z282 (Figure 3-23) were terminatac
Jecause the 2172 cap separated from the quide rod. Two Zausas ar2 sug-
gested ragari1ing separation of the two; friction between the guide rod
ind the insulating sleeve in the magnet and improper connection of the
guide rod to the model cap. The guide rod had been lubricated prior %o
tasting so it could travel freely within the insulated hole througnh the
center of the magnet. This 4id not appear to be a cause contributing <o
the separation. Rather, the connection detween the guide rod and hammer
#as incapable of withstanding the repeated impacts of the nammer. EZacn
impact sarved to null the cap off of the end of the guide rod. Special
care was taken in the manufacture of later caps to ensure separation
would not occur.

Tests 0G69803251 and 0G69803281 (Figure 5-24) were terminated
secause the model pile failed hy buckling at the connection between the
cap and butt. The caps were manufactured with a 0.125 inch recess which
encased the pile butt. However, this type of connection was insufficient
to prevent stress concentrations. Minor eccentricities developed in the
way the hammer struck the cap and these eccentricities resulted in
deformation of the butt. This type of failure was evidenced by the
tilting of the hammer as it rested on the cap waiting to be picked up
again. The tilt of the hammer was sufficient to prevent the electro-
magnet from being able to pick it up. This is evident in the lack of
penetration even though "blows" have been recorded. The electromagnet

simply raised itself to the appropriate 1ift height but the hammer was
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craa, e Ti7% 27 tne nammer 271 10T 3ppear o igversiy zffacs
Tra cararmanc2 37 She Iraximity tavice,

Tasts SG62203231, 3GS9803292, anc SGE3IBO313Z (Figur=2 3-25) qenon-
31731%2 “ne atfect of increasing resistance %o denetration uper
raspesT U0 1en%ta.  Furtaermore, the tests snow an increasing numcer of
57aws 3ire raguired to drive the pile to deoth as the relative densi=zy of
<he specimens is increased. This relatiecnship is developed in Section

Test Results.

b

3.2.2, Juantitative Discussion of Driven Model Pile ne
tests wnich were terminatad exhibit the same tendency for increasad
number of dlows for a given penetration with respect to an increase in
~he relative density of the specimen.

The pila driven in test 5669803292 was the first driven oile %o e
successtully load tested. The pile demonstrated a significantly differ-
ant load curve shape (Figure 5-26) and ultimate capacity compared to
model piles which had been pushed in. The pile developed no strength
until the butt had been deflected 1.5 scale inches. The butt had to be
defiected 3 tctal of 5.0 scale inches before the resistance to load
aqualed 100 scale kips. Manipuiation of the Load Test portion of the
main pro-ram permitted the butt to Le deflected an additional 3.5 scale
inches resulting in an ultimate resistance of 120 kips. Pushed model
piles with an ultimate resistance to penetration of 120 kips can be
expected to develop an ultimate capacity of approximately 100 kips based
on the results of pushed individual piles.

This performance bears no resemblance to the loading curve of the
oushed piles although the ultimate resistance to pushing is equal in
magnitude. Several causes are suspected: disturbance of the pile during

slacement of the Toad cell, release of some of the residual stresses
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~asyitina “rom othe ariving 9rsc2ss, ana improper seating of the lcag 2]

3230Tar 2n tre 2ile out:. ich ~111 he 2iscussed driefly,
Tacament of tne load c2li reauires the piie cap be iitied ofT tne
cutt i2aving the pile free-standing in the specimen. Tynically, the 2ile
is ra2strained oy a nolding devica inserted througn tne siott2a guide tube
and tne cap lifted off. However, after being struck 50 times, the cap is
ratnher firaly attached <o the butt. The connection between the cap and
butt must be "broken" hefore the cap can be removed.
Therefore, it is suggested the soil particles at the oile soil intarface
may be disturbed if the butt is moved back and forth or the pile pulied
even slightly out of the ground during removal of the cap. The siignt
retraction of the pile may account for the slugqish increase in load
bearing capacity of the model. The ultimate capacity of the driven pile
approaches that of a pushed model because the driven pile was pushed in
almost nine scale inches during load testing. The important considera-
tions in the conduct of the load test on the driven model are then to
tast the model immediately after placement, without disturbing the model.
Residual stresses may have been reieased during the cycling of the
centrifuqe for load cell placerment. More research is suggested to better
uncerstand the development of such stresses and their possible release by
interrupting the flight of the centrifuge. The placement of strain gages
at the pile butt and development of a suitable bridge completion circuit
will permit the load test to be conducted immediately following the
driving of the pile without removing the cap. This will provide the most

accurate information regarding residual stresses and their contribution

to bearing capacity.




_asTly, <ne acantor wniIn is connectad to the inaa celi ana s1ios
Jver <re 231l Dduti 7ay N0t nave seatad prooeriy on The auti. The racao-
tacle on the >0Tttom Of the 3gaptor was formea dy ariiiing an oversize
a0la. The conical depression left by the drill bit may not be suitable
Jor seaning tne sutt uniass Ine 2utT napoens Lo be 2xactly cantared 1n
the adaptor. The nole was drilied oversize to lessen the possibility of
che adaptor exerting a iateral stress on the Hutt.

Test PG69803293 (Figure 5-26) was conducted on the same specimen as
0669803292 to determine the bearing capacity of a pile pushed into the
same soil. The tests were conducted 10 pile diameters apart. The pile
was successfully pushed in, but the 1oad tast was not conducted due %2 a
separation of the load cell wires from their housing in the centrifuge.
Capacity of this pile was estimated at 125 kips basad on the performancs

of other pushed piles at this relative density.

5.3.2 Quantitative Discussion of Oriven Maodel Pile Test Results

Tests DG69803291, DG69803292, and DG69803181 were conducted with a
hammer weight of 20.0 grams and a hammer input efficiency of 100%.
Figure 5-27 presents the number of blows required for full penetration
versus the reiative density of the soil. The plot verifies tie increas-
ing resistance to penetration as the relative density increases within
the range tested. The linearity of the plot is a coarse indication of
the quality of the specimens, both in relative density and uniformity,
and the ability of the hammer to impart equal energy with each blow.

The number of impacts required to drive the pile to depth is signi-
ficently less than that of a prototype pile. This may be attributed to
four factors; hammer weight, hammer shape, model cap weight, and contact

area between the model pile and soil. Considering the hammer properties,
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<ne weijnt anc snaoe both contripute to arficient transter of energy <0

-

the 2il2. The Todal nammer weight is 2.4 times the weight suggested >y
tne orogram SRIVEPILE, The heavier nammer nas more momentum than the
suggestad lightar hammer for the specific weight and fall height combi-
nation. The tlatness of <he nammer imparts a relatively nign percentage
of the available energy (Figure 2.5) to the cap and butt resulting in
more set per blow of the hammer. Regarding the cap weight, the rela-
tively massive size of the cap ensures the cap and butt remain in con-
tact permitting mnre complate transfer of energy. Lastly, the relative-
ly larger size of the soil particle with respect to the pile decreases
the contact area of the soil particles with the piles. This effect may
S5e further amplified at higher g-levels as the potential for soil
arching around the model increases. Arching would tend to decrease even
further the contact area between model pile and soil resulting in rela-
tively easier penetration. All of the above factors contribute to a
decrease in the number of blows required for a given penetration, with
specimen relative density being heid constant.

The improved cap design may permit higher "efficiencies" during
driving. This is expected to lead to an exponential decrease in
required number of blows rather than linear due to the way efficiency o
the input energy is computed. The efficiency is considered to double as
a resuls of doubling the 1ift height. However, efficiency will be more
than doubled as the kinetic energy (0.5 mv2) of the hammer is increased
by a factor of 3.30 when the 1ift height is doubled. The product of
the 1ift height and hammer weight gives the work done in 1ifting the

hammer, but, the available energy is dependent on the kinetic energy of

the hammer at impact.
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3.1 Reorzduciniiity of Jesuits

lencr=ze

30th £ne ousninag ana driving test rasuits indicatac a nd

[¥V]
3

(Y]

2T reoroducinsility onca the procass of manufacturing a uniform specimen
nrad ceen established. Use of the pnlacement devicz in the driving mode
aroviaged very orac¢ise rasults in that diffarences of aporoximateiy 1.3%
ralative density were sufficient to result in a greater or lesser numoer

of blows required for a given penetration depending on the shift of <he

density. Tnis tendency is borne out by the linearity of the pict in

-1

iqure 5-27.

Conduct of a sufficient number of tests with the hammer weight and
afficiency being held constant may permit the driving of a model pi'e
for cone) to become a method of determinimg specimen characteristics in
flight. More significantly, the influence of one model pile being driv-
en near a previously nlaced model can be investigated simply by monitor-
ing the blows required to drive the second and subsequent models. The
ability to accurately measure residual stresses with appropriately
positioned strain gages is of paramount importance in this endeavor as
it is just as important to measure the effect the pile being driven nas
on the already driven pile. Using strain gages, the determination can
be made as to whether the residual stresses in the first pile relieve
themselves due to the disturbance caused by the driving of the second
pile or whether the stresses and lateral forces on the pile are somehow
augmented. The placement device is well suited for this type of re-
search when used in the driving configuration because of the inherent
reproducibility of the energy being imparted from the hammer to the pile

cap.
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tontigquratian once tne quide “uoe

attacamant is sTiffaned. Aithougnh the resulzs of tne oush 22sIs indi-
zatad 3 variation Hetween the scale capacities of the same <vne of
ncaels at the difrarent test g levels, tne capacities o7 the 39.3 g
nodels were consistentiv nigher than those of the same type models
testad at 36.0 g's. This ditference is attributed to the orogressive
weakening of the guide tube combined with the relatively greatar force
needed to push the 69.3 g models to depth. This detarmination is nace
sending the develoopment of a sufficiently sensitive striain gage bridce
compiation circuit whnicn would pernit the =ffect of <ne guiie %uoe %5 2e
Juantified.

An accurate strain measuring system would fuifill two purnosaes in
the investigation of the guide tube effects. First, the gages would
indicate the development of excessive bending stresses in the model.
This information would precede the failure of the pile givi.g an indi-
cation before the destruction of the model. Second, the s°rain gages
sould aid in determining the source of the pile's resistance to pene-
tration. [f, as currently suspected, the models displace laterally
urder increasing axial loads, the bending stresses at the top of the
soil surface will be significantly greater than the stresses due solely
to axial load. However, if the source of resistance to penetration is
due to the contributions of the tip and imbedded portion of the pile
with no undue bending stresses, then the current design of the guide
tube may be sufficient. A very important benefit of refining the

placement device by strengthening of the guide tube and development of




usabie strain gage circuitry will De tne accurate determination of the
magnizucdes of sidewall friction mopilized during nlacement of the model.

The friction forces acting on the pile are considered to be
affected by the gravity level at which testing is done. This was
demonstratea by puiling model piies from the soil at three different g
levels with the Tower g level models developing significantly greater
resistance to movement. The same effect is expected when the models are
nushed into the soil. Thus, strengthening the guide tube in an effort
to lessen the suspected lateral freedom of the pile and development of a
working strain gage circuit to help quantify any improvement will tend
to increase the accuracy, and thus, the repeatability of the results.

As mentioned, the reproducibility of results is dependent on the
ability to create uniform specimens and accurately determine their
relative density. The method of raining soil into the specimen con-
tainer worked well and should continue to be used. However, improvement
may result if a device can be made to more precisely meter the "flow" of
the sand through the stacked sieves. Specimen creation was the most
operator-dependent _..ect of this research and, as such, nhas a signi-

ficant potential for improvement.

5.5 Modeling or Models

Given the high degree of similarity betwe~n the model pile (group)
responses to loading with respect to efficiency and the proportionate
increase in the model respsnses between the two g levels, the two models
are essentially in agreement. Strict modeling of models requires the
scale axial stiffness be the same in all models. This was not accom-

plished and has been suggested as the cause for the minor differences

]




setwean tne resoonse of like modeis at the %two g levels. Likewise, %the

inabiiity of modeiing the soil grain sizes may have contributed to the

slight differences in model response.

CTonsidering that 1 pile driven into granular soils may develop 25 to 30%

of its capacity from sidewail friction, this aspect of modeling requires

further attention. The determination must be made as to the g level and .
model oile size combination at which the sidewall frictional forces are

not being modeled correctly. Combined research involying the accurate

modeling of scale axial stiffness and soil grain size will improve the

reoroducibility of results.

5.6 Comparison with a Prototype

The loading curves of the individual and group of five model piles
have the same characteristic shapes as those of prototype piles. The
model responses to loading exhibit easily distinguished break points
making the model capacity easily and accurately determined by the deBeer
method. However, two significant differences appear when the model ‘s
compdared to the prototyoe. The initial slope of the loading curve o
all model piles is substantially less than the prototype and the scale
capacities greater. The differences can be attributed to severa:

causes, among them, inaccurate modeling of the scale axial stiffness,

the possible loss of unit sidewall friction forces at progressively .
higher g Tevels as discussed previously, differences between the model
and prototype soil conditions, and alteration of the load test procedure
in the centrifuge.

The relatively low axial stiffnesses of the models is considered to

be a direct cause of the low initial loading curve slope. The 69.8 g

#
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zausad Sv not modeling the 501! grain size.
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uncdetarmine
Juantitying Tne aifrerent arfacts can most 2asiiy de accenciisned 3y
manufacturing i variety of model oiles with the same axial stiffness.
Tasting model niles wnich are scalad basea on tne outer diametar of
available stock tubing zan be made more accurate by honing for reaming;
the inside of the aovoropriata modeis until the axial stiffness of 31!
medels s =2cual *to that of the least stiff model. The honing orocess
#4117 leave =he intarior of the piie model well suited for the applica-
tion 27 strain zages. Naturally, the range of r2lative densities
available for testing decrsases as the ncdels are weakeneg; likewise,
the initial loading modulus. However, it will be easier to distinguish
the ratio of model pile size to specimen grain size at wnich the unit
side friction begins to be altered.

Roughening the exterior of the model piles should also be investi-
gated as an altarnative in increasing the initial loading moduius of the
nile (group). Circumferential scoring (as opposed to longitudinal)} is
recommended as this may induce an element of bearing capacity along the
sidewall which can he adjusted (by varying the depth and spacing of the
scores) to be the equivalent of a true frictional resistance. Likewise,
the unit sidewall friction of the model may be enhanced by a covering of
grit or abrasive powder glued in place. FEach of the above techniques

leaves the interior of the model available for the placement of strain

jages.
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may snift the mocel capacity more in line with that of the prototyne.
Lastly, the response of the models may be altered by the %tachnique
used to conduct the load test. The butt was deflacted and then force
measured as opposed to the application of a constant force with %he
measurament 2T resulting settiement being measured over time. This
sermits the soil around the model to relax resulting in a decraase in
the apoarent load on the model over time. Load readings were taken
almost instantaneously by the data acquisition unit, however, the
potential exists for error if too much time is permitted between deflec-
tion and reading. It is suggested the readings from the lcad cell be
read at a relatively high frequency to determine if static forces are
maintained on the butt or if a peak force develops and then dissipates
after each deflection of the butt. Furthermore, a nigher frequency data
collection system would permit the stepper motor to load the pile with a

more continuous push potentially altering the shape of the load curve.

5.7 Strain Measurement

The chosen strain gages and bridge completion circuit were not
suitable for measuring strain in the models. Several causes are sus-
pect. The gages were examined microscopically to ensure they were well

bonded and it appeared the method of gage placement was satisfactory.
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resistance. £acn of the gages was then checked for neing insulated from
the model pile. Again, all was satisfactory. A final gage was in-
stallad on the outsiae of tne first test pile agjacent to the position
of one of the gages inside the pile to determine if it was the placement
method or the bSridge completion circuit at fault.

Each of the eight bridge completion circuits was checked out by
placing a known working gage in the circuit and checking the system
output in response to a xnown input strain. After balancing each cir-
cuit, tne gage was subjected to various inputs of tensile and compres-
sive forces. The tests were conducted through the slip rings of the
centrifuge. Each circuit operated correctiy.

The model piles, one 69.3 g model and one 86.0 g model, were then
independently connected to the approriate bridge completion channels and
tested. Stable zeroed readings could not be obtained for any of the
gages. Finger pressure on the gages sites caused erratic readings and
the gages responded very poorly to axial compressive strain. Readings
were not stable or repeatable. The gage mounted on the outside of the
69.8 g model responded as poorly as did the gages on the inside. All
gages responded in the proper sense regarding compression or tension,
however, no accurate value of strain could be determined. The 69.8 g
model was calibrated over ten times using the calibration support and
CALTEST program with the results being nonrepeatable. Slight changes in
temperature at the gage site appeared to adversely affect the

performance of the gage.




The cnosen strain gaqas were temperature compensatad for steel
insteac of the aluminum oF <ne mocels. Temperature compensation s
necassary in a gage as the thermal coefficient of expansion of tne gage
allovs is matched to the exmansion coefficient of the material to which
the Jage is bonded. This matching of coefficients ensures both gage and
specimen material expand (strain) the same amount in response to changes
in temperature. Mismatching of the temperature compensation character-
istics can lead to erratic readings and an inability to balance the cir-
cuit prior to testing as was experienced. This type of gage has been
reported to perform adequately in prior reseach efforts, however, it is
recormended all strain measurements be taken using gages termperature
compensated for aluminum.

Additional strain gages were purchased which were temperature com-
pensated for aluminum, but the gages nad a nominal resistance of 350
ohms and could not be used in the availablie bridge completion circuit.
Therefore, a new bridge completion circuit must be built to test the
suitability of the new gages. The 350 ohm gages are more suitablie for
this type of measurement for two reasons. The gjages are more sensitive
to strain by a factor of 2.92 (350/120) and the higher resistance means
less current passes through the gage. Both of these responses can be
-explained using Ohm's law, V = IR. In a constant current (I) system,
the vﬁ]tage output (in response to strain) is directly related to the
resistance (R) of the gage. Placing a higher resistance gage in the
circuit provides a higher output voltage for a given strain. In a con-
stant voltage system, increasing the gage resistance decreases the
current passed through the resistive element. Since power (P) is dis-

sipated by the element according to the relationship P = I2R, the heat
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CHAPTER 6

LARSE DT e AN DA ANIPAT NN A T T A
CONCLUSTIONS AND ECCMMENDAT IOMS

6.1 Conclusions

A olacement device was designed and built for the purpose of
driving and pushing model piles (qroups) under a gravitational force of
30 g's. The capacities of individual piles, groups of four, and groups
of five niles were studied to determine how well the device performed
and also the feasibility of modeling group nile responses in the centri-
fuge. Scale models based on the Hunter's Point prototype were tested at
59.8 g's and 86.0 g's. The following conclusions wera drawn.

1. The results of the driven model pile tests indicate a linear rela-
tionship between the number of blows required for the model to pene-
trate 30 scale feet and the relative density of the specimen over
the range of 50 to 65% relative density. The pile driver delivers a
uniform amount of energy throughout the travel of the pile which is
made possible by the readjustment of the 1ift height after every
impact of the hammer. The portion of the pile inserted at one g
contributes Jittle to the ultimate capacity of the model. Rather,
capacity is developed by the driving penetration of the model at the
appropriate test g level. The relatively massive weight of the
model hammer, its flat shape, and the large model cap all act to
improve the efficiency of the enerqy transfer from hammer to pile
and result in a scale set of almost 1.0 feet per hammer blow (69.8

3's, 20 gram hammer weight, 100% driver efficiency). Adjustment of
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tne "erficiancy' of the ariver is an erfactive means of <ontrailing
the input 2nerdy and thus Dlows recuirea for nenetration.

The scaling effects introduced by not modeiing the soil grain size
have little effect on the bearing capacity of the pile tip(s),
however, the friction on the shaft may be greatiy influenced.
Results are based on pullout tests in which the scale resistance tn
pullout decreased exponentially in relation to the decrease of the
test g level. Results are inferred to apply to friction forces
experienced during pushing of the pile(s) and must be verified
through the use of strain gages mounted along the shaft.

Axial stiffness of the pile(s) must be precisely modeled to permi:
the direct comparison of results obtained from different 3 level
tests. The relative axial strength of the models was apparent in
the comparison of results between the same type of models at the two
test g levels. The less axially stiff 69.8 g models consistently
demonstrated lower initial strength moduli during load tests. The
86.0 g models (95.4% as axially stiff as the Hunter's Point proto-
type) are considered to have responded most like the prototype.

The deBeer method of pile capacity determination is well suited for
interpreting the capacity of model piles. The method simply high-
1ights the “break" in the load test curve instead of determining
model capacity based on resistive forces which may exist only in the
prototype (i.e., sidewall friction). Single rmodel pile tests at
69.8 and 86.0 g's give close agreement with the group of four models
and group of five models showing progressively more divergence as
the relative density of the specimen is increased. This divergence

has been attributed to the relatively low axial stiffness of the




59.3 g mocel and tne lack of rigidity in the connection of the cast
acrylic gquige tube %0 “ne sunooriing c-channel.

The shape of tne load versus derlection curves is generaliy similar
to the shape of the prototyne loading curve. However, the initial
loading modulus of the model pile is significantiy lower than that
of the orototype and the ultimate capacity greater. The Tow initial
modulus 1is thought to be the result of the method by which the load
test is conducted, the relatively low axial stiffness of the models,
and the progressive decrease in unit sidewall friction on the model
at higher g levels.

The conduct of the rodel load test involves deflection of the
butt and subsequent measurement of the resistive force developed by
the pile. This is opposite from the method of conduct of the load
test on prototype piles as they are loaded with a constant static
force and the resulting deflection is measured over some specified
time period. This difference in the method of load testing is
thought to lower the initial loading modulus. Circumferential
grooving of the model or the coating of the model with an abrasive,
gritty material may improve this response.

The high scale model capacity is considered to be due to the
models being pushed into a dry specimen, unlike the prototype, which
is driven into hydraulic fill and rests in saturated soil.

The driving of the model pile is considered to result in the crea-
tion of different stresses, and thus, unit capacities at the tip and
along the sidewall of the model. These factors contribute to the
difference in the load curves of the driven model versus the pushed

model. However, the residual stresses and soil structure around the
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mocel ar2 aistursed wnen tne centrirtuce 1s sTopped tO oermait the
‘oad cali o be fixea to the outt a7 tne driven 2nile. The Affects
27 the different stresses createa during driving can be guantified
>y the nlacement of strain gages at the butt. This will permit the
driven modei to nse load tasted immediately after placement and with-
out being disturbed.

Tne pushed pile groups show efficiencies which increase in resoonse
to an increase in the relative density of the specimen and also to
the introduction of the fifth pile in the center of the group of
four. Both increases are very slight. HMost significantly, the
nplacement device is capable of accurately discerning these slignt
differences. Parametric studies of the change in efficiencies
resulting from the variation of pile spacing and configuration
within a group are warrented. A factor of safety of 1.0 for pile
groups in dry granular soils appears to be conservative.

During the driving process, the rigidity of the connections between
the guide rod, pile cap, and model pile butt appear to be the limit-
ing factors in the driveability of the pile. Improper connections
at these joints leads to stress concentrations and buckling failure
of the butt. When models are pushed, the connection between the
cast acrylic support tube and supporting c-channel appears to be a
1imiting factor in the amount of axial load a pile (group) can with-
stand. Looseness at the connection permits the tube to move side-
ways during axial loading causing premature failure of the model.
The inability to measure strain, and thus force, in the model pile
during placement and loading is a severe limitation. Development of

an accurate strain measuring circuit will permit the continuous




13.

11.

measurement oTf D1l r2sponse o placement and 0ading o se
raccrdes an tne avaitabie aigitail recording osciiioscoses. T1is
will permit more fiexibiiity in tne capapiiities of tne muiti-
programmer to control the placement agevice as orogress o7 the
nlacement {driving or pushing; routine wiil not nave 0 se jausag
during the measurement of pile response. The use of the digitai
recording oscilloscope will also permit the hign frequency responsa
of the pile to driving forces to be investigated.

The pile placement device exceeds the capability of modeling any
<nown single acting pile driver and can drive model pilas up to
scale depths of 30.0 faet at g-levels up to 90 g's. This capabi-
1ity is subject to the limitations presented in Section 4.7,
Zquipment Limitations, and may be expanded as the influence of
container boundaries on the modeling process are better under-
stood. The device has also demonstrated the capability of pushing
model pile groups with a scale force in excess of 1,250 scale kips.
The device can measure to within 0.053 scale inches at 59.3 g's and
0.043 scale inches at 86.0 g's.

The placement device can perform a variety of penetration routines
and loading regimes with program changes being made simply by the
rearrangement of a variety of subroutines. The complete computer
control of all pieces of equipment used during testing and the
recording of all data in scale units lessens the potential for the
operator to influence the test result or their interpretation.

Furthermore, initialization of the program with scale pile dimen-

sions and actual specimen container dimensions permits the computer
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£0 determine whetner the orooosed penetration is possible witnin the

Timitations of the devics and act accordingiy.

6.2 Recormendations

Development of a working strain gage circuit should be given tne
nighest priority. The method of gage placement appears to be satis-
factory and results in a model well suited for the measurement of
response to driving forces. A working strain gage system will per-
mit the measurement of residual stresses, their change with respect
to time, and the measurement of transient waveforms associated with
the driving of the model. !lounting a strain gage rosette inside the
model may permit the determination of lateral stresses acting on tne
model. Strain gages are available which consist of ten senerate
miniature gages in a short length for measurement of high strain
variation gradients. This type of gage mounted in the tip of the
model would more clearly indicate the development of stresses around
the tip during penetration than does the pair of single axis gages.
The capacity of driven models should be investigated upon completion
of a working strain gage bridge. The immediate conduct of a load
test on a driven pile without stopping the centrifuge and disturbing
the soil around the model will provide the most accurate measure of
its capacity. The determination can then be made as to whether the
interruption of the flight during driving or between driving and
loading affects the model capacity.

The available mini-cone should be tested in the centrifuge and
results compared between the driving and pushing of the cone. This

will aid in the determination of how much the development of
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~egidual strasses arouna tne cone {pile) is alteread by the two
metnods 27 oiiacaement,

Saturated soils and ciays snould be used as specimens for botn the
driving and pushing of model piies. The larger model piles may even
ne suitea for the placasment of pore pressure meters at the tip and
along the shart. This will permit the measurement of transient pore
orassures and their dissipation over time.

The effects of modeling the soil grain size should be investigated
to determine the relative sizes at which the grains become too large
and adversely affect the test results. This information may become
available once the strain gage circuit is developed, however moael-
ing of the grain sizes appears to be more beneficial as it may
gxpand the range over wnich tests may be conducted.

Group effects should be studied to determine the optimum spacing and
number of piles required for different soils and loads. Piled foun-
dations should also be investigated in an effort to determine the
minimum number of piies required for a given load and soil type.

The placement device has the static capacity of loading a reasonably

sized model foundation with approximately 1.5 million scale pounds.
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Table A-1

Pisets Input Matrix

(W]

L

- - N
w03 1 1 1 o9 1 1 ¢ o 3 19 3
L1 -3 <1 -1 1 2 1 -1 90 1 -1 1 2
T3 3 w2 =2 2 w2 -1 -2 11 22 9 )
9 0 2 2 0 0 0 0 0 2 0 0 0
2 2 2 5 2z 0 0 0 0 ) 9 0 0
-6 0 2 0 0 2 0 0 0 0 0 0 0
-6 <l -1 0 0 0 2 0 0 0 0 0 0
0 0 2 0 0o 0 0 2 0 0 0 0 0
o2 1 1 9 0 0 0 0 2 0 0 0 0
r 0 1 -1 0 0 0 0 0 0 2 0 0 0
0 0 2 0 0 0 o 0 0 0 2 0 0
-2 0 0 0 0 0 0 0 0 0 0 2 0
4 0 0 0 0 0 0 0 0 0 0 0 2
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Tahle A-2 Pi Ternms
2 (l\ L’-Z\Z
T Stress 3 = g M/L7e)
: £2 (11/.T232
2n2+2 2 2 2 3,2
T ! /1 3N
T Acceleration a = a<D%y (L/T=) Leu/L)
2 E2 ey 2
(M/LT4)
E 2 M2 4 TS
T Impact Energy e = n MeLl®/T :
’ £2D8 (21274 8
12 ,'.121_2/';'2
T Impulse I =
) YDSE (M/L3)LE(M/LT2)
2 M 2y2
m Cohesion C = £ (M/LT4)
5 E2 (M/LT2)2
2 2(T2
v Dynamic Time T . EZ M/LT2(T2)
° D2y (L2) 1/L3
2 * 31 2/72
, Wave Speed P = % M/L3(L2/T%)
’ H/LT2
2 1271 2T4
m Yield Strength F = il HE/LT
’ E2 M2/ 2T
2 2
L Displacement D = e Lo
9 L2 x
2 4
L Area A = A L
10 ov T




Table A-3 Scaiing Law Derivation

Scaia lengtn factor 1 = Lp/'_n therefor2, L. = 1/ Lp |
Sravity noo= Jrn/gp therefore, 3, = n ol j
. 32 l
T Stress = — J
1 c2
g 2 3 2 :
L = n ]
2 s 2
Em e
EZ
g 2 = g 2 10
m Ez
p
E2
m - 1
EZ
p
o) = o1
m p
2022
b Acceleration = a®(D%)y
E2
2 2 2 2 2 2
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Table A-3--continued
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Taple A-2--continued
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Table A-3--continued

LZ
m - 1
N 2 - y2 L
| ) n2
. 1
Drn = , Jp
2
T Area = ad
19 Dk
AZ AZ
L = B
u 4
Dm Dp
D'-»
A2 = AZ M
m P D‘+
p
n o4
’n . L
Dp'-l» an
1
AZ = AZ_.
m p nY
1
A = — A
m n2 P

NOTE: Scaling laws are formulated by equating model Pi terms to the
prototype Pi terms using the scale length factor (n) and
canceling like material properties.




APPENDIX B8
[UMBER THEORY AND DIGITAL, OCTAL, AND DECIMAL
CONVERSIOM ALGORITHMS

Jse of the Hewlett-Packard 59405 multiprogrammer requiraes a cursory
understanding of number theory as all data transferred within the com-
puter and between peripherals is accomplished using one of the three
base number systems; 3inary, base 2, Octal, base 3, and Decimal, base
13. A1l three of the systems share the characteristic that each digit
is weighted by a power of the basa and that power increases oy one for
each successive digit to the left with the right-most digit to the left
of the decimal point being raised to the zero power,

b* bH3 b2 pl! po ,p7! p72Z p~3

The decimal system has been used by mankind for thousands of years
and is the system of preference in most economies. It is the base 10
system because it has 10 unique characters which can be used for count-
ing (0 through 9). However, computers require a much simpler language
with fewer characters in order to process information at.high rates.
Therefore, the binary language has been adopted as "machine language".
Binary numbers are represented by only two unique characters (0 and 1)
which are easily communicated by electronic devices as being either a
low or high voltage state. Thus, any number value can be communicated
by a string of Tow and high voltage pulses. However, these strings can

be rather cumbersome when dealing with large numbers and quite difficult
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0 manioultate 17 orogrammers had to use sinary coding in their communi-
cations witn computars. Inste2ad, Octal numbers are usad ia the arogram-
ming of the muiliprogrammer cards. Tne Octal system has eignt unique
characters (0 through 7) and theres is a simple relationshin hetween
Octal, DJecimal, and B8inary numbers wnich makas the Octal systam useful
to humans as well as computars. Three Binary digits allow us to reore-
sent eignt unique values, for example, 000 Binary equals O Decimal, 00l
3inary equals 1 Decimal, 010 Binary equals 2 Decimal, etc. Sincz a
single Octal digit may also represent any of eight unique values, a
single Octal Digit can be used to renresent a 3inary triad. Conversion
from Sinary to Octal or the reverse is accomplished by inspection as

shown bealow.

011000010101001 Binary
to
30 2 51 Octal
6 1 4 7 5 Octal
to
110001100111101 Binary

The Octal number is more easily understood and rememberad by pro-
grarmmers than the Binary equivalent. [t is also easily converted to or
derived from its Binary counterpart and is therefore closely related to
the.machine lanquage of computers. The Binary value transmitted in
twelve digits (four triads) can be transmitted just as simply by four
Octal digits and be easily understood by both programmer and computer.
The relationship between the three systems is then complete once the
conversion from Decimal to Octal and back is understood. The following
methods can be used. The information above and algorithms presented

below are as shown in Appendix A of the Hewlett-Packard 69408
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“iitiorogrammer User's Guide. Oniy Ine metnoas Tor dealing witn 20si-
“ive Aumber values will se intraduc2a. The User's Guide shoula se
consulted for a petter understanding of negative Octal and Tecimal
aumbers and their maniculation by digital electronic data caiculating
ievices.

Zonversion from Decimal to Octai

1. Divide :he Decimal number by 3 and write down the remainger.

2. Divide the guotient of step one b5y 3 and write down the remaincer.
3. Repeat step 2 until tnhe gquotient is zero. The last remainder is

also retained.

1. The reverse of the remainders obtained is the Jctal r

1
O
3
(D
wi
(0]
3
1

tation of the Decimal number. See tnhe axampie beiow.

Detarmine the Octal equivalent of 3,981 Decimal.

3,981/8

497, remainder 5

497/8 = 52 , remainder 1

62/3

7 , remainder 7

7/8 0 , remainder 7

Therafore, the Octal representation is 7715. 3y inspection, <hais
can easily be converted to its Decimal representation of
111111001101 if needed.
Conversion from Octal to Decimal:

1. Multiply the most significant Octal digit by 8.

2. Add the next most significant Octal digit and rultiply the sum
by 8.

3. Repeat step 2 until the least significant digit is reached.

4. Lastly, add the least significant Octal digit. Do not multiply

the final sum by 8.
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