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- PREFACE

The information contained herein was developed on Research study 2-5-62-33
entitled “Piling Behavior” which is a cooperative research study sponsored jointly by
the Texas Highway Department and the U. S. Department of Transportation, Federal
Highway Administration, Bureau of Public Roads. The broad objective of this
project is to fully develop the use of the computer solution of the wave equation so
that it may be used to predict driving stresses in piling and to estimate static load
bearing capacity of piling from driving resistance records.

This report should be considered as a supplement of Research Report Number
33.7. As-stated in the preface, Research Report Number 33-7 was considered as an
interim report of an exploratory investigation into the dynamic load-deformation
properties of sands. This supplement (Research Report 33-7A) includes improve-
ments in instrumentation which were made since the interim report was published,
and it presents results of final tests on the dynamic properties of three different sands.

Peak dynamic and static strengths of saturated sand samples under triaxial
confinement are determined experimentally and presented herein. Particular atten-
tion is given to the effects of loading velocity, sample density, and intergranular
pressure. Experimental results are compared with results predicted by using the
rheological model currently in use with the computer solution of the wave equation.
A modification of this rheological model is proposed so that it can be used to repro-
duce experimental data and correctly predict peak dynamic load.

The opinions, findings, and conclusions expressed in this report are those of the )
authors and not necessarily those of the Bureau of Public Roads.
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NOTATION

A viscous damping constant for soil.

Displacement of pile mass element in time interval n, in inches.

Ground plastic displacement in interval n, in inches,

Displacemént of pile mass element in time interval n-1, in inches.

Displacement of pile mass element in time interval n-2, in inches.

Void ratio.

The total movement resistant force of the rheological model, in pounds.

Acceleration due to gravity, in feet per second per second.

Empirical constant, the intercept found in Figure 10.

A damping factor in the rheological model applied at the tip of the pile, in seconds per foot.
A damping factor in the rheological model for use as skin friction, in seconds per foot.

Spring constant for pile mass segment, in pounds per inch.

= Spring constant for seil mass segment, in pounds per inch.

L 1 O | T O O T

I

Subscript - denoting ‘general case: - o
Subscript denoting poiht of pile.

Dynamic strength of soil, in pounds.

Static strength of soil, in pounds.

Resistance in time interval n, in pounds.

Time interval used for calculation, in seconds.
Loading velocity, in feet per second.

Weight of pile segment, in pounds.

Effective confining pressure, in pounds per square inch.
Inch or inches.

Inches per minute.

Foot or feet.

Pound or pounds.

Pounds per square inch.

Feet per second.
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Investigation of Sands Subjected to Dynamic Loading

Chapter I
INTRODUCTION

Dynamic Loads and the Behavior of Soil

The increase of strength in soils with rate of loading
has been observed for several years.!* This phenomenon
is apparent in unconfined as well as triaxially confined
test specimens. Other investigators have worked with
rapid loading in triaxial tests,>%5 and have noted the

effects of such variables as time rate of loading, void

ratio, and intergranular pressure on the peak strength
of the test samples.

A mathematical model was developed to analyze the
dynamic behavior of bearing piles. This model was
presented by E. A. L. Smith® and augmented by C. H.
Samson, Jr., T. J. Hirsch, and L. L. Lowery.” Attention
is given to the soil damping constants employed, particu-
larly at the pile tip. Smith’s model is that of a segmented
pile with each segment of mass in the pile being dis-
placed in a given time interval by a distance

_ v 12gAt?
Dy = 2dn dn + W, (1)
[ (dm - dm) Kn-1— (dm - dm+1) Km — Rn ]
where
D = Displacement of pile mass segment in time inter-

val n, in inches;
= Displacement of pile mass segment in time inter-
val n—1, in inches;
d’" = Displacement of pile mass segment in time inter-
val n—2, in inches; )
= Acceleration due to gravity, in feet per second

¢ per second;
K = Spring constant of pile mass segment, in pounds
per inch;
m = Subscript denoting general case;
R = Resistance to movement in time interval n, in
v pounds;
At = Time interval -used for calculations, in seconds;

and
W = Weight of pile segment, in pounds.

The soil frictional resistance along the sides of the pile
is described by the equation

Rm — (Dm - D,m) l(lm (1 + JIVm) (2)
where
D' = Ground plastic displacement in time interval n,
in inches;
K' = Spring constant applicable to ground, in pounds
per inch;
J = Damping constant for soil at side of pile; and
V = Velocity in time interval n—1, in feet per second.

*Numbers indicate references on Page 8.

The side friction equation is then modified to de-
scribe the resistance at the point of the pile as

R, = (D, — DY) Ky (1 + JVy) (3)
where
p = Subscript denoting point of pile; and
J = Damping constant of soil at point of pile.
Since the maximum value of (D, — D) K/, is the

static strength of the soil, then Equation 3 can be writ-

ten more simply as

Pagmamte = Paase (L + T V) (4)
where
v = Impact velocity of dynamic load;

Paynamie = Peak load developed in dynamically loaded
sample loaded at a constant velocity V;

Pstatie = Peak load developed in statically loaded
sample; and

J = A damping constant.

If Pagnamics Pstatie, and 'V are measured in the laboratory,
then J can be calculated by ‘

1 Pd nami
1= () - 5
V Pstatic ( )

Smith suggested that an empirical value for J be
used in pile driving analysis. This empirical value was
based on an arbitrary relationship between the viscous
damping along the sides of the pile and at the tip. At
present the total effect of the damping is based on ex-
perience and observation. As this model is employed, it
1s assumed that J is constant within a set of initial con-
ditions, and that the increase in the soil’s strength with
rate of loading is encompassed by the increase of Veloci-
ty, V, in the above equations. :

Objectives

In this research an experimental investigation was
made to evaluate the validity of Equation 4 and the
assumptions made in employing it. To accomplish this
objective, the work plan given below was followed.

1. The peak static and dynamic strengths of three
sands were determined experimentally using different
rates of loading, void ratios, and intergranular pressures.

2. Experimental results were compared with values
predicted by Smith’s proposed rheological model.

3. A study of Smith’s model was undertaken and
modifications were proposed in order to obtain better
agreement with experimental results.
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The authors are hesitant to say that the laboratory
model using triaxial confinement (as later described)
actually simulates the soil failure at the tip of a pile
being driven in the field. However, by varying the
initial conditions and by testing different types of sand,

an effort is made to define general trends of the dynamic
to static strength ratio under various situations. By
these general trends the behavior of J may be better
described and Equations 2 and 3 may be more mean-
ingful.

Chapter II
INSTRUMENTATION

Lquipment Used

Loading sand samples dynamically in triaxial con-
finement has been done by other investigators.:®3 In
this research some of their procedures are used with
modifications. The main difference, however, is in the
loading machine (see Figure 1), and in the load cell
beneath the sample (see Figure 2). The method of sam-
ple preparation is similar to that outlined by Whitman
and Healy® in that the sand is spooned into a triaxial
mold in a presaturated state.

The loading rates of interest in this research were
between 3 fps and 12 fps. This range covered the pile
velocities achieved during driving with most commercial
pile driving hammers. It was decided that the impact
velocity and force required could best be obtained from
a free falling mass. Since Smith’s equation can be writ-
ten in terms of peak dynamic sirength, the falling mass
should be sulfficient to develop the peak strength in every
test. Preliminary testing was done to find the minimum
weight required. Dense standard triaxial samples were
made from the sand with the highest angle of internal
friction. A weight was then found (by trial and error)
that would obviously fail the dense standard sample when

WEIGHT LIFT ~RELEASE
SYSTEM

5!
2
E}
1

ROLLER BEARING
GUIDE FRAME

180300 51000005600033300069000%;

11/8' THREADED ROD

FRAME TO STOP
FALLING WEIGHT

NEOPRENE DAMPING PADS

1 3/4" ADJUSTABLE SLEEVES

™~~~ WOODEN SUPPORT TABLE

Figure 1. The dynamic loading machine.
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dropped from a height to give the lowest loading velocity
of interest (3 fps). It was reasoned that the weight ob-
tained in this manner was sufficient to develop the
required peak load in any of the samples to be tested.
The weight selected was 165 pounds.

All measuring devices were connected to a Honey-
well Type 119 Amplifier and a Honeywell Type 1508
Visicorder. The visicorder output data were recorded by
ultraviolet light traces on Kodak linograph direct print
paper, exposed at a specified paper speed (see Figure 4).

The supporting frame and table of the loading ma-
chine were designed so that the stress waves created by
stopping the falling weight would not interfere with the
load measurement from the soil sample. The arrange-
ment and structure of the frame allowed the strain gauges,
in the load cell at the bottom of the sample, to sense the
peak load transmitted by the sample before the stress
wave created by stopping the falling weight arrived. It
is felt that this endeavor was successful.

It was found that best results were obtained on the
oscillograph trace when the striker head on the bottom
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CONNECTOR
CONNECTION FOR
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&
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STRAN GAUGE SURFACE~{Z7777 Jeze N
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0" RING {0.25 Li00 -0.808
274 73

PRESSURE

A4l
TRANSDUCER-

Figure 2. The triaxial base load cell.




of the falling weight was eovered with a 14 inch neoprene
rubber pad. More cushioning than this caused an irreg-
ular trace from the displacement transducer. It was
feared that the machinery would be damaged if the
cushioning pad had been omitted entirely.

As can be seen in Figure 1, the weight can be raised
to any height above the shaft from the triaxial cell by
means of a hand crank. The weight is then released by
a pull switch, and falls to impact on the shaft. The
weight supporting stem passes through a roller bearing
guide hole in the guide frame.

The load cell, upon which the sand sample is initially
prepared (see Figures 2 and 3), consists of a standard
triaxial base with a modified pedestal This hollow
pedestal was built with four strain gauges inside, one
mounted at each ninety degrees around the inside cir-
cumference, Three drilled holes were made in the top
plate of the pedestal so that direct connections could be
made between valves outside the triaxial cell and the
porous stone at the bottom of the sample. A similar
connection was made to the top cap on the sample.
Through these valves and connections, pore pressures
were regulated for the desired initial conditions (depend-
ing on the lateral confining air pressure in the cell) and
were measured throughout the test (see Figure 4).

The vertical deformation of the sample was meas-
ured by attaching a linear displacement transducer to the
piston at the top of the triaxial cell. This arrangement
(see Figure 3) measured the movement of the loading
shaft into the triaxial cell, or the amount of axial defor-
mation of the entire sample. The slope of the oscillo-

. - B graph trace of this movement also yielded the time rate
Figure 3. Triaxial cell and sample. of loading (V) of the sample.

It should be noted that the rate of sample deforma-
tion measured from the oscillograph trace was always
slightly less than the impact velocity of the mass calcu-
lated on the basis of a free fall from a known height.

[ | | [ A\
LOAD 1 AN
, =Y
./ \ |

LOth. : ]
Y +-0.01 SEC—* | ‘ I / \ |-

PORE PRESSURE / ' \

VERTICAL DEFORMATION / \

| | | N\ |

(SEE APPENDIX "A' FOR INTERPRETATION)

Figure 4. Visicorder trace for & typical lest.
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This is believed to be the result of friction in the roller
bearing guide hole on the weight supporting stem, and,
possibly, of the damping action of the entire system at
impact.

Static tests were done using a model AP-322.X
- Soiltest compression machine. In these tests a calibrated
proving ring was used in series with the load cell to
check the values of peak load obtained. The static tests
were run at a loading rate of .05 ipm.

The operation and calibration of all commercially
made equipment was done in accordance with operation
manuals prepared by the manufacturers.

Calibration

Initially the load cell shown in Figure 2 was made
as one piece, but the calibration curve obtained in the
manner later described was not linear. After some
"investigation, it was reasoned that the one piece con-
struction caused a moment transfer from the horizontal
top surface of the pedestal to the vertical walls where
the strain gauges were mounted. This created a situa-
tion similar to an indeterminant frame. To rectify the
situation, the horizontal plate was cut free so that no
moment could be transferred to the strain gauged surface.

Calibration of the load cell was done by mounting
a proving ring on the top of the load cell and subjecting
them both in series to various load increments in a
standard Soiltest compression machine. While the cell
was being loaded, an attenuation and range were selected
on the amplifier which gave a convenient scale for load
readings on the visicorder trace.

The pressure transducers used to monitor pore pres-
sures were Type 4-312-0001, manufactured by Consoli-
dated Electrodynamics Corporation, These transducers
were calibrated by mounting them on the triaxial cell
with values open to the confinement pressure (see Figure
3). Using a calibrated pressure gauge and various
pressure increments, convenient scales were chosen for
the output trace in a manner similar to that used for

the load cell.

A linear displacement transducer (Model 7DCDT-
100 linear motion potentiometer made by the Sanborn
Company) was used to measure the movement of the
loading piston into the triaxial cell. This transducer
consists of a variable resistor controlled by a plunger
which is free to move up or down inside an outer casing.

To calibrate the transducer, the casing was clamped
into place, and the plunger was attached to a.threaded
screw which, in turn, was attached to an Ames dial
This mechanism allowed the movement of the plunger
to be directly measured as the screw was turned. A
convenient scale was chosen on the visicorder trace by
means of an adjustable resistance, so that the actual
movement of the plunger, as indicated by the Ames dial,
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Figure 5. All equipment before gest.

was correlated to the movement of the ultraviolet light
spot on the visicorder.

All the calibrations were checked during the course
of testing. It was found that the load cell and pressure
transducers calibrations did not vary significantly, but
the calibration of the displacement transducer needed to
be re-established before each test.



Chapter III
DYNAMIC TESTS ON OTTAWA SAND

Sample Preparation

Saturated samples of 20-30 Ottawa sand at two void
ratios (0.50 and 0.60) were prepared. The procedure
is basically the spooning of wet, presaturated sand into
water held in a rubber membrane and metal forming
jacket. The samples were 2.84 inches in diameter and
6.0 inches high. By calculating a dry weight of sand,
based on the volume of the sample mold, and then soak-
ing the dry sand in deaired-distilled water before placing
the sand in the mold, the desired void ratios could be
obtained.

Much care was exercised in order to obtain a highly
saturated sample; and a considerable amount of practice
was necessary to develop the techniques needed to pre-
pare a saturated sample at a desired void ratio.

Initial Conditions ‘

In order to define the basic trends of the viscous
damping constant, various sets of initial conditions were
utilized in the tests on Ottawa sand.

A lateral confining pressure of 30 psi was used so
that a rather large range of pore pressures could be
examined. The parameter of effective confining pressure
(intergranular pressure) was explored by comparing

drained tests with undrained tests. In an undrained test -

the pore pressure would be 28 psi, and intergranular
pressure would be two. In a drained test the pore pres-
sure would be zero (or atmospheric) and the intergranu-
lar pressure would be 30 psi.

In order to describe each set of parameters properly, -

it was felt that at least 14 tests should be run. Several
additional tests were run to substantiate the data ob-
tained. In general, test results could be duplicated within
five percent agreement.

Since Smith’s mathematical model (see Equation 5)
uses the dynamic strength of the soil as a ratio of dy-
namic peak strength to static peak strength, static tests

TABLE 1. TEST SERIESSA I?g;SULTS——ZO-BO OTTAWA

e = 0.50
Pitatic = (drained) = 621 lbs.

Confining Pressure 30 psi
Initial
Pore
Pressure \4 Pagnamie — Pamamie J
(psi) (fps) (1bs.) Potatic
28 417 733 1.18 .036
28 6.80 750 1.21 .025
28 9.50 763 1.23 022
0 2.94 763 1.23 .064
0 7.00 =770 1.24 .028
0 11.74 788 1.27 019
e = 0.60
Pitatio = (drained) = 463 Ibs.
Confining Pressure == 30 psi
28 4.83 441 0.95 007
28 8.67 510 1.09 009
28 12.75 593 1.28 025
0 3.68 583 1.26 061
0 8.06 620 1.34 035
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Figure 6. Peak load versus loading velocity for Ottawa
sand.

were also performed. It was reasoned that excess pore
water pressure in sand would have ample time to dissi-
pate under a static loading condition in the field. There-
fore, all static tests used in the above mentioned ratio
are drained, with the pore pressure inside the sample
maintained at zero.

It should be noted that when the samples were
drained before testing, from 1 to 2 cc of water was
forced out of the sample and the drainage control sys-
tem. It was observed, however, that the sample height
did not change, and it is believed that the water came
from the rough surface of the sample as the membrane
was drawn more tightly to the surface. It is not believed
that the particle structure was significantly altered by
the draining process.

Results of the Test Series

A summary of the dynamic test series is shown in
Table 1. These results are also plotted in Figures 6
through 8. From the sample visicorder trace (Figure 4)
it is seen that the sample sustains its peak load for about
0.01 second, and then fails. The movement of the load-
ing shaft is constant throughout this time, and the pore
pressure goes mnegative, aiter a slight increase at the
instant of impact. This pore pressure decrease is felt
to be much more rapid within the sample, but due to the
pressure transducer’s location away from the base of the
sample, the delay is understandable.

Figure 6 shows that the peak dynamic strength is
not greatly increased by increasing the loading velocity
if, (1) the sample is dense, or (2) the intergranular
pressure (effective confining pressure) is sufficiently
high. The ratio of dynamic to static strength in Figure
7 shows a similar trend. If it is reasoned that a satu-
rated sand under a typical dynamic load in the category
3 situation (discussed in Chapter I) does not have time
to dissipate its excess pore water pressure before failure,
then the peak dynamic strength would depend on the
density of the sand and the rate of loading. For the
case of a saturated sand under the tip of a pile, it may
be assumed that the sand has been densified by previous
pile penetration and resultant vibrations, if not already
dense in its natural state.
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Figure 7. Dynamic to static strength ratio versus load-
ing velocity for Ottowa sand.

For this case, the peak dynamic strength and the
dynamic strength to static strength ratio increase only
slightly with increased loading rate. This is significant
in that the viscous damping constant employed in Smith’s
equation is assumed to be constant within a set of initial
conditions, and that an increase in the soil’s strength
with rate of loading is encompassed by an increase of
V in Equation 4. That is, the curves in Figures 6 and 7
are assumed to have a greater slope than was found
experimentally and the curves in Figure 8 are assumed
to be straight and horizontal.

007

0.06

005

004

003}

002

001 |

v (FPS)
Figure 8. “J” versus “V” for Ottowa sond.

The results of the test program on Ottawa sand
indicated that a closer study of Equation 4 was needed.
Before such a study was made, some additional testing
was done on sands taken from actual locations where
piles had been driven and Smith’s equations, adapted to
a computer program,’” had been employed. A compari-
son of damping constants could then be made between
those found in the laboratory using Equation 5, and
those determined empirically using the computer pro-
gram,

Chapter IV
TEST PROGRAM ON OTHER SANDS

Victoria Sand

Since this test series was intended to simulate the
actual field conditions, a lateral confining pressure of 15
psi was used. This approximately corresponded to the
confining pressure at 16 feet below the surface of the
ground at the test site. Perhaps a higher confining pres-
sure existed as the pile was being driven, but the Ottawa
sand tests indicated that this increase would not greatly
alter the slope of the peak load versus loading velocity
curve, if the sand was dense. '

A void ratio of 0.56 was used, based on the insitu -
void ratio and a reasonable densifying effect of the pile
driving operation. The procedure for the tests was
identical to that outlined for Ottawa sand. A summary
of the results obtained from the Victoria sand tests is
shown in Table II.

Without plotting the results shown, it can be seen
that the same trends are present as those found using
Ottawa sand. The damping constant, J, decreases with
an increase in V and, therefore, is not exactly as Smith’s
equation describes.

Arkansas Sand

As in Victoria sand, the initial conditions chosen
were intended to simulate the field conditions. This
particular sand was taken from the site of a lock and
dam in Arkansas and has been studied to some extent.’

The same sample preparation and testing techniques
were employed as -previously described, with the only
exceptions being those necessary to make the initial con-
ditions similar to those in the insitu state.

The results of the test series are shown in Table III.
Again the same trends were found as in Ottawa and
Victoria sands. : '

TABLE II. TEST SERIES RESULTS—VICTORIA TABLE III. TEST SERIES RESULTS—ARKANSAS
SAND SAND
e = 0.56 e = 055
Pmu.e ‘(drained) = 507 lbs. Pytatie (drained) = 512 lbs. .
Con.fl.nlng' Pressure = 15 psi Confining Pressure = 15 psi :
Initial Initial - ¢
Pore Pore §
Pressure A\ Pognemte — Eagpamic J Pressure A\ Pagnamie — Paynamie J
(psi) (fps) (1bs.) Pstatie 4 (psi) (fps) (1bs.) Patatie
I
14.5 3.33 762 1.51 1530 14.5 3.33 658 1.29
145 6.60 774 1.53 .0803 14.5 5.00 665 1.%0 ggg
14.5 8.58 718 1.54 0624 14.5 8.33 673 1.32 038
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Chapter V
CORRELATION, CONCLUSIONS AND RECOMMENDATIONS

Correlation of Laboratory and Field Data

It was found that the values for J, employed in the
computer studies of field tests on Victoria and Arkansas
‘sands, varied from 0.00 to 0.30. These values were
assigned, based on approximations, to yield the best
computer analysis corresponding to the pile load tests
done in the field.

While the values of J obtained in the previous chap-
ter are within these limits, they vary significantly with
a change in V. As previously mentioned, J should re-
main constant in Smith’s model as V changes, therefore
a further study of the rheological model was undertaken.

Discussion of the Rheological Model

In order to modify Equation 4 so that ] is constant
within a set of initial conditions, an examination of the
Smith model is necessary. It should be noted again that
only Equation 4 of Smith’s solution is questioned here.

Figure 9 shows the rheological model proposed by
E. A, L. Smith. The pile-soil system is simulated by a
spring and sliding block in series connected to a dashpot
in parallel. From this arrangement the equation for the
resisting force of the system is

F. = Kx + ex (6)
where
F. = Resisting force of the system;
K’ = A spring constant for the soil;
¢ = A viscous damping constant for the soil;
x = The distance the soil deforms elastically, i.e.,
the quake; and
x = The velocity of soil deformation.

In order to incorporate the effects of size and shape
of the pile, Smith has made

c =K x] (7)

where ] is some damping constant that is intended to
perform a similar function as c.

With this relation, the maximum F; becomes Paynamic

and, if the maximum value of K'x is the static strength

of the soil, Equation 6 becomes Equation 4.

This model is logically employed, but, as is often the
case, the experimental data collected are not adequately
described by the theoretical prediction. To best utilize
the Smith model and the data obtained in this research,
it is felt that a purely empirical modification might be
made on Equation 4 which..would allow it to effectively
describe the data. No mathematical proof is offered for
the modification except for the fact that these experi-
merital results will be described.

Empirical Modification
Several approaches to modifying Equation 4 were
tried and discarded. The key to the method found most

desirable is the finding that in all the sands tested, the
~ dynamic strength of a dense sand sample at loading

SLIDING FRICTION
BLOCK FOR PLASTIC
DEFORMATION

DASHPOT FOR
VISCOUS DAMPING

SPRING FOR
ELASTIC
DEFORMATION

DERFORMATION FORCE
EXERTED ON SOIL

Figure 9. Smith’s rheological model.

“velocities from 3 fps to 12 fps forms a plateau with only

a slight slope, but decidedly above the static strength
(see Figure 10). If J is, in fact, the slope of this pla-
teau, then the intercept of the extended plateau and the
ordinate (Paynamic/Pstatie) should also be evaluated
empirically.

The authors found that by determining the inter-
cept, I, in the manner shown in Figure 10, and employing
it in Equation 4 as shown below, the data were well
correlated.

denamic - Pstatic (I + J V) (8)

Using this relation and the experimental data, J is
found to be acceptably constant within a set of initial
conditions, with a variable V. All the experimental

VIGTORIA SAND (e=0.586)

I:=149
L5 :‘_4_.._

o L4l
A E = 1.27 ARKANSAS SAND {e=0.55)
a1 e
\o - OTTAWA SAND (e = 0.50)

: L I HW

S P

5
o2 L

v (FPS)
Figure 10. Method of evaluating I.
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TABLE 1V.

TEST SERIES RESULTS USING EQUATION 8

Initial
Confining Pore
Pressure Pressure \' Paynamie — Paynamie I J
(psi) (psi) (fps) (1bs.) Pstatte
Ottawa Sand — e = 0.50
30 28 417 733 1.18 1.14 0.009
30 28 8.33 745 1.20 1.14 0.008
30 28 9.50 763 1.23 1.14 0.009
Arkansas Sand — e = 0.55
15 14.5 3.33 658 1.29 1.27 0.006
15 14,5 5.00 665 1.30 - 1.27 0.006
15 145 8.33 673 1.32 1.27 0.006
Victoria Sand — ¢ = 0.56
15 14.5 3.33 762 151 1.49 0.006
15 14.5 6.60 774 1.53 1.49 0.006
15 14.5 8.58 778 1.54 1.49 0.006

results of the sands previously tested which are thought
to be likely for the condition under a pile being driven
(as discussed in Chapter III) are shown in Table IV,
with J calculated from Equation 8.

Recommendations

It should be noted that the range of loading veloci-
ties in this research was limited. Ouly in the range of
3 Ips to 12 Ips can the foregoing modification to Smith’s
equation be suggested. Also, only relatively dense sands
were of particular interest. These two limitations are

sufficient to describe the assumed behavior of a pile-
sand system, and therefore, some interesting phenomenon
which were observed during the course of testing were
not vigorously explored. A further study of dense and
loose sand subjected to dynamic loading over a wide
range of loading velocities is particularly recommended.

Several more questions and problems were intro-
duced by this research than were considered before, but
if the empirical suggestions herein can give computer
solutions of Smith’s wave equatién more reliability, then
the research was successful. '
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Appendix

DATA INTERPRETATION

The Visicorder Trace

The sample visicorder trace, shown in Figure 1A,
is presented to explain the interpretation of the test data.
This trace is a reduced scale drawing of the actual visi-
corder trace from a dynamic test on a Victoria sand
sample. The sample had a void ratio of 0.56 and was
in a triaxial confinement pressure of 15 psi (V = 8.58
fps). Intergranular pressure was 0.5 and no drainage
was allowed.

In this test, the paper speed was 120 ips and the
vertical lines placed uniformly on the trace are at 0.01
second intervals. The following comments correspond
to points on the sample trace.

1. Trace from load cell. The predetermined cali-
‘bration is 1 inch = 710 pounds and downward move-
ment indicates compression. -At this point, the galva-
nometer has been balanced to indicate no load on the cell.

2. The falling weight has begun to load the sample.
Inertial properties of the reflector mirrors in the galva-
nometer bank of the visicorder produce the smooth curve
at this point. .

3. The peak load is reached and the sample sustains
this load for something less than 0.01 second.

4. After the sample has failed, the load returns to
Zero.

5. The trace from a pressure transducer. Calibra-
tion is 1 inch = 10 psi and a positive pressure of 14.5
psi is indicated inside the sample. The direction of
negative pressure is upward. :

6. At the instant of impact, a slight positive pres-
sure is registered, but as the sample expands under the
load, the pressure inside the sample goes negative.

7. After failure, the pressure inside the sample is
a negative one atmosphere.

8. The trace from the linear displacement trans-
ducer indicates vertical reduction in height of the sam-
ple. Calibration is 1 inch = ‘0.1 in actual movement,
and the trace moves upward as the sample is shortened.

9. The sample is deformed by the falling weight.

10. Here the sample is deformed at a constant rate.
The slope of this straight portion is the rate of failure,
or “V” in Equation 4.

11. The weight has rebounded from the catch frame
and the transducer is pushed upward by the confinement
pressure of the triaxial cell.
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Figure 1A. Sample visicorder trace.
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