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ABSTRACT

The space exploration program of the United States has created a need
for a better understanding of how soils behave under impact loading. The pur-
pose of this investigation is to present and analyze experimental impact data
which were derived from the past five years of testing.

Prior to this investigation, over 15 investigators have been involved
with a program on soil impact at The University of Texas. A brief review of
each investigation is presented.

During the course of this study, approximately 175 impact tests were
performed by the author. The rigid projectiles consisted of wedges, cylinders,
spheres, and cones. The projectile weights varied from approximately 40 to
130 1bs. The angle of projectile impact varied between 10 and 90 degrees from
the horizontal soil surface. Horizontal and vertical components of the im-
pacting velocities ranged from O to 20 fps and 10 to 30 fps; respectively.

The author conducted approximately 50 impact tests for the purpose of
evaluating projectile edge effect equations and soil pressure equations which
were developed by D. R. Reichmuth in an earlier study at The University of
Texas.

Approximately 125 vertical impact tests were conducted by the author
for the purpose of obtaining information on the response characteristics of
sands when subjected to impact loading with conical projectiles having 60
degree apex angles. The target materials were composed of a uniformly
graded sand and a well-graded sand. The sands were prepared in two states
of density and moisture content to encompass a wide range of naturally
occurring soil conditions. It was found that the peak soil force, experienced
during impact, could be represented by the product of the unit weight of soil,
initial momentum of the cone, and a proportionality constant K. Values of K
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are calculated for each of the two weights of cones and target materials.

For similar states of soil density and moisture content the tests on uniformly-
and well-graded sands yielded K wvalues of similar magnitude, which indicates
that possibly these K wvalues are representative for sands other than those
utilized in this investigation.

In addition to the analyses which are performed by the author on the
175 impact tests, the data from approximately 75 vertical impact tests from
previous investigations at The University of Texas are analyzed. Values of
K are obtained for various types of projectile shapes and weights, and also
a wide range of target materials. These values of K along with those de-
rived from the author's cone impact tests provide the information necessary
for predicting peak soil forces under a broad range of impact conditions.

A comparison study is made of the peak soil forces developed during
impact and the forces obtained from static load tests. The ratios of peak
impact forces to static forces were found to be approximately 2.5 for tests
on silt and clays. The force ratios for tests on sands were in most cases
well over 100.

A review is made of the effect of the rate of load application upon
the soil strength properties of cohesion and of angle of internal friction.

A discussion of failure modes occurring beneath dynamically loaded footings

igs also presented.

vii




TABLE OF CONTENTS
Page
PREFACE . . . & & ¢ & o ¢ o o s o o o s o o 2 o o o o o o o o o o« o o = v
ABSTRACT . . . ¢« o & o o o o o o o s o o s o o o o o a o o o o & s s = vi
LIST OF TABLES . . . . v v « & o & o o o s o o o o o o & o« o s o« o « o xiii
LIST OF FIGURES . . . . . o ¢ « & 5 o s o s o s s s o s o o o s s & o = XV
NOTATION . v o & v o o o v o o o o o o & o o o « o o o & & o o & « » o XiX
CHAPTER I, INTRODUCTION . . . . o < « o s o o o o o o o o a o ¢ o o o = 1
OBJECTIVE . . . . . ¢ & & « o o o s &« s « o o s o o« o o o o o s = 1
SCOPE OF INVESTIGATION . . . . & & o o o s o o o o o s o o o o s o 2
CHAPTER II, REVIEW OF THE UNIVERSITY OF TEXAS STUDIES . . . . . . . .. . 4
VERTICAL MOTION . . . < o o o s o o« o s s o a a o o 2 o o s o s = 5
Impact TeStsS . . o o o « o o = o « o o o & o 5 o o s o« o o o 5
Static TeStsS . .o . v & o o o o o o o & o 5 6 o o 4 4 s & o e 10
HORIZONTAL MOTION . . . . o o o o o o s o o o o s o o o o o o o = 12
Dynamic BehavioTr . . . &+ « ¢« « o « « o + o 4 0 s s o4 e e o s 12
Static TeStS . o . & o 4 o o o o 5 o 5 6 8 & 4 4 0 o e o e e 13
COMBINED VERTICAL AND HORIZONTAL MOTION . . . . . &+ « & o « o o = 14
SUMMARY OF IMPACT STUDIES . . . . o . o & & & o & &« o o o o« s 5 o 16
Vertical Motion . . o o & o o + « o « o o & o s o & o & o o o 16
Horizontal Motion . . . + « « ¢ « ¢ ¢ o & o o & o v o = o o o 17
Combined Vertical and Horizontal Motion . . . . . . « + - « . 17
NEED FOR FURTHER RESEARCH . . . . . &« o o« o o s s & o 5 o o o o o 17
Modeling . . . . & & o o & o o 5 s 6 4 s . 8 e 2 a4 s e o o 18
Prototype Behavior . . . . . & o &« « ¢ o o e e 4w e e e e s 18

Soil Behavior Under Impact Loading . . . . . « « « « o & &« - 18

viii




CHAPTER 111, TEST APPARATUS
LAUNCHING SYSTEM .
Thrust Assembly .
Wagon Assembly
Table Assembly
Braking Assembly
INSTRUMENTATION
Velocity Detector
Accelerometers
AUXILIARY EQUIPMENT
PROJECTILE CONFIGURATIONS
CHAPTER 1V, TEST PROCEDURES AND DATA REDUCTION
TEST PROCEDURES . ., . ¢ & ¢ &« « o o o o
Soil Bed Preparation
Sands
Clay .
Measurements Prior to Impact
Measurements After Impact
DATA REDUCTION .
Manual Reduction ., . . . . . . .
Computer Calculations
Impact Velocity Determination
Projectile History Calculations
CHAPTER V, TEST RESULTS AND ANALYSES
EDGE EFFECTS

Double Width Projectile Results

ix

Page
20
20
22
22
22
22
24
24
24
25
25
28
28
28
29
29
31
31
31
33
33
33
38
39
39

42




Page

Edge Effects for Static Loading . . . . . . . . . . . . . . & 49
Summary of Edge Effects . . . . . . . « « ¢ « & o o . .. 52

LOW ANGLE IMPACT . . . . o o o o o & o o o o o o o a o o o « o s = 53
Wedge . . v v v v o e e e e s e e e e e e e e e e e e e e e 53
Cylinder . . . . & « o & ¢ 4 & o ¢ o o« e e 0w e e e e e 60
Sphere . . . . . . . e e s e & e e e s e e e e e e e e e e 61
General Discussion of Regression Equations . . . . . . . . . 62

CONE IMPACT . . o & o v o & o o o o o o & o o o o o o o o o v o 63
Peak Accelerations . . . . . + « o« 4 « o s a4 e 4 e e 0 0 s 63
Force-Penetration Characteristics . . . . . . . « +« « « « & & 69

Peak Force Prediction . . o « + o & o o o & o o o o « o o o 86
Final Penetration Prediction . . . . . . . . . « « « « ¢« « & 91
Water Impact . . o o o o o o o o o 5 o & o o o o e 4 s 4 s . 94
CHAPTER VI, ANALYSES OF PREVIOQUS VERTICAL IMPACT DATA . . . . . . . . . 97
PROJECTILE TESTS ON SANDY CLAY BY POOR . . . . . .+ « +« « & « o o & 97
Soil Conditions . . . o o & ¢ & 4 o e 4 e s e e 4w e e e e 98
KValues . . . ¢ ¢ o ¢« v o v v v v o o e v e e e e e e e 98
Measured Soil Penetrations . . . . . ¢« & ¢« & « « o o o . . . 104
Dynamic-Static Force Ratios . . . . . « . « « ¢« &« & « « . o . 111
PROJECTILE TESTS ON SAND AND CLAY BY REICHMUTH . . . . . . . . . . 113
PENETROMETER TESTS ON SAND AND CLAY BY WOMACK . . . . . . . . . . 116

PROJECTILE TESTS ON SILT BY REESE ., . . . . . . . . + « o . . « o 121

Soil Conditions . . . . « . & « ¢ & ¢ 4 e e 4 e e e . . . . . 122

K Values . . o o o o s o 4 e e e e e e e e e e e .. 122
sphere

Dynamic-Static Force Ratios . . . . . . . « « « « « « . « o . 129

SUMMARY OF K VALUES . . . . . . « « « « « o « o « « « o« « « . . 130




CHAPTER VII, DYNAMIC AND STATIC SOIL BEHAVIOR .

RATE OF STRAIN EFFECTS ON COHESION AND ANGLE OF INTERNAL FRICTION,

Summary of Rate of Strain Effects
LATERAL INERTIA EFFECT . . . . . & ¢« ¢ o o « o o « «
METHOD OF PREDICTING PEAK IMPACT FORCES ON CLAY
Summary of Peak Impact Force Prediction Method . .
FAILURE MODES BENEATH DYNAMICALLY LOADED FOOTINGS . .
Failure Modes in Sand . . . . . . . . . . . . . .
Failure Modes in Clay .
Summary of Failure Modes
CHAPTER VIII, CONCLUSIONS AND RECOMMENDATIONS .
CONCLUSIONS
Modeling
Edge Effects
Regression Analyses . . . . . . .
Peak Impact Force Prediction . . . . o . + .« « o « &
Final Penetration Prediction
Static and Dynamic Forces . . . . « 4 « & ¢ 4 s v 4 e e . e
RECOMMENDATIONS . . . . . . . « ¢ « « « ¢ o &
APPENDIX A, TEST NOMENCLATURE .
TEST NUMBERING AND CODING SYSTEM , . o o « o o o o o o o o o o o
APPENDIX B, PROJECTILE PROPERTIES .,
APPENDIX C, SOIL DATA .
Sands

Colorado River Sand (1)

x1.

Page
132
132
134
134
135
136
137
138
139
139
141
141
141
142
142
142
144
145
146
147
148
151
153
153

153




Page

Colorado River Sand (2) . . . . . & + v « « ¢ « & o« & « « . » 156

Ottawa Sand . . . . .« . . e . s e 4 4 4 e e e e e 4 e o . . . 156

CLAayS v & o v v & v s o 4 o 4 e e e e e e e e e e e e e . o« . . . 156

Del Rio €Clay . &+ & + v « & & ¢ o« o « & o o & & « & o o & « . 156

Sandy Clay Located in a Terrace of the Colorado River . . . . 156

SILIES v v v v e e e e e e e e e e e e e e e e e s e e e e e .o 157
APPENDIX D, PREDICTION OF SOIL PRESSURES AT LOW ANGLE IMPACT . . . . . 158
Wedge . . 159
Cylinder . . . v « v & & & o« o o 4 e 4 4 o e e e e e e e e ... 170

5] 1YY =
APPENDIX E, CONE IMPACT DATA . . . . & &« o « ¢« o & o o « o o o s o o o 183

APPENDIX F, CORRECTION OF ACCELEROMETER DATA . . . . . . . . . . . . . 196

Impact Velocity Measurement . . . . « « « o o « & « « « « « « . . 196
Integration Method . . . . . « ¢ ¢ + o o o « o o o o o o o« o o o 197
Accelerometer Calibration . . . . « v & « ¢ o & o « o « « & « o . 197
Accelerometer Trace Drift . . . « v v & & o o« « o o o o o « + « » 199
Summary of Errors Associated with Cone Impact Data . . . . . . . . 204
Correction of Acceleration-Time Traces . . . . . « « + « « « » - - 205
REFERENCES . . & v o o o o o 4 o o & o o o o o s & o « o o & o & & - . 208

X1i




10.

11.

1z,

13,

14,

15,

17,

18,

LIST OF TABLES

Comparisons of Results for Tests Using Single (S%” Wide),
Double (11" Wide) and Triple (163" Wide) Width Projectiles

Relative Acceleration of Single and Double Width Projectiles

Average Ratios of Peak Accelerations for Single and Double Width
Projectiles . . ., . . . . . « .« . .

Soil Pressure Prediction for Low Angle Impact Tests

Listing of Average Soil Densities and Correction Factors

Comparison of Coefficients (Kggpe) Which Relate Peak
Soil Force to Product of Soil Density and Initial
Momentum

Comparison of Measured and Calculated Cone Penetrations

Tabulation of Peak Accelerations for Light Cone Impact
Tests on Water

Summary of the Ratios of the Peak Acceleration Values
for Impact on Soil to the Values for Water Impact .

Soil Properties for Cone Tests on Sandy Clay .

Comparison of K Values for Cones, Spherical Segments and
Flat, Circular Plates

Comparison of Dynamic and Static Cone Test Results for
Sandy Clay . . . . « . &« ¢ & o v o o o o« =

Comparison of Kcylinder and Kq pore Values from Tests on
Ottawa Sand, Colorado River Sand, and Del Rio Clay

Comparison of Average Kcylinder and Ksphere Values from
Tests on Ottawa Sand, Colorado River Sand, and Del Rio
Clay . . o & 6 e e e e e e e e e e e e e e e e e e e e e e

Tabulation of Force-Penetration-Characteristics from
Penetrometer Tests . ., . . . o

Listing of K Values for Penetrometer Tests
plate

Listing of Average Kplate Values for Penetrometer Tests

Average Soil Properties for Tests on Montopolis Silt .,

xidid

Page

43

47

47
57

70

90

92

96

96

105

106

112

114

115

118

119
120

127




19.

20,

21.

22,

23,

24,

25,

26.

27.

28.

29.

30.

31,

32.

33,

3¢,

35,

36.

37,

Listing of

K Values for Tests on Montopolis Silt .

sphere

Comparisons of Ratio of Peak Dynamic Force to Static

Force for Tests on Montopolis Silt

Physical Properties of Projectiles

Angle of Internal Friction Values for Colorado River Sand (1),

Ottawa Sand, and Colorado River Sand (2)

°

o °

Index and Strength Properties for Del Rio Clay, Sandy Clay,
and Montopolis Silt . . s e e e e e e

Tabulation
Cone on

Tabulation
Cone on

Tabulation
Cone on

Tabulation
Cone on

Tabulation
Cone on

Tabulation
Cone on

Tabulation
Cone on

Tabulation
Cone on

Tabulation
Cone on

Tabulation
Cone on

Tabulation
Cone on

Tabulation
Cone on

Comparison

of Peak Accelerations for
Loose, Dry Ottawa Sand

of Peak Accelerations for
Dense, Dry Ottawa Sand

of Peak Accelerations for
Saturated Ottawa Sand

of Peak Accelerations for
Loose, Dry Ottawa Sand

of Peak Accelerations for

Dense, Dry Ottawa Sand

of Peak Accelerations for
Saturated Ottawa Sand .

of Peak Accelerations for
Loose, Dry Colorado River

of Peak Accelerations for
Dense, Dry Colorado River

of Peak Accelerations for

Vertical Impact

Vertical

Vertical

Vertical

o

Vertical

Vertical

Vertical
Sand

Vertical
Sand

Vertical

Saturated Colorado River Sand .

of Peak Accelerations for
Loose, Dry Colorado River

of Peak Accelerations for
Dense, Dry Colorado River

of Peak Accelerations for

of Accelerometer Qutput .

Vertical
Sand

Vertical
Sand

a

Impact

Impact

Impact

Impact

Impact

o

Impact

Impact

Impact

Impact

Impact

Vertical Impact
Saturated Colorado River Sand .

of

of

of

of

of

of

of

of

of

of

of

of

Average Ratios of Final Velocity to Initial Velocity .

Xiv

Light

Light
Light
Heavy
Heavy
Heavy
Light
Light
Light
Heavy
Heavy

Heavy

Page

127

130

152

155

155

184

185

186

187

188

189

190

191

192

193

194

195

200

201




10.

11.

12,

13,

14,

15,

16,

17.

18.

19,

LIST OF FIGURES

General View of Test Setup During Vertical Impact Tests
at Balcones Research Center

Details of Thrust System Assembly .
Wagon Assembly Details
Table Assembly Details

Projectile Configurations

Preparing Soil Bed in Dense State at Balcones Research Center .

Leveling Soil Surface While Conducting Field Tests on
Saturated Colorado River Sand

Measurement of Final Cone Penetration Following Vertical
Impact Test . . . . & o o ¢« o o o o o o o o o o o o =

Trimming a Ring Density Sample

Sketch of the Velocity Detector System

Typical Velocity Record . . . . . « . + « « o o &« s o o s .
Acceleration Record .

Effect of Gravity on the Projectile Flight Path .

Effect of Projectile Width on Measured Impact Forces
(After Reichmuth)

Effect of Projectile Width on Acceleration - Cylinder Tests on
Saturated Colorado River Sand

Pressure Distribution Beneath Statically Loaded Rigid Footings.

(a) Cohesionless Soil; Narrow Footing, (b) Cohesionless
Soil; Wide Footing, (c) Cohesive Soil

Failure Pattern Beneath an Infinitely Long, Statically
Loaded Strip Footing . . . . .« . « « & « o o« o o o &

Example of Three Dimensional Failure Mode in Partially Saturated

Ottawa Sand, Impact of a 120 Degree Wedge at 45 Degrees
(Photo After Reichmuth) ., . . . . . . .

Nomenclature for Wedge Loaded on Leading Face (After Reichmuth)

RV

Page

21
21
23
23
27

30

30

32
32
34
34
36

36

41

46

50

51

51




20,

21,

22,

23,

24,

25,

26,

27.

28,

29,

30.

31.

32,

33,

34,

35,

36.

37,

Reichmuth's Postulated Flow Phenomena for Wedge Impact
(After Reichmuth} . .

Organizational Chart for Vertical Impact of Cones

Peak Acceleration Versus Impact Velocity for Light and
Heavy Cones on Loose, Dry Ottawa Sand .

Peak Acceleration Versus Impact Velocity for Light and
Heavy Cones on Dense, Dry Ottawa Sand .

Peak Acceleration Versus Impact Velocity for Light and
Heavy Cones on Saturated Ottawa Sand . . . . . . . .

Peak Acceleration Versus Impact Velocity for Light and
Heavy GCones on Loose, Dry Colorado River Sand .

Peak Acceleration Versus Impact Velocity for Light and
Heavy Cones on Dense, Dry Colorado River Sand

Peak Acceleration Versus Impact Velocity for Light and
Heavy Cones on Saturated Colorado River Sand

Soil Force Versus Penetration for Light Cone Tests on
Ottawa Sand - Nominal Impact Velocity 10 £fps

Soil Force Versus Penetration for Light Cone Tests on
Ottawa Sand - Nominal Impact Velocity 23.5 £ps

Soil Force Versus Penetration for Light Cone Tests on
Colorado River Sand - Nominal Impact Velocity 10 £ps

Soil Force Versus Penetration for Light Cone Tests on
Colorado River Sand - Nominal Impact Velocity 23.5 fps

View of Test Bed Area at Time of Cone Tests on
Saturated Colorado River Sand .

Impact of Heavy Cone on Saturated Colorado River Sand

View of Final Resting Position of Heavy Cone =
Saturated Colorado River Sand . . . . . . + « « « - &

View of Final Resting Position of Heavy Cone -
Dry, Dense Colorado River Sand

Final Penetration Versus Impact Velocity - Ottawa Sand
in Dense and Saturated States

Final Penetration Versus Impact Velocity - Colorado River
Sand in Dense and Saturated States

XVi

Page

64

66

67

68

71

72

73

75

76

77

78

80

80

81

81

83

84




38.

39,

40.

41,

42,

43,

4,

45,

46,

47.

48,

49,

50.

51.

52,

53.

54,

55.

Final Penetration
Colorado River

Peak Force Versus
Ottawa Sand .

Peak Force Versus
Colorado River

Peak Acceleration

on Sandy Clay .

Peak Acceleration
Sandy Clay

Peak Force Versus

on Sandy Clay .

Peak Force Versus
Tests on Sandy

Peak Force Versus
Tests on Sandy

Versus Impact Velocity - Ottawa

and

Sand in Loose States

Initial Momentum

Initial Momentum
Sand .,

Versus Impact Velocity for Cone

° ° ° 0 o °

for Cone Tests on

for Cone Tests on

°

Tests

o o o ° ° a s ° ° a °

Versus Cone Weight for Impact Tests on

o

Initial Momentum

o o

Initial Momentum
Clay . . . . .

Initial Momentum
Clay .

Measured Penetration Versus Impact

on Sandy Clay .

Measured Penetration Versus Impact
Segment Tests on Sandy Clay . .

°

for Cone Tests

a a °

for Spherical Segment

° o o ° °

for Flat, Circular Plate

° ° 2 ° e

Velocity for Cone Tests

° o ° e o

Velocity for Spherical

Measured Penetration Versus Impact Velocity for Flat,
Circular Plate Tests on Sandy Clay

Static Load-Penetration Curve for 60 Degree, Right Circular
Cone Test on Sandy Clay .

Peak Acceleration Versus Impact Velocity for Tests on

Montopolis Silt

Peak Acceleration Versus Impact Velocity for Tests on

Montopolis Silt

o

Peak Force Versus Initial Momentum for Tests on

Montopolis Silt

° ° B ° ° s o . ¢

Peak Force Versus Initial Momentum for One-Quarter-Scale
Apollo Model Tests on Montopolis Silt

Ksphere

Versus Weight-Radium Ratio for Tests on Montopolis Silt

Test Nomenclature and Sign Conventions (After Reichmuth)

Xvii

Page

85

87

88

99

100

101

102

103

107

108

109

110

123

124

125

126
128

150




56.

57.

58.

Mechanical Analyses = Grain Size Accumulation Curves

Acceleration-Time Trace for Impact of Light Cone on Saturated
Ottawa Sand - Test 7-25-2-LC-90-0 . . . . . . .

Acceleration-Time Trace for Impact of Light Cone on Loose, Dry
Ottawa Sand = Test 7-11=7-LC-90-0 .

xviii

Page

154

203

203




NOTATION

cohesive soil strength

projectile width (5.5 in., 11 in. or 16.5 in.)

vertical penetration of projectile tip beneath soil surface
peak soil force developed during vertical impact
acceleration of gravity

empirical coefficient which relates the peak soil force

to YMV

edge effect constant

mass of projectile

velocity when projectile is restricted to vertical motion
horizontal velocity of projectile

vertical velocity of projectile

angular velocity of projectile

final penetration of cone tip beneath the soil surface
angle of projectile impact

angle between leading face of wedge and horizontal soil
surface

unit soil density (this term includes both the weight of
water and solids)

angle of internal friction

see Appendix A for test nomenclature and sign conventions
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CHAPTER I

INTRODUCTION

During the past forty years a vast amount of engineering knowledge
has been obtained concerning the behavior of soil. Although the importance
of the dynamic behavior of soil has been recognized for years, major concen-
trated efforts toward an understanding of soil dynamics have only been made
within the past twenty years. This late development can principally be at-
tributed to the complex nonlinear load-deformation characteristics exhibited
by soil.

Since systems in which only static loading conditions exist are less
complex than their counterparts with dynamic loads, these systems have been
studied first and are a prerequisite for the understanding of dynamic soil
behavior.

Strictly speaking it is not possible to separate the static and
dynamic behavior of soil since all systems in reality involve some rate of
load application. It is customary to delineate between static and dynamic
soil behavior on the basis of their importance to the system. Richart20 has
stated the following: "A dynamically loaded foundation is one for which the
effect of rate of loading introduces significant differences between the
actual displacements and failure conditions and those which might be com-

puted by conventional static procedures,"

OBJECTIVE
This investigation was undertaken to obtain information that would
be utilized by the National Aeronautics and Space Administration for the pur-

pose of designing prototype impact testing programs. The principal objective




was to determine the behavior of soils under impact loading conditions. An
attempt has been made to attain this objective by performing field impact

studies using a broad range of soil types and projectile configurations. In
addition to this testing, the data obtained from the previous four years of
field and laboratory testing have been analyzed and correlated with the results

derived from this investigation.

SCOPE OF INVESTIGATION

The scope of this investigation encompasses the behavior of soil-
projectile systems which may be classified as "surface impact systems'. All
of the projectiles utilized in this and previous investigations at The
University of Texas were essentially rigid and no attempt has been made to
model the deformation characteristics of actual spacecraft, This investi-
gation is composed of the following four phases,

(1) Phase 1 consists of a brief review of the previous investigations
which were part of a program on soil impact at The University of Texas during
the past four years, These investigations consisted of impacting projectiles
having spherical, flat, cylindrical, and conical striking surfaces on sands,
clays, and silt. The projectile weights ranged from approximately 1 to 150
1bs. The horizontal and vertical components of the impact velocities were
varied from 0 to 30 fps and from 6 to 35 fps, respectively.

(2) During the second phase the author conducted approximately 175
impact tests. Approximately 50 of these tests were conducted for the purpose
of evaluating the edge effect equations and soil force prediction equations
which were empirically derived by Reichmuth et allg.

Approximately 125 tests were performed to obtain data on the be-

havior of sands under vertical impact of two cones having 60 degree apex




angles, The initial impact velocities of the cones were varied between 10
and 25 fps. The cone weights were 43.0 and 129.5 lbs. The target materials
consisted of two types of sand which were placed in a test pit at various
densities and moisture contents., A method, based on results from the cone
impact tests, is presented for predicting peak soil forces experienced dur-
ing vertical impact. A method is also given for predicting final cone pene-
trations in sand.

(3) 1In phase 3‘ana1yses are made of vertical impact data obtained
from previous investigations at The University of Texas. A method is given
for predicting peak soil forces developed during vertical impact of cones,
cylinders, spheres, and flat plates on sands, clays, and silt.

(4) A brief review of the existing literature on the effect of rate
of load application on soil cohesion and angle of internal friction is pre-
sented in phase 4 along with a discussion of current knowledge concerning

failure modes beneath dynamically loaded footings.




CHAPTER 11

REVIEW OF THE UNIVERSITY OF TEXAS IMPACT STUDIES

Space exploration by the United States has given rise to the need
for information concerning the behavior of spacecraft when landing on soil.

The impact testing program at The University of Texas began in 1963
and has been oriented toward the collection of experimental data which would
aid in defining the dynamic behavior of soils under various types of projec-
tile impact conditions. Although the primary purpose of the program was to
determine the dynamic behavior of soils, a number of static tests were also
performed. The purpose of this chapter is to briefly describe and discuss
the previous investigations which were part of the impact program,

No attempt was made to model the deformation characteristics of actual
gspacecraft. Rigid projectiles were selected for the investigation since the
primary purpose was to define soil behavior under impact loading and not to
define soil-structure interaction under impact conditions.

The program can conveniently be divided into the following three
general categories:

(1) Vertical motion of foundation elements,

(2) Horizontal motion of foundation elements,

(3) Combined vertical and horizontal motion of foundation elements.
The foundation elements were spherical segments, cones, cylinders, and flat
plates that were utilized to apply either static or impact loadings to the
soil, Projectile accelerations were measured with accelerometers and the
acceleration-time histories were recorded on oscilloscopes. The acceleration-
time data were reduced by numerically integrating once to obtain the velocity-

time history, and again to yield the penetration-time history.




VERTICAL MOTION

The early impact studies at The University of Texas were restricted
to vertical motion of the foundation elements. The investigations which in-
volved predominately impact tests are listed under the impact test section and
those which were composed mainly of static loadings are listed under the static

test section.

Impact Tests

The first series of impact tests were performed by Reese et a118 for
the purpose of developing some concepts which would be useful for predicting
the behavior of the Apollo space capsule during impact on soil.

The problem was approached through the use of similitude. Three
scale models (1/64, 1/32, 1/4 scale) of the Apollo capsule were dropped on
prepared beds of compacted Montopolis Silt, No attempt was made to model
the soil properties and, therefore, distortion of the model was introduced
into the experimental design. To check the effect of distortion upon the
dependent variable (soil force) the 1/64 and 1/32 scale models were utilized.
The 1/32 scale model was assumed to be the prototype and the smaller projec-
tile (1/64) the scale model. Tests were then performed at the impact veloci-
ties required for similarity. The measured response of the prototype and the
predicted response from measurements on the model were in close agreement,

Although the distortion of the Pi terms, in the Theory of Simili-
tude, that contain the chosen soil properties was not significant for a
scale ratio of 1/2, the effect may be substantial as the scale ratio becomes
smaller. It is unfortunate that tests were not conducted so that the 1/64
and 1/4 scale models could be used to check the distortion caused by using

the same soil., This would have provided valuable information on whether one




is justified in not modeling the soil for larger ranges of scaling. However,
the results do show that the use of dimensional analysis and modeling have
promise as a method of predicting the behavior of spacecraft landing on soil,
Extrapolation of the observed behavior of the small-scale projectiles
was suggested as another method for predicting the behavior of the prototype.
Equations 1 and 2 were empirically derived by Reese from the experimental
test results and were given as methods of predicting the slope of the ris-
ing portion of the soil force-penetration curve (I) and the maximum soil

force (Fc), respectively,
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The variables appearing in the above equations are defined as follows:

I = Initial modulus of force-penetration curve (1lb/in.),
R = Radius of striking surface (in.),

M = Mass of projectile (lb-sec®/in.),
v, = Initial impact velocity (in./sec),
FC = Maximum soil force (1b).

The values predicted by Eqs 1 and 2 were compared with experimental results
and the agreement was within 15 percent for most cases.

Static load tests were conducted using the same test vehicles that
were utilized in the impact phases. The static force-penetration character-
istics were found to be considerably different from the dynamic characteris-
tics. It was concluded that static load tests, or static strength parameters,
such as cohesion (¢} and angle of internal friction (¢) could not be used

to directly predict soil behavior during impact.




Poor et a116 performed a series of vertical drop tests on a partially
saturated sandy clay located in a terrace of the Colorado River. Unlike the
earlier tests of Reese et a118, the drop tests were conducted in the field on
undisturbed soil. The projectile striking surface geometries included conical,
spherical, and flat surfaces.

Two methods, similar to those proposed by Reese, were proposed for
predicting the behavior of projectiles during impact., The first method was
based on the Theory of Similitude for dynamic similarity. Two cases were
chosen to illustrate the distortion caused by using the same soil for both
the model and prototype tests., The first case involved the use of projectiles
having weights of 8 and 64 1lbs. with spherical radii of 5 and 10 in., respec-
tively. The larger projectile was assumed to be the prototype while the smal-
ler projectile was considered to be the model. The comparison of predicted
and observed maximum forces yielded errors of approximately 50 percent. A
similar comparison was made using 16 and 128 1b projectiles with radii of 5
and 10 in., respectively. The maximum force values predicted by similitude
were approximately twice the experimental values,

The results have shown that the use of the same soil for model and
prototype tests introduces a significant amount of error,

The second method was based on the observed behavior of the projec-
tiles. Equations 3 through 6 were developed from a least square analysis of

the experimental data,
Cone
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Plate
By = 4,787.6 r + 230,24 r° (4)
Sphere
E; = 585.2 R + 35.08 R® (5)
£ =530 + 114 (W) - 0.214 (Mvi)2 (6)

The variables appearing in the above equations are defined as follows:

E = Modulus of deformation (1b/in.
a(e,p,9) (1b/1n.),
r = Radius of plate (in.),

R = Spherical radius (in.),

f = Maximum soil force (lb),

M = Projectile mass (lb-sec®/ft),

V, = Initial impact velocity (£fps).

The equations fit the experimental data reasonably well; however, it
was suggested they not be used to predict the behavior of larger scale pro-
jectiles, The results from several larger scale tests would help to more
clearly define the limitations of the equations.

Awoshika and Cox1 applied similitude principles to a series of vertical
drop tests on Ottawa and Colorado River Sand. The sands were placed in loose
and dense states. The moisture content was also varied so that the sands were
utilized in nearly dry and saturated states. The projectiles were right circu-
lar cones having 60 degree apex angles, with weights of 43.0 and 129.5 1bs.

The 129.5 1b cone was assumed to be the prototype and the 43.0 1b model results

were utilized to predict the behavior of the prototype. Even though the same




soil was uéed for the model and prototype tests, the agreement between peak
accelerations and final penetrations was good for each of the three states
of the two sands. It should be emphasized that the results indicate agree-
ment for relatively small scale factors and for tests involving larger scale
factors the distortion introduced by using the same soil may become prohi-
bitive.

Womack and Cox33 developed a soil penetrometer having a flat, circular
foot approximately one square inch in area and a weight of 5.384 1lbs. The
initial impact velocity was held constant at approximately 15 fps, The target
materials consisted of gravels, sands, and clay. The characteristic force-
penetration curve generally exhibited a sharp rise in force which was followed
by a rapid decrease to a force plateau, The spike portion of the curve was
of extremely short duration and the major portion of the penetration occurred
at a relatively constant force level., The spike force value was not consid-
ered to be important and the relatively constant force plateau was used as
the significant force characteristic of the soil.

Womack and Cox concluded that the results of their investigation gen-
erally support the assumptions about mechanisms and failure conditions based
primarily on the PrandtluTerzaghiZ6 system, This conclusion was based prin-
cipally on visual observations of the final soil surface displacements,

The author tends to disagree with the above statement for the follow-
ing reasons. First of all, in dry, dense sands a relatively large amount of
sand is ejected away from the impact vicinity, leaving behind a funnel shaped
crater surrounding the penetrometer, The soil surface surrounding the rim of
the crater is generally slightly higher than the original level; however, it
is not known whether this is due to a general upward movement of the sand mass,

or if it is formed by material ejected from the crater, Failure plane
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outcroppings, which are characteristic of Prandtl-Terzaghi systems, were also
not visible, 1Impact on dry, loose sands produced some particle spray; however,
the hole created by the penetrometer was immediately filled by the surrounding
material. The impact loading also causes the sand to assume a denser state.
Thus, the final position of the surrounding soil surface is not indicative of
the true soil behavior during the impact event. The problems associated with
trying to discern the type of failure mechanism present during the impact
event are also common to tests on saturated sand, The tests on partially
saturated clay exhibited a slight upward movement of the surrounding soil
surface, although no failure plane outcroppings were noted, A slight rise

in the soil surface is certainly not sufficient information to indicate

that the soil behaves principally as a Prandtl-Terzaghi system,

Womack and Cox also concluded that the magnitude of the relatively
constant penetrating force appeared to be largely dependent upon the static
shearing strength of the soil. The author is also in disagreement with this
statement., Chapters VI and VII contain discussions of soil shearing strength

as related to the dynamic soil forces developed during impact,

Static Tests

Iliya and Reese8 performed a series of laboratory load tests on the
surface of a dry, medium dense Colorado River Sand. Circular plates, a cone,
and spheres were utilized as the foundation elements. The circular plates
had 2.22, 3.14, and 4.44 in, diameters, The cone had a 60 degree apex angle,
Spherical segments having spherical diameters of 3.14 and 5.00 in. were also
utilized, The force-penetration characteristics of each foundation element
were studied and compared with one another. The circular plate results were

in good agreement with the ultimate bearing values predicted by Terzaghi'526
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equation for circular footings at the soil surface. Based on the load tests,
equations were developed for the bearing capacity of conical and spherical

foundation elements. The equations are as follows:

Cone

0.24 ¥ B N (7
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The variables are defined as follows:

Bearing capacity (lb/f£t?),

q =
Y = Soil density (1b/ft®),
B = Cross-sectional diameter at the level of embedment (ft),
NY = Bearing capacity coefficient.

It should be noted that to calculate the static bearing forces on the founda-
tion elements the q wvalues should be multiplied by the cross-sectional area
at the level of embedment.

Ghazzaly and Cox4 conducted a series of static load tests in sandy
clay at the field site which was utilized by Poor et all6. The foundation
elements consisted of spheres (3.14 and 5.00 in. spherical diameters), a cone
(60 degree apex angle), and flat circular plates (2.22 and 3.14 in., diameters).
The ultimate bearing capacities of the plates were approximately 1.75 times
the values predicted by Terzaghi's equation26 for circular footings at the
ground surface, A detailed discussion of the force-penetration characteristics
of the various foundation elements was presented along with some comparisons
between the experimental plate data and values calculated using previously

proposed method824’27.
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Ghazzaly and Dawson5 studied the laboratory stress-deformation charac-
teristics of sands and clays. A comprehensive review of conventional methods
and testing techniques for obtaining soil strength properties was presented.

A limited study was conducted on the influence of rate of strain on the angle
of internal friction of a dry Colorado River Sand. The times to failure
ranged from 30 to 240 sec. The angle of internal friction increased by ap-
proximately one degree as the time to failure decreased from approximately

240 sec to 30 sec.

HORIZONTAL MOTION

The horizontal loading phase of the testing program consisted of
pushing vertical walls (1 ft high and 3 ft long; 1.5 ft high and 3 £t long)
into loose or dense backfills of dry sand. The rate of wall penetration was
not large enough to develop inertial effects, thus, the tests were considered
to be static. Although all of the experimental test results were obtained
from essentially static tests, a computer program was developed to simulate

the dynamic behavior of sand under plane strain loading conditions.

Dynamic Behavior

Oweis and Cox15 developed a computer program for the analysis of earth
pressure problems which closely approximate plane strain type of soil behavior
under dynamic loading conditions. The program was based on a finite difference
approach. The soil was assumed to exhibit nonlinear stress-strain character-
istics and an iterative process using the point relaxation technique was util-
ized to solve the resulting nonlinear equations, The effect of dynamic load-
ing was represented by soil inertia terms in the finite difference equations.

Soil properties were input in the form of modulus of deformation versus axial
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strain and lateral strain ratio versus axial strain. Modulus of deformation
and lateral strain ratio are analogous to Young's modulus of elasticity and
Poisson's ratio, respectively.

The computer program was utilized to solve for the stresses and
strains induced in a dry sand which was horizontally penetrated by a rigid
plate. The computed results were compared with experimental results obtained
by Hustad and Cox7 and the agreement was generally poor. The experimental
results were obtained from tests in which the rate of movement of the plate
was varied between 0.0067 and 2.67 ips. These tests may essentially be con-
sidered static in nature, therefore, even if the program had given good agree-
ment this would not provide an indication of whether the program is accurate
for problems involving soil dynamics. The program was also utilized to pre-
dict the horizontal soil forces on the wall as it moved at higher rates of
penetration. The computed results indicate that for constant rates of pene-

tration above 10 fps the ultimate horizontal load remains constant.

Static Tests

Vallabhan and Reese29 conducted a limited series of passive earth-
pressuré tests on a dry Colorado River Sand. The experimental test setup
simulated an infinitely long, vertical retaining wall one foot high. As the
wall was pushed into the soil, the horizontal soil reaction and wall penetra-
tion were recorded. A computer program, based on the finite element method,
was developed to predict force-deflection characteristics of soils under
plane strain and axially symmetric cases. The program required the input of
pseudo-elastic values of Young's modulus of elasticity and Poisson's ratio,
which are strain dependent for soils. The necessary values were obtained

from triaxial compression tests.
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The computed soil force-deflection values agreed remarkably well with
the measured values. Comparisons were also made between an experimental
force-penetration curve for a circular footing resting on the surface of a
saturated clay and the curve predicted by computer solutions. Once again,
the agreement was good,

The test apparatus, developed by Vallabhan and Reese29 was modified by
Hustad and Cox7 and a series of tests were performed using 12 and 18 in. high
walls. The constant rate at which the walls penetrated into the sand backfill
was varied between 0.00667 and 2.67 ips. Dry Colorado River Sand was utilized
as backfill material. The rates of wall penetration utilized in this investi-
gation did not have a measurable effect upon the force penetration character-
istics of the soil. Coulomb'sz6 theory for passive earth pressure was used to
predict earth pressures; The predicted values were generally within 20 percent
of the experimental values.

Cones and spherical segments were also penetrated horizontally into
dry Colorado River Sand. 1In the retaining wall tests the sand backfill was
supported by the wall itself; however, in the tests with cones and spheres
the sand required support. A circular hole was cut in one end of the sand
box and the opening was covered with a polyethylene membrane. The membrane
laterally supported the sand prior to and during the penetration tests. The
soil behavior was strongly influenced by the boundary conditions created by
the membrane and it is difficult to visualize such conditions occurring in

nature, Therefore, the results are of limited value,

COMBINED VERTICAL AND HORIZONTAL MOTION

Reichmuth et a119 developed a portable testing rig capable of launch-

ing projectiles at impact angles ranging between 30 and 90 degrees with
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respect to the ground surface. Wedges, cylinders, and spheres were utilized
as projectile shapes, The projectile sizes and weights were chosen so that
the developed pressures and penetrations would roughly correspond to those
observed for manned spacecraft. The vertical component of the impact velo-
city was varied between 10 and 35 fps, and the horizontal component from 0O
to 30 fps. Target materials consisted of two types of sand and a clay. The
sands were tested under dry and saturated conditions, and in loose and dense
states, The clay soil was utilized in an undisturbed state.

A method for predicting prototype impact behavior was presented by
Reichmuth. The method requires information concerning the dynamic response
characteristics of the prototype and soil. It was beyond the scope of the
investigation to determine the dynamic response characteristics of the proto-
type; however, equations were developed to predict soil forces during impact.
The equations were developed for wedge, cylindrical, and spherical striking
surfaces, These equations are listed on pp. 53 through 61 in Chapter 5.

The procedure is as follows:

(1) Start with initial conditions of impact such as, projectile

velocity and attitude,

(2) Determine soil forces for these conditions,

(3) Apply these forces to the projectile and determine the change

in behavior,

(4) This will then give a new projectile velocity and attitude,

(5) Repeat steps 2 through 4,

This procedure involves a large number of calculations and it was recommended
that a high-speed computer be utilized,

A method was also presented for predicting peak accelerations exper-

ienced during prototype impact. A three-phase earth materials diagram was
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presented, in which values for ratios of the maximum target accelerations to
the maximum water acceleration were plotted. The use of the method requires

that the peak accelerations experienced during water impact be known.

SUMMARY OF IMPACT STUDIES

The soil impact studies at The University of Texas have been concerned
with defining the behavior of soils when subjected to the impact of rigid
projectiles having motion both in vertical and horizontal directions. The
primary purpose for the impact studies was to develop methods whereby the
behavior of prototypes could be predicted from impact data obtained from model
or small scale tests.

The problem of defining prototype behavior was approached from two
directions. The first direction consisted of using the Theory of Dynamic
Similitude, The second direction consisted of extrapolating the observed
behavior of small scale projectiles to predict the behavior of larger pro-
jectiles,

Vertical Motion

The early studies were limited to vertical impact of projectiles on
basically cohesive soils. These studies were concerned mainly with deter-
mining if the application of the Theory of Dynamic Similitude to surface im-
pact problems offers a means of predicting prototype behavior from model be-
havior. The projectiles were essentially rigid and no attempt was made to
model the deformation characteristics of spacecraft., No attempts were made
to model the target materials, thus, distortion was introduced into the
model design,

The model impact tests of Reese et a118 showed that for small ranges

of scaling the distortion introduced by using the same soil for model and
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prototype tests does not introduce a significant amount of error. The simi-
. , 16
litude analysis performed by Poor et al showed that even for small ranges
of scaling a significant amount of error was introduced by not modeling the
soil.
. 1. . . . .

Awoshika and Cox  in later vertical impact studies on sands obtained

good prediction accuracy for a small range of scaling even though the same

soils were utilized for the model and prototype tests,

Horizontal Motion

The experimental studies that pertained purely to the horizontal
motion of the soil loading element (vertical plate) essentially involved only
the static behavior of soil., A theofetical analysis, however, was performed
by Oweis and Cox15 in which a computer program was developed to predict the

behavior of sands when subjected to dynamic horizontal loadings.

Combined Vertical and Horizontal Motion

Inclined impact of projectiles on various types of soils was studied
by Reichmuth19. Reichmuth empirically developed equations which account for
projectile edge effects. These equations permit the extrapolation of the
observed projectile behavior to that of larger projectiles.

Reichmuth also proposed a method for predicting peak soil forces

experienced by prototype space capsules when impacting on soil.

NEED FOR FURTHER RESEARCH

Although a concentrated effort has been made over the past four years
to obtain an understanding of how soil behaves under impact loading conditions,
much research was still needed to extend and fill the gaps in our knowledge.

The purpose of this section is to list possible avenues of research which will
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further our knowledge of soil behavior under impact conditions and to acknow-

ledge topics of research undertaken by the author.

Modeling

The previous studies have shown that the application of modeling
techniques shows promise; however, it is not known whether it is necessary
to model the soil or, if it is necessary, which soil properties should be
modeled., Research in this direction seems to offer the most general approach

to the problem of surface impact.

Prototype Behavior

Prototype impact tests on soil are needed for evaluating the problems
involved in extrapolating the behavior of small scale projectiles to predict

the behavior of larger projectiles.

Soil Behavior Under Impact Loading

The application of model techniques and performance of prototype
impact tests were beyond the scope of this investigation, However, impact
tests were conducted by the author to evaluate the edge effect constants
that were empirically derived by Reichmuthlg. The edge effect constants are
of prime importance since they permit extrapolation to larger projectiles.

Reichmuth also derived regression equations to predict soil forces
during impact, These equations were derived from inclined impact data taken
from tests where the angle of impact was varied between 30 and 90 degrees to
the horizontal soil surface. The author conducted tests to evaluate the pre-
diction accuracy of these equations for impact angles less than 30 degrees.

The previous vertical impact studies at The University of Texas have

been concerned mainly with cohesive soils. To add additional information on
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the behavior of sands under vertical impact the author has conducted a series
of tests with conical projectiles.

Until the present time, no attempt has been made to correlate the
data from each of the previous impact investigations., The author has attempted
to correlate only the previous vertical impact data. Special emphasis has been

given to the prediction of peak soil forces,




CHAPTER IT1

TEST APPARATUS

The test apparatus utilized during this investigation was designed
and built by Reichmuthlg. It was necessary to make several minor modifica-
tions to the apparatus so it could be used for tests in which the projectile
impact angles were less than 30 degrees to the horizontal ground surface,

To be consistent with the previous work of Reichmuth the same test nomen-
clature was adopted. Appendix A contains a listing of this nomenclature.

A general view of the test apparatus is shown in Fig. 1. The appar-
atus essentially consisted of a pair of guide rails mounted on the bed of a
half-ton truck, a thrust assembly for accelerating the projectile, a wagon
and table assembly which carried the projectile along the guide rails, and a
braking assembly which decelerated the wagon and table assembly once the pro-
jectile was released.

The accelerometer and velocity detector data were recorded on two

oscilloscopes.

LAUNCHING SYSTEM

The major portion of the launching system was constructed of aluminum
so two men could easily adjust the angle of impact, Although fhe inclination
of the guide rails could be set at angles ranging from 5 to 90 degrees with
the horizontal, the angle of impact of the projectile ranged from 10 to 90
degrees., The projectile was released from the table when its tip was approx-
imately 8 in. above the soil surface; however, at low angles of release the
acceleration of gravity significantly increases the projectiles' vertical
velocity, thus increasing the angle of impact which is determined by the ratio

of the vertical to horizontal impact velocity.
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Fig.l General View of Test Setup During Vertical
Impact Tests at Balcones Research Center

Fig. 2 Details of Thrust System Assembly
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Thrust Assembly

Details of the thrust system are shown in Fig. 2. Prior to each test
the cylindrical bottle was pressurized with nitrogen. A solenoid operated a
valve which allowed the gas to pressurize the thrust cylinders and thereby

accelerate the wagon along the guide rails.

Wagon Assembly

The purpose of the wagon assembly was to carry the projectile down the
guide rails. The friction between the guide rails and the wagon was reduced
by rollers which are shown in Fig. 3. The wagon also housed the table assembly

and the wire leads from the accelerometers.

Table Assembly

The table assembly contained jaws which held the projectile as it
traveled along the guide rails, A cam operated microswitch actuated the jaws
for the release of the projectile., The pitch of the projectile, which is de-
fined as the angle between the longitudinal axis of the projectile and a line
perpendicular to the ground surface, could be varied by rotating the table
assembly (see Appendix A). However, during this investigation the pitch angle
was maintained at zero degrees. The details of the table assembly are shown

in Fig. 4.

Braking Assembly

The braking system provided a means of bringing the wagon to rest
once the projectile was released. The assembly is also shown in Fig. 3 and

consists of two pistons which travel in pressurized cylinders.
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INSTRUMENTATION

The measuring and recording devices utilized during this investigation
, . , 19 . . .
are identical to those used by Reichmuth™~. The projectile acceleration, dur-
ing the impact event, was measured with accelerometers and recorded on an oscil-
loscope. A second oscilloscope was used to record information necessary for

calculation of the initial impact velocity.

Velocity Detector

The velocity detector was composed of an oscilloscope triggering
circuit and a set of 4 piano-wire pins connected in a series parallel circuit.
The pins were mounted on the edge of a guide rail and as the wagon moved down
the rails an outrigger from the wagon made successive contact with each pin.
These contacts produced voltage steps on the oscilloscope screen which were
recorded on Polaroid film, This record permitted calculation of the velocity
of the wagon. The projectile was released from the jaws of the table during
this time and for angles of impact greater than 30 degrees the wagon velocity

closely approximates the projectile impact velocity.

Accelerometers

Two type 4-204, Consolidated Electrodynamics Corporation, triaxial
accelerometers were utilized to measure projectile accelerations, The accel-
erometers were mounted in a mast which was interchangeable between projectiles,
Each accelerometer consisted of a four-active-arm, spring-type unbonded strain
gage element and a seismic mass damped by the shear action of fluid. The axial
and rotational axis for each accelerometer had a maximum range of plus or
minus 250 g's. The transverse axis range, which was not needed because of

the planar motion of the projectiles, was plus or minus 100 g's. Each axis
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had a full range output of approximately 40 millivolts, at a rated excitation

voltage of 5 volts DC. The natural frequencies ranged from 1300 to 1600 cps,

AUXILIARY EQUIPMENT

The auxiliary equipment consisted of a balancing unit, filter networks,
two oscilloscopes, a gasoline driven generator, and a regulated DC power supply.
The balancing unit was used for the positioning of each accelerometer trace on
the oscilloscope. Symmetrical "parallel T!" filter networks were used to atten-
uate high frequency signals which were approximately 30 times greater than the
acceleration frequencies encountered during testing.

The impact velocity measurements were recorded on a type 502A dual
beam Tektronix oscilloscope. The accelerometer measurements were recorded
on a type 565 dual beam Tektronix oscilloscope having two type 3A3 dual trace
differential vertical amplifiers,

Power for the system was furnished by a one and one-half KVA generator.
A Harrison Labs Model 6204A electronically regulated DC power supply furnished
power for the accelerometers., Since the accelerometer voltage is critical, it
was continuously monitored with a large scale meter by the operator. Power
for the velocity and oscilloscope trigger circuits was furnished by 6 volt

lantern batteries.

PROJECTILE CONFIGURATIONS

As stated earlier, no attempt was made to model the deformation char-
acteristics of spacecraft, Rigid projectiles were used in all tests, The
projectile geometries utilized during the course of the testing program con-
sisted of:

(1) Spherical segment having a 10 in. spherical radius,

(2) Cylindrical segments having a 10 in. radius,
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(3) Wedges with 60 degree and 120 degree included angles,

(4) Cones with 60 degree apex angles.

Three basic reasons existed for the selection of these projectile con-
figurations. First of éll, these geometries closely approximate the shapes of
the impacting surfaces of the United States space exploration vehicles. The
spherical segment resembles the Apollo heat shield and the 120 degree wedge
approximates the impacting edge of the Gemini spacecraft,

These projectiles also represented a wide range of surface geometries
which provided data concerning the effect of the striking surface shape on the
soil behavior.

This investigation had a twofold purpose, in that it was intended to
extend the work of Reichmuth19 and also to correlate with the previous impact
studies that have been conducted at The University of Texas. The correlation
with previous work and the extension of Reichmuth's work necessitated the use
of similar projectiles and therefore the shapes listed above were utilized,
Reichmuth constructed wedge and cylindrical projectiles in three separate 5.5
in. wide sections., These sections could be bolted together so that they form-
ed 11 in. and 16.5 in. wide projectiles. Reichmuth tested with projectiles
5.5 in, and 16.5 in. wide and from the test data he derived equations to ex-
press the edge effects. To supplement the data obtained by Reichmuth, pro-
jectiles 11 in, wide were tested,

Approximately 125 vertical impact tests were also conducted with two
conical projectiles. The cone weights were 43,0 and 129.5 1lbs.

Figure 5 illustrates the projectile shapes that were utilized in this

investigation. Appendix B lists the significant projectile properties,
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CHAPTER 1V

TEST PROCEDURES AND DATA REDUCTION

The testing program was conducted at the following field sites which
were located within the city limits of Austin:

(1) Capitol Aggregates property,

(2) Artificially constructed soil bed at Balcones Research Center,

(3) Clayey flat at Balcones Research Center.
The test equipment was transported to the site with the pickup truck and it
required approximately one hour to set up the test apparatus. Due to the
large number of tests all procedures for testing and data reduction were

standardized to save time and minimize human errors.

TEST PROCEDURES

After arriving at the test site the truck was leveled and the guide
rails were placed at a predetermined launch angle. The oscilloscope traces
were then balanced to zero and the test bed made ready. The measurements for
velocity determination and oscilloscope settings were recorded, When neces-
sary, the thrust system was pressurized and the projectile was then launched.
Following impact, soil measurements were made. Appendix C contains descrip-

tions of soils utilized in this and previous investigations,

Soil Bed Preparation

Studies in the field of soil mechanics have shown that the type and
condition of soil strongly influence the behavior of foundation elements sub-
jected to both static and dynamic loading. Therefore, it is advantageous to
perform tests on a wide range of soils. In this investigation, three types

of sands were used for target materials, In addition, the sands were each
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prepared at densities which corresponded to loose and dense states. Tests were

also performed on a clay in an in-situ condition.

The Capitol Aggregates test site was located near the shore of a small
lake that had formed in a borrow pit area. The sand is known as Colorado
River Sand and classified as well-graded according to the Unified System, The
loose state of density was formed by removing the sand from the immediate
impact area and then carefully replacing it with shovels. The reworked area
was 2 ft by 3 ft by 1.5 ft in depth. The dense state was obtained by replacing
the sand in approximately 4 in, thick layers which were successively tamped.
These procedures produced densities of approximately 90 and 100 pcf. Several
tests were also performed on the soil in a saturated state, This state was
obtained by setting up the rig near the water's edge and then excavating the
soil above the existing water table.

Ottawa Sand and a Colorado River Sand were used as target materials
at Balcones Research Center. The sand was placed in a 3 ft wide, 6 ft long,
and 4 ft deep pit which was lined with plastic. The performace of tests on
saturated sand necessitated the use of a pit lining, Figures 6 and 7 illus~
trate the procedures for preparing the test bed, The previously described

procedures were employed to obtain loose and dense states.

Clay

A series of tests were conducted on Del Rio Clay at Balcones Research
Center. Since the soil was tested in place it was necessary to remove the
existing top 4 in. of overburden. Each time a test was completed the apparatus
would be moved several feet to a new target area for the next test. Extensive

manicuring was required to obtain a level impact area.




Fig.6 Preparing Soil Bed in Dense State at
Balcones Research Center

Fig. 7 Leveling Soil Surface While Conducting Field
Tests on Saturated Colorado River Sand
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Measurements Prior to Impact

The impact velocity of the projectile was predetermined by setting the
pressure level in the thrust system. In some situations the thrust system
was not required and the desired velocity was obtained by varying the drop
distance of the wagon and projectile,

The impact velocity was calculated by two independent methods. The
first method used the information obtained from the velocity detector record
and the second method required the measurement of the vertical distance be=-
tween the trigger pin on the velocity detector and the ground surface. The
final step was to record the sensitivity and initial position for each accel-

erometer trace along with the sweep time for each oscilloscope.

Measurements After Impact

Following impact, the vertical projectile penetration was measured
as shown in Fig. 8. Density samples were also taken with brass rings that
were approximately 2 in, in diameter and 1.3 in. wide. Ring wall thicknesses

were approximately 0.03 inches. TFigure 9 shows the sampling method.

DATA REDUCTION

Data reduction was carried out concurrently with field testing so
modifications in testing procedures could be made if necessary. The data
from the velocity records, acceleration records, and soil logs were punched
on computer cards and reduced to a usable form with two computer programs,
The soil data were reduced by Program SOIL and the remaining data were reduced
using Program IMPACT. Program SOIL performed standard moisture content and
density calculations. A discussion and FORTRAN listing of Program IMPACT has

been given by Reichmuth19°
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Fig. 8 Measurement of Final Cone Penetration
Following Vertical Impact Test

Fig. 9 Trimming a Ring Density Sample
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Manual Reduction

The acceleration and velocity records came from the field in the form
of 3 by 4 in. Polaroid photos. A Model 70 dry photo copier made by the 3M Com-
pany was used to make positive image transparencies of the field records. An
overhead projector was then used to enlarge the image and project it onto graph
paper where it was traced. Points were taken off the traced acceleration
record at equal time increments. Generally 20 to 30 points were required for

an accurate simulation of the acceleration-time curve in Program IMPACT.

Computer Calculations

Program IMPACT performed the manipulations that were necessary to
describe the acceleration, velocity, and displacement of the projectile at
the chosen time increments. The program also contained a subroutine which
plotted the vertical displacement versus horizontal displacement of the pro-

jectile center of gravity and tip.

Impact Velocity Determination

The initial velocity of the projectile at the instant of impact was
calculated by several methods. The method of calculation depended upon the
angle of impact and the type of projectile,

Figures 10 and 11 show typical velocity data taken in the field. The

first method of velocity calculation is represented by

Vel = —— (9)

where,

av]
il

Distance between pins 1 and 4,

Tlma = Travel time between pins 1 and 4,
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Equation 9 gives an average velocity over a 6 in. track distance;
however, this approximation generally involves less than 5 percent error for
angles of impact greater than 30 degrees.

The second method of calculation is given by

Va
vel, = Ty + Tp) sin @ (10)
where,
Vd = Vertical distance in Fig. 10,
Td = Oscilloscope delay time,
Tp = Photo time in Fig. 12,
o = Impact angle,

The delay time is a setting on the oscilloscope which determines the time
between the trigger and the start of the sweep., It should be noted that this
is also an average velocity. Generally, the agreement between Vel1 and
Ve12 was within %5 percent for angles of impact greater than 30 degrees and

for cylindrical, spherical, and wedge shaped projectiles. This agreement

was considered acceptable and the impact velocity was calculated by

Vel, + Vel
v, = —t—2 | (11)
where,
Vell = Velocity calculated by method 1,
Vel2 = Velocity calculated by method 2,

The angle of impact (&) was assumed to be the same as the angle at which the

guide rails were set, High speed photographs have shown that this assumption

involves negligible error,
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FIG.13 EFFECT OF GRAVITY ON THE PROJECTILE FLIGHT
PATH

36




37

When projectiles were launched at angles below 30 degrees the accel-
eration of gravity significantly changed both the magnitude and direction of
the velocity between release and the instant of impact. Figure 13 illustrates
the effect of gravity on the flight path of the projectile. The vertical

velocity at impact was calculated by
Vv = [Vel1 + 2.0 (Vel2 - Vell) ] sin o . (12)

This method assumes that the vertical velocity of the projectile increases
linearly from the time of release to the instant of impact. Vel2 is an

average velocity which reflects the effect of gravity. Vell is approximately
the velocity of the projectile at the time of release., The horizontal velocity

was calculated by

VH = (Vell) cos o . (13)

The impact angle is

1

o' = tan” v, (14)

H

When the conical projectiles were tested, velocity Vel1 and Vel2
did not agree because Vel2 was calculated using the photo time (Tp) which
assumes the acceleration record begins at the instant the projectile contacts
the soil. However, for the first few inches of cone penetration the soil
reaction was not large enough to produce measurable deflections on the accel-
eration record, This caused the photo time (Fig. 12) to be greater than it
actually was, thus producing an error in the calculation of Velz. Therefore,

Vel1 was used as the initial impact velocity.
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Projectile History Calculations

The acceleration curves were input to Program IMPACT in the form of
points at equal time intervals., It was found by Reichmuth19 that the best
approximation of the area under the curve was obtained by using the trape-
zoidal rule for the first increment of area, Simpson's rule for the sum of
the first two increments of area, and the three-eighths rule for the follow-
ing increments of area. The first integration of the acceleration curve
yielded the velocity=-time history of the projectile. The velocity-time
relationship was then integrated to yield the displacement-time history.

The acceleration of gravity was neglected for all projectiles except the
cones. In many of the cone tests the accelerations were not large enough to

permit gravity to be neglected.




CHAPTER V

TEST RESULTS AND ANALYSES

The author's testing program was divided into three phases. The first
phase consisted of obtaining additional data for the evaluation of edge effects
produced by projectiles which have finite dimensions in a direction perpendi-
cular to the plane of motion. The second phase involved the impacting of
projectiles at angles of impact less than 30 degrees. These tests were per-
formed to check the accuracy of Reichmuth's19 regression equations in pre-
dicting soil pressures developed during low angle impact, The third and final

phase yielded data concerning the behavior of vertical impact of cones on sands.

EDGE EFFECTS

The test apparatus and projectiles were constructed so that the pro-
jectiles, upon impact, traveled in a plane, This planar motion was verified
by high speed film data and also by examination of soil imprints. Since the
projectilgs had finite dimensions in a plane perpendicular to the plane of
motion, the accelerations were affected by this width. It should be noted
that the width of the projectile is defined as the linear dimension in a
direction perpendicular to the plane of motion. If small scale projectile
test results are to be used to predict the behavior of similar, but larger
projectiles it is advantageous to know the magnitude of the edge effects,

Reichmuth19 used wedges and cylindrical projectiles, having widths
of 5.5 in., and 16,5 in., to study edge effects. He developed the empirical

equation

=2 - 24+ 1.00 (15)
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where,
Fm = Measured force per inch width,
Fp = Plane strain force per inch width,
Ke = Edge effect constant,
Dp = Width of impact surface.

The edge effect constant was solved for by substituting each value of D

into Eq. 15, which yielded

F K
m(5.5) e
7 =535 + 1.00 (16)
P
and
F K
m(16.5) _ e
Fp 163 + 1.00 . (17)

Division of Eq. 16 by Eq. 17 yields

Fn(s.5  _ Xess.5 + 1.00
Foc16.5)  Xe/16.5 + 1.00

(18)

The ratio of Fm(5.5) to Fm(l6,5)

of the 5.5 in. wide projectile to the 16.5 in. wide projectile. This ratio

is equal to the peak acceleration ratio

was determined from field tests and thereby a measure of Ke was obtained.,

This method of solving for Ke involves the assumption that the edge effects
are constant for projectiles having widths equal to, or greater than 5.5 inches.
Figure 14 shows the effect of the projectile width on measured impact forces as
determined by Reichmuthlg, This figure indicates that the edge effect con-
stant is highly dependent upon whether the target material is clay or sand,.
Impact on clay produced pressures larger than the plane strain pressure,

while impact on sands produced the opposite effect.
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Double Width Projectile Results

In the derivation of Reichmuth's equations, which account for edge
effects, it was necessary to assume that the edge effects were constant for
widths equal to, or greater than 5.5 inches. At the present time, there are
no theoretical methods for determining the minimum width above which the edge
effects remain constant, Tests with double width projectiles (11.0 in. wide)
were conducted to determine the validity of this assumption.

A series of tests were run using double width wedges and cylinders,
Since these tests were to be compared to the previous single and triple
width projectile tests of Reichmuth, extreme care was taken to reproduce
similar testing conditions. Table No. 1 shows a tabulation of the results
obtained for the single, double, and triple width tests on Del Rio Clay (CH)
and Ottawa Sand (SP). The code used for identifying the tests is explained
in Appendix A, TFigure 15 illustrates the results from the single, double,
and triple width tests on saturated Capitol Aggregates Sand (SW). The re-
sults are presented in the form of peak accelerations. If deviations in
peak acceleration values due to experimental error are neglected, the var-
iation of peak accelerations within a comparison test series is due to the
change in projectile widths. Table No. 2 lists peak acceleration ratios
for single and double width projectiles. These ratio values were then averaged
and the resulting numerical values presented in Table No. 3.

The values from Table No. 3 were substituted into Eq. 19.

Fn(s.5) _ Xess.s +1.00
Focit.0y  Xes11.0 + 1.00

(19)




TABLE NO. 1

COMPARISONS OF RESULTS FOR TESTS USING SINGLE (5%" WIDE),
DOUBLE (11" WIDE) AND TRIPLE (16%" WIDE) WIDTH PROJECTILES

TEST SOIL TRACK VALUES AT PEAK VERT. ACCELERATION
IDENTIFICATION TYPE v W VEL. Horiz. Vert. Angular Time
(pef) % (fps) (g's) (g's) (g's/ft) (msec)
8-19-7-WHO3-30-0 CH 121 28.4 20.86 -17.5 26.4 -29.2 12.58
5-18-4-WHO2-30-0 CH 115 32.0 20.85 -24.8 39.8 -46.2 8.94
8-19-4-WHO1-30~0 CH 113 33.7 20.99 -14.5 22 .4 -27.4 13.64
8-19-6-WHO3-30-0 CH 113 32.8 27.26 -22.8 32.2 -33.5 12.58
5-18-5-WHO2-30-0 CH 115 35.5 28.06 -28.9 48.5 -43.6 11.17
8-19-5-WHO1-30-0 CH 113 33.7 29.39 -28.4 41.3 -42.3 11.72
8-16-5-WLA3-45-0 CH 112 32 .4 14.93 - 3.5 22.5 -12.5 16.00
6- 5-1-WLA2-45-0 CH 115 33.1 15.08 - 4.0 23.2 -15.1 15.48
8-16-3-WLA1-45-0 CH 112 31.9 15.42 - 2.8 29.2 -11.5 14.00
8-16-6-WLA3-45-0 CH 114 32.4 28.70 - 7.8 46.3 -23.0 15.00
6- 5-2-WLA2-45-0 CH 113 36.1 30.24 - 9,2 48.5 -29.5 14 .04
8-16-2-WLAL1-45-0 CH 110 35.5 27.50 - 8.7 41.9 -30.0 13.91
8-18-3-CYL3-45-0 CH 112 33.9 16.33 -13.6 36.1 -23.8 11.69
5-25-4-CYL2-45-0 CH 116 34.5 16.09 -15.2 45.8 -32.4 7.14
8-19-3-CYL1-45-0 CH 115 33.6 15.79 -16.1 35.3 -26.2 8.71
8-18-4-CYL3-45-0 cH 114 31.6 27.30 -20.0 48.1 -33.7 7.55
6- 5-5-CYL2-45-0 CH 116 33.3 27.46 -24.5 73.2 -37.5 5.95
8-19-2-CYL1-45-0 CH 115 30.9 28.64 -26.1 57.5 -43.1 6.77
8-18-8-CYL3-45-0 CH 115 32.0 14.82 -13.9 34.3 -18.5 12.66
5-25-3-CYL2-45-0 CH 116 35.0 15.29 -15.0 46.8 -31.2 7.19
8-18-6-CYL1-45-0 CH 116 32.6 15.24 -18.1 41.6 -22.1 11.32

£h



TABLE NO. 1 (CONT'D)

TEST SOIL TRACK VALUES AT PEAK VERT. ACCELERATION
IDENTIFICATION TYPE Y w VEL. Horiz. Vert. Angular Time
(pcf) % (fps) (g's) (g's) (g's/ft) (msec)
8-18-9-CYL3-45-0 CH 111 35.3 28.89 -22.8 44,6 -29.1 11.61
5-25-2-CYL2-45-0 CH 117 34.9 29.05 -22.2 72.9 -40.5 4.79
8-18-5-CYL1-45-0 CH 115 35.4 28.60 -29.8 61.3 -26.5 -
8§-17-1-WLA3~75-0 CH 113 32.9 11.62 - 0.8 29.4 - 3.0 14,71
6- 4-4-WLA2-75-0 CH 116 33.1 11.22 - 2.3 31.2 - 6.1 10.41
8§-17-7-WLA1-75-0 CH 113 31.7 11.46 - 1.5 30.0 - 4.4 14.42
8-17-4-WLA3-75-0 CH 113 33.0 32.50 - 3.4 68.2 - 7.9 12.66
6- 4-2-WLA2-75-0 CH 117 34.4 32.79 - 6.1 73.4 -12.7 12.05
8-17-5-WLA1-75-0 CH 112 34.7 33.27 - 3.7 77.6 - 7.8 12.50
8§-18~-1-CYL3-75-0 CH 116 30.9 21.95 - 9.3 55.6 -10.4 5.84
5-25-6-CYL2-75-0 CH 117 33.0 21.03 - 8.3 68.5 -10.2 5.95
8-17-15-CYL1-75-0 CH 115 28.4 21.73 -10.3 67.9 - 9.4 6.04
8-18-2-CYL3-75-0 CH 115 32.3 11.34 -11.4 42.2 + 2.5 7.74
8-17-14-CYL1-75-0 CH 112 32.1 11.27 -10.3 44,0 + 1.1 8.60
8-17-11-WHO3-75-0 CH 113 31.2 29.57 - 7.0 76.4 -14.9 8.65
5-16-3-WH02-75-0 CH 116 30.8 29.53 -15.7 95.6 -13.7 8.00
8-17-10-WHO1-75-0 CH 110 32.9 30.19 -12.9 90.5 -10.0 9.12
8§-17-12-WHO3~75-0 CH 114 29.2 21.76 - 5.6 46.9 - 6.4 10.58
5-18-1-WHO2-75-0 CH 113 34.3 21.18 - 7.2 55.5 -13.8 8.94
8-17-9-WHO1-75-0 CH 116 32.2 21.45 - 8.9 59.0 - 7.7 11.07
8-17-13-WHO3-75-0 CH 115 32.0 11.53 - 5.9 33.8 - 3.3 13.46
5-18-3-WHO02-75-0 CH 117 31.9 11.66 - 4.6 36.7 - 8.6 10.11
8-17-9-WHO1-75-0 CH 111 30.0 11.40 - 6.9 41.0 -10.5 12.16

717



TEST
IDENTIFICATION

8- 1-4-WLA3-30-0

8- 4-4-WLA1-30-0

8- 4-18-WHO3-45-0
5- 4~4-WHO2-45-0
8- 4-16-WHO1-45-0

7-9-4-WHA3-75-0
5-2-6-WHA2-75-0
7-9~-3-WHA1-75-0

7-13-10-WHO3-75-0
4-27-9-WHO2-75-0
7-13-8-WHO1-75-0

7-13-11-WHO3-75-0
4-27-6-WHO2-75-0
7-13-7-WHO1-75-0

7-13-12-WHO03-75-0
4-27-3-WHO2-75-0
7-13-6-WHO1-75-0

9-2-11-WHO3-90-0

9-9-2-WHO1-90-0

9-2-12-WHO3-90-0

9-9-1-WHO1-90-0

(CONT 'D)

TABLE NO. 1

SOTL TRACK

TYPE v w VEL.
(pecf) % (fps)

SP 105 0 18.95
SP 105 0 19.33
SP 105 0 16.20
SP 105 0 14.72
SP 105 0 15.47
SP 105 0 30.19
SP 104 0 30. 30
SP 105 0 29.91
SP 103 0 10.88
SP 103 0 10.80
SP 103 0 11.11
SP 103 0 21.32
SP 103 0 21.51
Sp 103 0 21.29
Sp 103 0 29.54
SP 99 0 30.15
SP 103 0 29.75
SP 102 4.7 21.17
SP 101 5.0 20.05
SP 104 4.2 11.28
Sp 103 6.2 9.29

VALUES AT PEAK VERT. ACCELERATION

Horiz. Vert.
(g's) (g's)
- 6.5 7.3
- 5.8 9.3
- 6.6 17.0
- 2.5 21.1
- 3.1 13.2
- 8.1 32.8
- 6.5 32.2
- 7.1 31.7
- 2.4 23.4
- 3.0 25.2
- 3.1 24 .8
- 1.8 46.7
- 3.8 39.4
- 3.4 41.0
- 4.3 45.8
- 7.5 72.3
- 2.7 68.0
- 0.5 39.4
- 0.2 38.8
- 0.9 31.0
- 0.3 18.7

Angular Time
(g's/ft) (msec)
-15.8 17.20
-16.1 22 .64
- 6.2 14.91
- 4.7 10.06
- 1.5 18.00
-13.8 14.09
~-15.3 11.07
-13.7 13.73
- 0.2 12.08
- 2.5 8.24
+ 1.9 10.91
- 0.5 6.08
- 3.7 4.40
3.2 8.00
- 2.5 6.08
- 7.5 4.40
- 6.8 7.36

+ 0.1 7.14
+ 0.1 6.15

+ 0.0 8.52

+ 1.3 12.30

1
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TABLE NO. 2

RELATIVE ACCELERATION OF SINGLE AND DOUBLE WIDTH PROJECTILES

Soil Peak Acceleration Ratio No. of
(Single Width/Double Width) Comparisons
Vert. Horiz. Angular
Del Rio Clay' 0.93 1.00 0.82 14
(CH)
Ottawa Sand* 0.91 0.93 ° 5
(SP)
Capitol Aggregates 0.85 0.80

Sand®  (SW)

NOTE: 1 Values taken from Table No. 1
2 Values taken from Fig. 15
3 Accelerations too small for valid comparison

TABLE NO. 3

AVERAGE RATIOS OF PEAK ACCELERATIONS
FOR SINGLE AND DOUBLE WIDTH PROJECTILES

Type Soil Single Width/Double Width

Clay 0.92

Sand 0.87
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This substitution yielded edge effect constant values (Ke) of =1,26 for
sand and =0.82 for clay. As shown in Fig. 14, the values obtained by
Reichmuth were =-1.41 for sand and 1.33 for clay.

There is some deviation in the constants for sand; however, the ratio
of Fm to Fp is relatively insensitive to changes in Ke and from this
viewpoint the agreement is extremely good. The good agreement indicates that
the assumption of constant edge effects for projectiles having widths equal
to, or greater than 5.5 in. is valid,

The agreement for tests on clay was unsatisfactory. Reichmuth's
results, for clay, indicate that as the width of the projectile increases the
force per inch of width decreases, while the results from this investigation
indicate the opposite effect. Two factors which may have contributed to the
disparity in results will now be discussed. Examination of Table No. 2 shows
that the peak angular acceleration values for the double width projectiles
are on the average approximately 20 percent greater than single width values,
Since the projectile penetrations in clay were relatively small compared to
the tests in sand, in all cases less than 1.0 in., the angular acceleration is
extremely sensitive to angle of impact. As stated previously, the angle of
impact was predetermined by setting the inclination of the guide rails. The
rails were composed of 2 by 2 in. box aluminum members which were fairly flex-
ible, thus causing the measured impact angle to be a function of where it was
measured along the rails., The point of measurement of the rail inclination,
which was approximately two feet above the lower end of the rail, may not
have been the same as that used by Reichmuthlgn

The soil conditions may have been slightly different since the tests

were conducted with a 9 month interval; however, the collected soil data gave

no indication of this nature.
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Edge Effects for Static Loading

The dynamic test data indicates a large difference between the edge
effects for tests on sand and clay. This large difference has also been noted
in static tests,

Figure 16 illustrates pressure distributions beneath statically loaded
rigid footings on cohesionless and cohesive soils., Figure 16a depicts a case
in which the footing has undergone a uniform displacement and the pressure
distribution across the width of the footing is approximately parabolic.
Taylor25 has stated that if the average pressure is relatively small, or if
the footing width is large, the pressure distribution is flatter over the
central portion of the footing and is nearer ellipsoidal than parabolic, as
shown in Fig. léb. The stresses at the edges of a footing resting on co-
hesionless soil are zero because the soil just outside the footing edges is
not under pressure and therefore has no strength. If the footing has an
infinite length (plane strain case), the ultimate average contact pressure
that can be developed is approximately 20 percent greater than the ultimate
average pressure for a square footing having the same width as the infinitely
long footing. It should be noted that the width of the footing is always the
least plan dimension according to conventional nomenclature. This nomencla-
ture has not been adopted for the dynamic tests, The width of the projectile
is referred to as the linear dimension in a direction perpendicular to the
plane of motion,

Figure 17 shows the failure pattern for a strip footing (footing of
infinite length)., Bearing failure of a strip footing involves movement of
the soil in two directions, with the displacement of the soil in the Z
direction being zero. Figure 18 illustrates a three dimensional failure mode

in sand, upon impact of a 5.5 in. wide projectile. Although the sand is
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FIG. 16 PRESSURE DISTRIBUTION BENEATH STATICALLY LOADED
RIGID FOOTINGS. (a) COHESIONLESS SOIL; NARROW FOOTING,(b)
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FIG. I7 FAILURE PATTERN BENEATH AN INFINITELY LONG, STATICALLY
LOADED STRIP FOOTING

FIG. 18 EXAMPLE OF THREE DIMENSIONAL FAILURE MODE IN
PARTIALLY SATURATED OTTAWA SAND. IMPACT OF A
120 DEGREE WEDGE AT 45 DEGREES (PHOTO AFTER
REICHMUTH)




partially saturated, a large amount of soil is ejected away from the impact
area, A series of failure plane outcroppings are visible; indicating that
possibly the soil which remains in the impact area behaves in a manner similar
to that in static systems.

The stress distribution beneath a rigid footing on a cohesive soil
is shown in Fig. 16c. The dashed line indicates the pressure distribution,
shown by theory of elasticity, for an elastic material of infinite strength.
Since it is not possible to have a material of infinite strength the actual
distribution is indicated by the heavy line. The high stresses at the edge
of the footing are caused by the large shearing force which is developed by
relétive movement between the soil under the edge of the footing and the soil
just outside the edge. Along the perimeter of a rigid footing on sand these
same shearing strains exist but due to the lack of rigidity in sand stresses
are not developed. The ultimate average stress developed beneath a square
footing on clay is approximately 30 percent greater than the ultimate average

stress beneath a strip footing on clay.

Summary of Edge Effects

It has been shown that the edge effects, under static loading condi-
tions, are of an opposite nature for sands and clays. For a constant width
footing resting on sand, an increase in footing length will produce an in-
crease in the ultimate average contact pressure beneath the footing, For
footings on clay the contact pressure decreases with an increase in length,
Thus, the edge effect constant for static loading conditions would be positive
for clays and negative for sands. Reichmuth's19 impact test results (single
and triple width projectiles) indicated a similar type of behavior. However,
the double width projectile tests of the author indicated negative edge effect

values for both sands and clays., It is believed that the author may not have
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been able to reproduce the testing techniques of Reichmuth, which were espe-
cially critical for tests onm clay. Since Reichmuth's single and triple width
tests were performed under similar test conditions, it was assumed that the
single and triple width clay test results indicate the true soil behavior.

As previously stated on p. 48, the agreement for tests on sand was
good. This agreement tends to substantiate Reichmuth's assumption that the
edge effects are approximately constant for projectile widths equal to, or

greater than 5.5 inches.

LOW ANGLE IMPACT

A series of tests were conducted to determine how well the equations
generated by Reichmuth19 predict soil pressures for impact angles less than
30 degrees., These equations were generated by applying regression type anal-
yses to experimental data that were obtained from the impact of wedges, cylin-

ders, and spheres, at angles of impact ranging between 90 and 30 degrees.

Wedge

Reichmuth assumed that the soil pressures generated during impact could
be represented by equations which involved the product of test variables raised
to exponential powers, He developed the following equations; which represent

best fits, by the least squares method, of the experimental wedge data.

3_54(_Ve)o.44 0.28, 0.43,0.70 ~0.04,-1.19

(F )y (v 2w 0 P p 000 (20)

2 (FP)NO'O4 - 100 (21)

0.8
(Fp)T 3,10 B

The variables appearing in these equations are defined as follows:

(F )., = Plane strain normal pressure on the loading face of
wedge (1lb/in.),
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(F )., = Plane strain tangential pressure on the leading face
of wedge (1b/in.),

V. = Rotational velocity (radians/sec),

V.. = Vertical velocity of wedge tip (fps),

VH = Horizontal velocity of wedge tip (fps),
Y = Soil density (pci),

D = Vertical penetration (in.),

B = Face angle (angle between leading face of wedge and
horizontal soil surface), (degrees).

The sign conventions used in this investigation are given in Appendix A.
Equations 20 and 21 were derived from data that were taken solely from
the rising and peak portions of the acceleration-time curves. Another limita-
tion is that data were used from tests in which only one face of the wedge was
in contact with the soil. It was assumed that for angles of impact below 60
degrees the back face of the wedge was not in contact with the soil. 1In de-
riving the equations it was necessary to use data from tests which had a
single face in contact with the soil since a maximum of three unknowns can
be uniquely solved for using the three equations of equilibrium, The three
unknowns were the resultant normal force (FN), resultant tangential force
(FT), and the distance FN acts from the wedge tip (D). Figure 19 shows
the nomenclature for wedges loaded on the leading face. The plane strain

pressures were then calculated using

FN Ke
) = o + 1.00 (22)
p°N p
and
FT Ke
T =5 + 1.00 (23)
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Values of =1.41 and 1.33 were used for the edge effect constant (Ke) for
sand and clay, respectively,

The reliability at which Eqs. 20 and 21 predict the soil pressures
on the leading face of the wedges, at angles of impact below 30 degrees, was
determined by substitution of the low angle impact test data. This substi-
tution yielded calculated soil pressures which were compared with the measured
values, Mean and standard deviation values for the impact tests performed
during this investigation and from Reichmuth's work are listed in Table No. 4.
Examination of this table shows that the mean normal and tangential pressures
for the wedge tests, at impact angles below 30 degrees, are much lower than
the higher angle tests., The standard deviation values for the low angle tests
are approximately 60 percent of the high angle tests; however, standard devia-
tion values by themselves do not indicate how well the regression equations
fit the data. A relative indication of how well the equations fit the data
can be obtained by comparing the mean and standard deviation values of the
low and high angle tests. The table indicates that the regression equations
do not fit the low angle wedge data nearly as well as they do the high angle
tests,

Another measure of the applicability of these equations to low angle
impact is the percent deviation between the predicted and measured pressures.
Percent deviations for all of the low angle wedge results are given in Appendix
D on pp.166 through 167. 1In only 8 out of the 81 cases listed for tangential
pressures are the deviations less than 100 percent and in over half the com-
parisons the deviations are greater than 300 percent. In every instance the
regression equations over-estimated the tangential pressures. Reichmuth has
listed 108 cases in which only 3 cases have deviations exceeding 100 percent.

It is interesting to note that the majority of the low angle tests with wedges




TABLE NO. 4

SOIL PRESSURE PREDICTION FOR LOW ANGLE IMPACT TESTS

MODEL DEPENDENT STANDARD STANDARD MEAN MEAN
TYPE VARIABLE DEVIATION DEVIATION
o 2 30 Degrees* o < 30 Degrees o 2 30 Degrees o < 30 Degrees
(F )N 71.6 1b/in. 40.4 1b/in. 135.3 1b/in. 40,5 1b/in.
Wedge P
(FP)T 41.3 1b/in. 24.5 1b/in. 122.1 1b/in. 5.7 1b/in.
(F.) 70.1 1b/in. 26.4 1b/in. 129.0 1b/in. 35.6 1b/in.
. p’H
Cylinder
(Fp)V 234.7 1b/in. 65.1 1b/in. 518.1 1b/in. 73.8 1b/in.
FH 264.7 1b 394.0 1b 468.8 1b 141.9 1b
Sphere
FV 1066.8 1b 525.9 1b 2129.8 1b 271.7 1b

e
v

“ o = Impact Angle

Summation of Measured Values
Number of Values

Mean =

~ (Measured Value - Calculated Value)®
No. of Values

Standard Deviation = \/

LG
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having 120 degree included angles (WLOLl and WHO2) develop tangential pressures
which are negative. Thus, indicating that the major portion of soil in con-
tact with the leading face is flowing in a downward direction, Figure 20 il-
lustrates the difference in the soil flow for high and low impact angles.
Reichmuth has postulated that in every case there is soil flow in both an up-
ward and downward direction, with a stagnation region separating the flow di-
rections. This phenomenon has been described by WagnerBO and Korvianroukovskle
in connection with hydroplane impact.

Unlike the tangential pressure predictions, Eq. 20 yields normal pres-
sures which are much less than the measured values., The average deviation was
approximately 85 percent. Out of the 108 cases listed by Reichmuth approx-
imately two~-thirds of these cases had deviations less than 50 percent.

The preceding presentation of wedge results has shown that the regres-
sion equations do not predict tangential and normal pressures for impact angles
below 30 degrees nearly as well as for impact angles ranging between 30 and 60
degrees, A possible reason for the disagreement may be obtained by examining
Eqs. 20 and 21. The magnitude of the exponent on each independent variable
indicates the relative importance of each variable. In each equation, the
face angle (B) is the more important variable. As previously discussed,
the lower the angle of impact the larger the tendency is for the soil to flow
in a downward direction., This downward flow not only affects the magnitude
of the tangential pressure, but also the normal pressure. The normal pressures
are inversely proportional to the face angle, while the tangential pressures
are directly proportional to the face angle. The regression equations yield
an over-estimate of the tangential pressures and an under-estimate of the
normal pressures, which seems to indicate that the equations do not fully ac-

count for the soil flow pattern at angles of impact below 30 degrees.
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Cylinder
Regression equations were also developed to predict the resultant hori-
zontal and vertical plane strain pressures at the mass center of the projec-
. . . . . . 19 .
tiles having cylindrical impacting surfaces ~. The angle of impact ranged

between 30 and 90 degrees. The equations are:

_ 0.36 0.27 0.58 0.39 ,,1.09
(FP)H = (0.0859 (-Dt) VH (=VV) (-Ve) Y (24)
and

_ 0.37 -0.13 1.01 0.24, 1,25
(FP)V = 0.131(-Dt) VH (=VV) (-Ve) Y (25)

The variables are defined as follows:

(F_ )., = Plane strain horizontal pressure at the projectile center
p'H . .
of gravity (1b/in.),
(F_ )., = Plane strain vertical pressure at the projectile center of
p'Vv . .
gravity (1b/in.),
Dt = Vertical penetration (in.),
VH = Horizontal velocity at the center of gravity (fps),
VV = Vertical velocity at the center of gravity (fps),

Ve = Rotational velocity (rps),
¥ = Soil density (pcf).

A comparison between the reliability of Eqs. 24 and 25 to predict horizontal
and vertical pressures for low and high angle impact tests of cylindrical pro=
jectiles is given in Table No. 4. Standard deviations for the high angle
(¢ > 30 degrees) impact tests were approximately 55 and 45 percent of the
mean values for the horizontal and vertical pressures, respectfully. The
low angle (o < 30 degrees) test data yielded standard deviations of approx-
imately 75 and 90 percent of the horizontal and vertical mean pressure values.
This comparison shows that the equations predict pressures for the high

angle tests with a greater degree of accuracy,.
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Percent deviation values for the low angle tegt results are listed in
Appendix D on pp. 175 and 176. Over 40 percent of the cases have deviations
less than 50 percent. An interesting correlation was obtained by comparing
the soil densities, listed on pp. 172 through 174, with the deviation values.
It was found that for impact tests on soil in a dense state (for the sands
utilized in this investigation densities of 99 pcf or greater may be considered
dense) the deviation values were in nearly all cases much less than similar
tests on the sands in looser states. After discovering this correlation,
Reichmuth's experimental data were studied in more detail and it was found
that in over 90 percent of the sets of data, utilized in developing the pre-
diction equations, the densities were greater than 100 pcf.

Although the deviations are quite large in many instances for low
angle impact tests on sands in a loose state, the equations do predict hori-
zontal and vertical soil pressures with a reasonable degree of accuracy for
tests on sands in dense states. The equations tend to over-estimate the

pressures by approximately 300 percent for low angle impact tests on loose sand.

SEhere

A regression analysis was performed on the data which were derived

from high angle (& 2 30 degrees) impact testslg, The equations obtained are

_ 0.70_ 0.52 -0.21 0.28, 1.23
FH = O.683(~Dt) VH (»VV) (=Ve) Y (26)
and

_ 0.87_, =0.11 0.26 0.21.1.38
Fv = 1,89(th) VH (EVV) (wVe) Y (27)

where,

=
i

Horizontal force at the center of gravity (1lb),

]
It

Vertical force at the center of gravity (1lb).
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Definitions of the remaining variables have been given on p. 60. It should
be noted that no attempt was made to account for edge effects,

Examination of Table No. 4 shows that the horizontal and vertical
forces are predicted much better for the high angle sphere tests, The percent
deviation values, listed on pp. 181 and 182, were found to be much lower for
the tests on sand in a dense state. Once again, the data from which the
equations were developed were examined and it was found that over 90 per-
cent of the data sets were taken from tests on soils having densities greater
than 100 pcf. 1In every instance with the exception of one, the equations over=
estimated the measured forces. Based on the deviation values, it is possible
to state that the equations predict with a reasonable degree of accuracy the
forces produced by low angle impact of the spherical projectile on sand in a

dense state.

General Discussion of Regression Equations

The previous results have provided a comparison of how well the
regression equations predict soil pressures and forces on wedges, cylinders,
and spheres, when launched at angles below 30 degrees, as opposed to the pre-
diction accuracy for the same projectiles when launched at angles above 30
degrees, The results clearly show that in many cases the prediction accuracy
of the equations for the low angle tests is not consistent with that obtained
for the high angle tests. However, in cases where the cylinders and spheres
were dropped on dense sands the agreement was fair.

The previous analyses demonstrate the need for caution to be exercised
in applying the equations to situations which differ from those utilized in
developing the equations., Perhaps, the most significant information obtained
from the equations is an indication of the relative importance of each inde-

pendent variable.
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CONE IMPACT

The third and final phase of the field testing program consisted of
obtaining data from the vertical impact of cones on sand. The scope of field
testing is illustrated by the organizational chart in Fig. 21. The chart
shows that two types of sands were utilized as target materials. These sands
were placed in a test pit at three different states of density and moisture
content, which represent limiting conditions for naturally occurring sands.
Although two weights of cones were utilized, their soil-contact geometric pro-
perties were similar. Details concerning the cone properties and target
material preparation are given in Chapters 3 and 4, respectively.

The purpose for the cone tests was twofold. These tests provided
the data necessary for establishing a model law for the impact of rigid bodies
on sands., The similitude analysis of the data was performed by Awoshika and
Coxl and a brief summary of their findings has been presented in Chapter 2.
In addition, data concerning the behavior of sands at limiting states of
density under vertical impact loading have been obtained., The presentation

and implications of this data are the primary purposes of this section.

Peak Accelerations

In designing space exploration equipment, a primary factor to be con=-
sidered is the peak acceleration developed during impact, A series of tests
were performed, varying the impact velocity, on each soil at three states of
density, It was found that if the peak acceleration for a given density state
is plotted against the initial impact velocity, the points plot approximately
as a straight line. This indicates that the peak acceleration experienced dur-

ing impact is a linear function of the initial impact velocity. Graphs of
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peak acceleration versus impact velocity for the cone tests on Ottawa Sand
are shown in Figs. 22 through 24. These plots also show that the accelera-
tions are somewhat higher for the light cone (43.0 1b) tests.

Scatter in the data may mainly be attributed to variations in soil
conditions, drift of the accelerometer traces, and nonlinearity in the ac-
celerometers, It was not possible to reproduce the same initial soil con-
ditions for each tests. It should be noted that the values listed for soil
density (Y) and moisture content (w) in Figs. 22 through 24 are average
values., The individual values along with other pertinent information are
listed in Appendix E. Drift of the accelerometer traces during the time of
impact proved to be quite significant in many cases. The physical conditions
of the impact system require the cone to be decelerated until it comes to rest.
However, it was found upon complete integration of the acceleration-time curve
the velocity of the cone was not zero as the laws of motion require. In every
test the area under the acceleration curve was not large enough to reduce the
downward cone velocity to zero. A detailed discussion of the sources and mag-
nitudes of error in the accelerometer data is given in Appendix F.

In an attempt to determine the source, or sources of error, each step
in the testing program and data reduction scheme was examined and carefully
checked., Two main sources of error were found to exist. The most serious
error was due to an upward shifting of the base line for the accelerometer
trace during the impact event., This error became less significant as the
magnitude of the accelerations increased and the test duration shortened.
Thus, the tests affected most by drift of the base line were those on target
materials in a loose state. The tests on saturated sands did not exhibit signs

of drift; however, the area under the acceleration curve was still not large
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enough to bring the calculated velocity of the cone to zero, Impact tests
were performed under contvolled conditions in the laboratory to determine the
second source of error, It was concluded from these tests that the accelero-
meters consistently yielded accelerations which were on the average 15 percent
below the true values.

Correction factors were applied to the measured acceleration data for
the purpose of forcing the final calculated velocity to zero. Average correc-
tion factor values (CORFA) for each series of tests are listed in Table No. 5.
Individual test values of CORFA are listed in Appendix E., A detailed discus-
sion of the application of correction factors to the measured acceleration data
is given in Appendix F,

Graphs of peak acceleration versus impact velocity for tests on Colo-
rado River Sand are given in Figs. 25 through 27. Once again the heavy cone
accelerations are somewhat less than the light cone values. The accelerations
from the test on loose, dry Colorado River Sand are approximately the same for
each cone; however, the sand was in a denser state for the heavy cone tests
and this caused higher accelerations. When the differences in density are con-
sidered it is evident that the heavy cone accelerations are lower than the
light cone values., It also should be noted that it was possible to pass a
straight line through the light cone results, with a reasonable degree of
accuracy, which intersected the origin. As can be seen from the graphs, it
was not possible to represent the heavy cone results with a single straight
line which passed through the origin and, therefore, a dashed curved section

has been drawn for the early portion of the curve,

Force-Penetration Characteristics

Some of the most significant pieces of information that can be obtained

from impact tests are the force-penetration characteristics of the target




TABLE NO. 5

LISTING OF AVERAGE SOIL DENSITIES AND CORRECTION FACTORS

Soil Type

Dry, Loose Ottawa Sand

Dry, Dense Ottawa Sand

Saturated Ottawa Sand

Dry, Loose Colorado River
Sand

Dry, Dense Colorado River
Sand

Saturated Colorado River
Sand

Cone
Type

Light
Heavy
Light
Heavy
Light
Heavy

Light
Heavy

Light
Heavy

Light
Heavy

Soil
Y W

(pcf) (%)
91.2 1.6
89.5 1.0
104.2 1.4
104.0 0.

133.0 17.0
133.7 16.9
94 .4 2.1
97.6 1.3
105.0 1.2
106.3 1.9
133.3 17.5
132.6 17.6

Correction
Factor
(CORFA)

1.94
1.89

1.38
1.47

1.25
1.33

1.86
1.80

1.46
1.61

1.25
1.30
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material. Once this information is known, it is possible through the use of
numerical techniques to determine the dynamic behavior of the projectile dur-
ing impact. Field tests have the disadvantage of being costly and the results
cannot generally be directly applied to systems which involve different condi-
tions. Static solutions for many problems in soil mechanics have been obtained
by developing theories for failure mechanisms. The application of these theories
involves the laboratory determination of basic soil properties. One of the
major limitations is that these theories predict only the conditions at failure.

A great deal of effort has been put forth in attempting to apply static
failure mechanisms to dynamic problems, Static laboratory equipment has been
modified to permit the determination of basic soil properties under dynamic
loading conditions. 1In connection with impact problems, this approach has met
with little success. The present state of knowledge does not permit the pre-
diction of peak forces developed during impact, let alone the prediction of
developed soil forces for specified amounts of penetration.

Although the prediction of force-penetration curves for soil under
impact loading is not possible at the present time, a great deal of qualita-
tive information can be obtained from the examination of experimental curves,
Figures 28 through 31 illustrate typical shapes of the force-penetration
curves derived from the cone tests on sands at various states of density and
water content, The graphs illustrate the large influence the state of sand
has upon the dynamic force-penetration characteristics.

For ease of discussion Fig. 28 will be used to exemplify the dynamic
force-penetration characteristics. The early portion of the curves are con-
cave upward and as the cone penetration increases the curvature tends to reverse;
however, a major portion of the rise section of the curve is nearly linear.

The curves also illustrate the small amount of elastic rebound which took place.
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As the density of the soil increases the slope of the rise portion of the curves
increases rapidly and the curves become more‘spiked. The curves could be ap-
proximated quite closely by a right triangle.

It can be noted from Figs. 28 and 29 that for a given state of density,
the peak soil forces are approximately doubled when the impact velocity is
approximately doubled. The curves show that dense sand in a saturated state
offers the greatest resistance to penetration,.

Figures 32 and 33 show the flooded test pit prior to and during impact.
Figure 33 illustrates the ejection of a water spray from the immediate impact
area. Sand was ejected in a similar manner when tested in a dry state. Im~
mediately following impact a radial movement of water was noted by an apparent
change in color of the sand mass. This movement clearly showed that a signi-
ficant amount of pore water pressure had developed during the impact event.
Figure 34 illustrates the lighter colored area which surrounded the cone after
all excess pore water pressures had been dissipated.

The state of density has large influence on how saturated sands be-
have under rapid loadings. If the sand is in a loose, saturated state a shock
type of loading will reduce the developed soil forces to almost zero. This
phenomenon is referred to as spontaneous liquefactionzg. It is caused by a
collapse of the soil structure that is associated with a sudden increase in
pore water pressure, The soil grains and pore water behave as a concentrated
suspension. As soon as the pore pressures have dissipated the sand passes
back to a state of sediment. This behavior does not occur in dense saturated
sands because the sand structure does unot collapse,

As stated previously in Chapter 4, the final cone penetration was
recorded following each impact test. These measured values were then com-

pared with the calculated values, which were obtained by double integration
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Fig.32 View of Test Bed Area at Time of Cone
Tests on Saturated Colorado River Sand

Fig. 33 Impact of Heavy Cone on
Saturated Colorado River
Sand
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Fig.34 View of Final Resting Position of
Heavy Cone - Saturated Colorado
River Sand '

Fig. 35 View of Final Resting Position of
Heavy Cone - Dry, Dense Colorado
River Sand
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of the corrected acceleration-time curves, Table Nos. 24 through 35, in
Appendix E, list these values for each test. The comparisons show that
generally the calculated values are less than the measured values, These
discrepancies are believed to have resulted from the difficulty associated
with the determination of the beginning point on the acceleration-time
trace. The shape of the cone was such that extremely small amounts of soil
resistance were developed during the first few inches of penetration, causing
the acceleration-time trace to deviated gradually from the base line. Figure
35 shows the final resting position of a heavy cone on dense, dry Colorado
River Sand.

When the final measured penetration was plotted against the initial
impact velocity it was found that for the tests on dense, saturated sand
the penetration linearly increased with impact velocity. The data from the
tests on loose, dry sands and dense, dry sands show that the variation of
penetration is also approximately linear for impact velocities ranging be-
tween 10 and 25 fps, as shown in Fig. 36 through 38. However, when these
straight lines were extended back toward the origin the indicated penetrations
were vastly different from those measured at zero impact velocity. Therefore,
dashed curves have been inserted between the zero and 10 fps velocity range to
indicate the probable relationships.

Comparison of the curves (Figs. 36 and 37) obtained from the tests on
Ottawa and Colorado River Sand, in both dense and saturated states, readily
shows that the curves have surprisingly similar shapes and magnitudes. Fig-
ure 38 shows that the penetration values are somewhat less for the tests on
loose, dry Colorado River Sand. However, the average loose density of the

Colorado River Sand was significantly higher than the average Ottawa Sand
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density. It also should be noted that in each of the heavy cone impact tests

the penetrations were larger than the 12 in. height of the cone,

Peak Force Prediction

The acceleration plots shown in Figs. 22 through 27, illustrate an
approximate linear relationship between peak acceleration and impact velocity.
This relationship suggests that a relatively simple equation may be developed
for the prediction of peak soil forces. Plots of peak force versus initial
momentum for each of the soil states and cone types are shown in Figs., 39 and
40, Each test series has been represented by a straight line, which in most
cases passed through the origin. If the peak acceleration values for the
light and heavy cones had matched, one straight line could have been used to
represent each state of soil density.

The light cone accelerations from the tests on dense and saturated
sands are somewhat higher than the heavy cone accelerations under similar
soil conditions. The opposite case is true for the tests on loose sand.

The work of Poor et al16 indicates that as the ratio of projectile weight to
projectile surface area increases, the peak acceleration decreases. This is
easily visualized if one imagines the dropping of two projectiles from a con-
stant height, The projectile weights are equal and the surface areas are in
the ratio of 10 to 1. It is obvious that the projectile with the larger area
will penetrate less and, therefore, the time required to reduce its velocity

to zero is also less. Since each projectile has the same impact velocity

the acceleration experienced by the projectile with larger area must be greater
if the impact event is of shorter duration., The cone tests on loose sand seem
to contradict this argument; however, it was noted during these tests that the

soil density increased with depth. The heavy cones which penetrated deeper
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into the sand bed were actually penetrating into a denser material which of-
fered more resistance., It should be noted that the recorded density measure-
ments listed in this chapter only reflect the soil density near the soil bed
surface, although, density measurements with depth were recorded from time to
time. It was observed that a significant variation in density only occurred
during testing on loose sands. The density of the soil was found to be ap-
proximately 5 pcf greater at a depth of one foot below the surface of the
undisturbed soil,

The following equation is proposed for predicting the peak soil forces

produced by the vertical impact of a right circular cone:

Fpeak B Kcone Y MV (28)
where
Fpeak = Peak soil force (lb),
= Empirical coefficient which relates the peak soil force
cone . . c e s
to the product of soil density and initial momentum,
Y MV (£t%/1b-sec),
Y = Soil density (pcf),
M = Mass of cone (lb-sec®/ft),
V = Initial impact velocity (fps).
Values for Kcone were obtained by dividing the slopes of the straight lines

in Figs. 39 and 40 by the appropriate soil densities, Kcone values are listed

in Table No. 6. The comparison of Kcone values shows that a value of ap-
proximately 0.30 applies for the tests on loose sand and a value of approximately
0.45 is appropriate for the tests on dense and saturated sands. These values
only apply for vertical impact of cones with 60 degree apex angles. It also
should be emphasized that Kcone is not only a function of the cone geometry,

but also the mass. The values of Kcone will increase as the cone apex angle
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TABLE NO. 6

COMPARISON OF COEFFICIENTS <Kcone) WHICH RELATE PEAK SOIL
FORCE TO PRODUCT OF SOIL DENSITY AND INITIAL MOMENTUM

Soil Soil Moisture Cone
Type Denilty Conient Type cone
(pcf) (%) (£t3/Lb-sec)
Loose Ottawa Sand 91.2 1.6 0.26
Light
Dense Ottawa Sand 104.2 1.4 0.47
(43.0 1b)
Saturated Ottawa Sand 133.0 17.0 0.53
Loose Ottawa Sand 89.5 1.0 0.33
Heavy
Dense Ottawa Sand 104.0 0.8 0.38
(129.5 1b)
Saturated Ottawa Sand 133.7 16.9 0.37
Loose
Colorado River Sand 94 .4 2.1 0.32
Light
Dense
Colorado River Sand 105.0 1.2 0.48
(43.0 1b)
Saturated
Colorado River Sand 133.3 17.5 0.45
Loose
Colorado River Sand 97.6 1.3 0.44%
Heavy
Dense
Colorado River Sand 106.3 1.9 0.52%
(129.5 1b)
Saturated
Colorado River Sand 132.6 17.6 0.43%
F = K Y MV
peak cone
*In every instance, except for these three, the Kcone values represent

slopes of straight lines which pass through the origin. In these cases
the lines did not pass through the origin. (See Fig. 40)
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increases. An increase in cone mass will tend to cause a decrease in KC o
on

values.

Final Penetration Prediction

The purpose of this section is to present a rational method for pre-
dicting final cone penetrations. An expression for final penetration is
derived from work-energy principles. This type of approach required the use
of a soil force-penetration curve, The soil response was characterized by a
right triangle, having an altitude equal to the value predicted by Eq. 28,

It may be stated from work-energy principles that the work done on a
body is equivalent to the change in kinetic and potential energy of the body.

Equation 29 represents the application of this principle.
Work Done = AKinetic Energy + APotential Energy

= 0.5 MV® + MgZ_ (29)

0.5 F ¢

peasz

The variables appearing in Eq, 29 are defined as follows:
Zf = Final penetration,
M = Mass of cone,

V = Initial impact velocity,

g = Acceleration of gravity,

F = Peak soil force which is assumed to occur at Z_.
peak £
Substitution of Eq. 28 into Eq. 29 and solving for Zf yields
2
v
2T YV - 29 (30)

cone

A comparison of the penetrations calculated using Eq. 30 and those

measured is shown in Table No, 7. As can be seen from the table, penetrations




TABLE NO.

COMPARISON OF MEASURED AND CALCULATED CONE PENETRATIONS

Soil Soil Moisture Cone
Type Density Content Type
v W
(pct) (%)
Loose QOttawa Sand 91.2 1.6
Light
Dense QOttawa Sand 104.2 1.4 Cone
(43.0 1b)
Saturated Ottawa Sand 133.0 17.0
Loose Ottawa Sand 89.5 1.0
Heavy
Dense Ottawa Sand 104.0 0.8 Cone
(129.5 1b)
Saturated Ottawa Sand 133.7 16.9

Measured - Calculated ) 100

* P =<
ercent ERROR Moasured

Impact Measured Calculated Percent
Velocity Penetration Penetration Error
(fps) (in.) (in.) (%)=
10 9.9 6.9 30.4
20 12.7 11.7 7.9
30 15.5 16.7 -7.7
10 4.9 2.8 42.9
20 5.7 5.3 7.0
30 6.5 7.7 ~-18.5
10 3.3 1.9 42.5
20 4.3 3.6 16.3
30 5.4 5.4 0.0
10 14.5 5.2 64.0
20 15.9 9.1 42.7
30 17.2 13.2 23.2
10 6.8 3.6 47.0
20 8.2 6.6 19.5
30 9.5 9.6 -1.1
10 5.2 2.8 46.1
20 6.5 5.2 20.0
30 7.1 7.6 7.0

[4¢



TABLE NO. 7 (CONT'D)

Soil Soil Moisture Cone Impact Measured Calculated Percent

Type Density Content Type Velocity Penetration Penetration Error

Y W
(pcf) (%) (fps) (in.) (in.) (%)

10 4.6 2.7 414

Loose Colorado 94 .4 2.1 20 6.0 5.1 15.0
River Sand 30 7.3 7.4 -1.4
Light 10 4.6 2.7 41.3

Dense Colorado 105.0 1.2 Cone 20 6.0 5.1 15.0
River Sand (43.0 1b) 30 7.3 7.4 ~1.4
10 3.8 2.2 42.0

Saturated Colorado 133.3 17.5 20 4.9 4.2 1.4
River Sand 30 6.0 6.2 -3.3

€6
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were calculated for impact velocities of 10, 20 and 30 fps. The measured
penetrations corresponding to these impact velocities were taken from the
curves shown in Figs. 36 through 38. The percent error column reflects the
accuracy of prediction. The approximate average errors for 10, 20, and 30
fps impact velocities are 45, 15, and 5 percent, respectively, Undoubtedly,
the idealization of the soil force-penetration curve has introduced error;
however, for impact velocities above 20 fps the error is more acceptable.

Examination of Eq. 30 shows that as the impact velocity increases
the 2g term becomes less significant. For situations in which this term may
be neglected, the final penetration becomes a linear function of the impact
velocity., The final penetration versus impact velocity graphs in Figs. 36
through 38 substantiate linear tendencies for impact velocities between 10
and 30 fps.

Young34 has found that for deep penetrating projectiles, which have
impact velocities greater than 200 fps, the penetration depth varies linearly
with the impact velocity. For velocities between 100 and 200 £ps, he has
stated that the penetration depth varies as the natural logarithm of the square
of the impact velocity. Although Young has proposed a logarithmic relation-
ship between penetration and velocity, he has presented some data which indi-

cate a linear variation for velocities below 200 fps.

Water Impact

A limited number of water impact tests were performed in order to pro-
vide a comparison between peak accelerations experienced during water and soil
impact. Information of this nature is extremely useful since a number of pro-

12

totype tests on water have been conducted by NASA™", McDonnell Aircraft Corpor=-

1 3
ation l, and North American Aviation, Inc.1 . The prototypes tested were full
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scale boiler plate models of Mercury and Gemini capsules. A number of
prototype tests on soilil have also been performed by these same organizations.
Reichmuth19 has discussed these tests and concluded that the ratios of peak
accelerations on soil to those on water generally range between 3 and 10. Un-
fortunately, detailed information concerning the target material and geometry
of the penetrating portion of the prototypes is not available, Therefore, a
large degree of uncertainty is involved with the use of these results for
correlation purposes.

The basic purpose for the cone impact tests on water was to provide
information that could be correlated with the previously discussed impact
tests on sand. Table No, 8 lists the peak accelerations developed during
water impact. Table No. 9 lists the ratio values for the soil to water
peak accelerations, The ratios range from 4.3 to 12.5. It should be noted
that a ratio value has also been given for sandy clay. These data were ob-
tained from the work of Poorl6, in which cones were utilized having the same
geometry as the cones used in this investigation. However, it was necessary
to interpolate between the curves given in Fig. 42 on p.100, since the peak
acceleration is a function of the impact velocity.

The close agreement between the range of cone ratio valueskin Table
No. 9 and the prototype values, as discussed by Reichmuthlg, suggests that it
may be possible to grossly approximate the peak forces experienced by proto-
type capsules when impacting on soil, This could be done by either perform~
ing water impact tests with the prototype or by using existing data and then

multiply these results by the appropriate ratio values listed in Table No. 9.
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TABLE NO. 8
TABULATION OF PEAK ACCELERATIONS FOR
LIGHT CONE IMPACT TESTS ON WATER

Test No. Impact Velocity Peak Acceleration
(fps) (g's)

23.5
23.6
23.8
23.3

S w N
~ww s
M~ ow

Avg Impact Velocity = 23.6 fps
Avg Peak Acceleration

|
~
i
6]

w

TABLE NO. 9

SUMMARY OF THE RATIOS OF THE PEAK ACCELERATION VALUES
FOR IMPACT ON SOIL TO THE VALUES FOR WATER, IMPACT

Type of Soil Impact Peak Accel for Ratio of Peak Accel for Soil
Velocity Impact on Soil to
(£fps) (g's) Avg Peak Accel for Water

Saturated

Ottawa Sand 23.6 51.4 12.5

Dense, Dry

Ottawa Sand 23.6 36.0 8.8

Loose, Dry

Ottawa Sand 23.6 17.6 4.3

Saturated

Colorado River Sand 23.6 42.5 10.4

Dense, Dry

Colorado River Sand 23.6 36.0 8.8

Loose, Dry

Colorado River Sand 23.6 23.6 5.8

Sandy Clay 23.6 50.0 12.2




CHAPTER VI

ANALYSES OF PREVIOUS VERTICAL IMPACT DATA

In Chapter V it was shown that the peak accelerations experienced by
a cone upon vertical impact varied linearly with the initial impact velocity,

Using this information the peak soil force was represented by

Fopear = K Y M v o (31)

The values of soil density (YY), mass of the projectile (M), and
impact velocity (V), can easily be estimated or measured. However, the
value of K depends upon the type soil, the geometry of the impacting sur-
face, and also the weight-area ratio of the projectile., Values of K for
two weights of cone and two types of sands, at various states of density and
moisture content, are listed in Table No. 6 on p. 90,

The use of these K wvalues is limited, in that they only apply for
projectiles which impact on cohesionless soils and have the same geometry
and weight range as the cones utilized in this investigation. Fortunately,
well documented impact data are available from the work of Poor16

19 :
et al , Womack and Cox33, and Reese et allg. The data encompass a wide

, Reichmuth

range of soil conditions, and projectile shapes and sizes. The primary
purpose of this chapter is to present values of K, which were derived from
the aforementioned impact data. It should be noted that this chapter deals
only with vertical impact cases. Each of the soils listed in this chapter

is described in Appendix C.

PROJECTILE TESTS ON SANDY CLAY BY POOR

1
Poor et al 6 performed a series of drop tests in which they utilized

projectiles having conical, spherical, and flat impacting surfaces. Each

97




98

projectile shape was tested at four impact velocities, in a 20 to 30 fps range,

and having weights of 8, 16, 64, and 128 1bs.

Soil Conditions

The soil was an overconsolidated sandy clay of low plasticity which
exists in a terrace of the Colorado River at the Austin Country Club. The
test area was flooded prior to testing, in an attempt to obtain a uniform
moisture content to a depth of 3 ft. Poor lists moisture content values,
which tend to be fairly uniform; however, it is not known whether the soil
was saturated at the time of testing. Since no soil densities were listed,
it was necessary to make an assumption concerning the degree of saturation.
Based on discussions with a technician who was present during the field
tests the soil was assumed to be 90 percent saturated. Based on this assump-
tion, the average soil density was 129.3 pcf. The average moisture content

was 16.7 percent,.

K Values

A plot of peak acceleration versus impact velocity for each weight of
cone is shown in Fig. 41. 1t should be noted that the cones used by Poor all
had 60 degree apex angles. The accelerations are approximately linear func-
tions of the impact velocity, which is similar to the cone test results on
sands reported in Chapter V., For a given projectile geometry, impact velocity,
and soil condition, the peak acceleration is strongly influenced by the weight
of the projectile. Figure 42 shows that for large increases of projectile
weight (16 to 1 ratio), the peak acceleration is decreased by approximately
80 percent,

Figures 43 through 45 show plots of peak soil force versus initial

momentum for cone, spherical segment, and flat, circular plate tests, Soil
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densities and moisture contents for each of the cone tests are presented in
Table No. 10. Poor's test data indicate that the values listed in this Table
are also representative of the soil conditions for the sphere and plate tests.
Using the average soil density listed in Table No. 10 and the soil force-
momentum plots in Figs. 43 through 45, K values were calculated for each
projectile, These K values are listed in Table No. 1ll. ©Poor also performed
a limited number of drop tests on dry, dense Colorado River Sand. Values of
K for these tests are also listed in Table No. 11. Examination of the table
shows that the 8 and 16 1b projectiles and the 64 and 128 1lb projectiles have
each been represented by a single K wvalue. The K values for equal weight
projectile tend to increase as the projectile surfaces become more blunt. The
K/KCone column provides a comparison of how the geometry of the projectile
effects the K wvalues. The K wvalues for dry sand are much more sensitive
to geometry changes, than are the values for nearly saturated clay. This
occurrence is to be expected since cohesionless materials derive strength

from confinement. The cone allows the soil to flow freely along its surface;
whereas, the flat plate confines the sand and consequently much higher im-
pact forces are produced. It should be noted that the 8,66 and 17.32 in.

dia., spherical segments had spherical diameters of 10 and 20 in., respec-
tively. The segment diameters have been listed in Table No, 1l to remain con-

sistent with Poor's nomenclature,

Measured Soil Penetrations

Final measured soil penetrations for each type of projectile are
shown in Figs. 46 through 48. The cone test results (Fig. 46) show a marked
degree of linearity between impact velocity and final penetration. The cone

penetrations at zero impact velocity were taken from the load-penetration
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TABLE NO. 10

SOIL PROPERTIES FOR CONE TESTS ON SANDY CLAY

Test No. Soil Density Moisture Content
Y w
(pcf) (%)
18 125.0 19.6
19 126.9 18.6
20 127.1 17.9
21 126.5 18.5
22 129.2 16.5
23 128.0 17.5
24 126.7 18.5
25 128.9 17.0
1 130.8 15.7
2 131.9 15.2
3 133.2 14.1
4 132.0 14.8
6 133.0 14.1
7% 146.0 7.3
8 133.0 14.3
9 127.0 18.2

Average Moisture Content 16.7%
Average Soil Density = 129.3 pecf

*Test No. 7 values were not used in calculating the average
values, since it is believed they are in error.




Soil
Type

Sandy
Clay

Colorado
River
Sand

Soil

Density

v

129.
129.

129.

129.

129.

129.

101.

101.

101.

(pcf)

w W

TABLE NO. 11

COMPARISON OF K VALUES FOR CONES, SPHERICAL
AND FLAT, CIRCULAR PLATES

SEGMENTS

Moisture
Content
W

(%)

16.7
16.7

16.7

16.7

16.7

16.7

0.0
(Air Dry)

0.0

Projectile
Type

Cone
Cone

8.66 in.
Dia Spherical Seg

17.32 in.
Dia Spherical Seg

10 in.
Dia. Plate

20 in.
Dia. Plate

Cone

8.66 in.
Dia Spherical Seg

10 in.
Dia. Plate

Projectile
Weight

(Lb)

8 & 16
64 & 128

8 & 16

64 & 128

64 & 128

K K/KCOne

Value
(Ft2 /Lb-Sec)

0.97 1.00
0.43 1.00
1.76 1.81
0.77 1.79
3.48 3,39
2.34 5.45
0.33 1.00
1.45 4 .60
5.20 15.80

901
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curve in Fig. 49, The solid portion of the curve was obtained from a field
load-test performed by Ghazzaly and Coxae The test was performed at the im-
pact site utilized by Poor using a cone with a 60 degree apex angle.

It is of interest to note the close agreement between the magnitudes
of the penetrations obtained from the cone tests on sandy clay and the cone
tests on dense, saturated sands (pp. 83-84). The Kcone values for sandy
clay and dense, saturated sand are also similar in magnitude., Examination
of the general shape of the soil force-penetration curves shows that they
are similar, These similarities suggest that possibly the behavior of dense,

saturated sand under impact loading may not be significantly different from

that of nearly saturated clay,

Dynamic-Static Force Ratios

Data were available that permitted a comparison study of soil forces
developed during dynamic and static loading of sandy clay. Table No. 12 lists
16 tests in which the peak soil forces, developed upon impact of various weight
cones, are compared with measured static soil forces. The static values were
taken from the curve in Fig. 49, at penetrations which were equal to the pene-
trations that corresponded to the peak dynamic soil forces. Column 8 shows
that the ratio of the peak dynamic force to the static force ranges from ap-
proximately 1.6 for the 8 1lb cone, to 0.75 for the 128 1b cone. It seems
highly improbable that the dynamic forces are ever less than the static forces
since the strength of clay increases as the rate of loading increases.

Several factors may be responsible for ratio values less than one.
First of all, the static force=-penetration curve was obtained from a single
field test which may not be representative of the soil over the entire impact

site, Also, it was necessary to extrapolate a large portion of the force-




TABLE NO. 12

COMPARISON OF DYNAMIC AND STATIC CONE TEST RESULTS FOR SANDY CLAY

1 2 3 4 5 6 7 8 9 10 11
Test Cone Impact Vel. at Peak Col 4/ Dynamic Static  Col 6/ Penetration Maximum Col 9/
No. Wt. Vel. Accel. Col 3 Force Force Col 7 at Penetration Col 10

Peak Accel.
(1b) (fps) (fps) (%) (1b) (1b) (%) (in.) (in.) (%)

18 8 19.66 8.28 42,1 806 515 157 2.02 2.16 93.5

19 8 24.07 11.80 49.0 714 685 104 2.30 2.61 88.0

20 8 27.80 13.71 49.4 1136 900 126 2.63 2.80 94,0

21 8 31.08 11.60 37.4 1086 1150 95 2.92 3.12 93.5

22 16 19.66 7.36 37.4 992 925 107 2.65 2.83 93.5

23 16 24.07 9.41 39.1 1213 1250 97 3.04 3.30 92.0

24 16 27.80 11.43 41.1 1309 1420 109 3.43 3.75 91.5

25 16 31.08 13.12 42.2 2080 1600 130 3.45 3.73 92.5

1 64 19.66 6.58 33.4 2758 2800 99 4.57 4,77 95.8
2 64 24.07 10.17 42 .2 3030 3160 96 4 .85 5.37 90.4
3 64 27.80 11.43 41.1 3603 4200 86 5.60 6.05 92.5
4 64 30.82 12 .54 40.7 3927 5000 79 6.10 6.61 92.2
6 128 19.66 3.70 18.8 3551 4800 74 5.98 6.08 98.5
7 128 24,07 7.93 32.9 4839 5800 83 6.58 6.90 95.4
8 128 27.80 15.17 54.5 6086 5500 111 6.40 7.34 87.3
9 128 30.82 14.51 47.0 6410 7150 90 7.29 8.11 89.7

[ARI
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penetration curve in order to provide strength comparisons at penetrations
greater than 2.7 inches. Ordinarily, such a large extrapolation is not justi-
fied; however, for cone penetrations above 1.8 in., the soil stress based on
the cross-sectional area of the cone at the ground surface remained essentially
constant. Therefore, the assumption was made that a constant soil stress was
developed for penetrations greater than 2,7 inches.

Table No. 12 also shows that the peak soil forces occurred when the
cone had a downward velocity of approximately 40 percent of the initial im-
pact velocity (column No. 5).

The penetration corresponding to peak dynamic force was, on the aver-

age, approximately 90 percent of the maximum penetration.

PROJECTILE TESTS ON SAND AND CLAY BY REICHMUTH

Reichmuth et al19 performed several vertical impact tests using a 10
in. radius cylindrical segment and two 10 in. radius spherical segments. The
cylindrical segment was 5.5 in. wide and weighed 50.2 1lbs. The spherical seg-
ments had weights of 41.3 and 94.0 1bs. The impact velocities ranged from 10
to 30 fps. The target materials were; dry and saturated Ottawa Sand, dry
Colorado River Sand, and Del Rio Clay.

The K wvalues obtained from these tests are listed in Table No. 13,

A comparison of measured and calculated penetrations has also been presented.
The calculated values were obtained from the double integration of the accel-
eration-time trace. 1In general, the calculated and measured values agree

quite well. Average K values for each type of soil are given in Table No. 14.

It was previously noted on p., 89 that the Kcone values for tests on
dry, dense sand and saturated, dense sand were approximately the same. The

cone values for similar states of Ottawa and Colorado River Sand were also




TABLE NO. 13

COMPARISON OF K . AND K VALUES FROM TESTS ON
cylinder sphere

OTTAWA SAND, COLORADO RIVER SAND, AND DEL RIO CLAY

Test Impact Soil Moisture  Peak Projectile  Measured Calc. K
Identification Velocity Density Content Force Weight Penet. Penet. Value
(fps) (pi) (;) (Lb) (Lb) (in.) (in.) (Ft®/Lb-Sec)

9-9-10-CYL1-90-0-0S 10.8 98.8 3.5 1,545 50.2 1.9 1.1 0.93
9-9-9-CYL1-90-0-0S 20.9 101.6 3.6 2,429 50.2 2.9 2.7 0.73
9-9-7-CYL1-90-0-0S 29.8 94.7 "3.6 4,453 50.2 2.8 2.9 1.01
6-29-22-SL-90-0-CA 21.8 99.2 1.7 3,847 41.3 1.4 1.4 1.39
6-29-23-SL~90-0-CA 28.7 97.4 2.8 5,069 41.3 1.7 2.3 1.42
9-9-12-8L-90-0-08 10.9 125.6 17.0 2,138 41.3 0.8 0.8 1.22
9-9-14-S1L-90-0-0S 27.9 127.9 19.0 7,126 41.3 1.4 1.6 1.56
9-10-3-SH-90-0-0S 30.7 124.0 18.3 12,450 94.0 1;8 2.1 1.12
6-29-17-SH-90-0-CA 23.7 101.0 2.3 6,352 94.0 2.4 2.7 0.91
8-19-20-S1.-90-0-BS 20.2 116.0 33.4 3,238 41.3 1.6 1.5 1.08
8~19-21-SL-90-0-BS 28.8 114.6 32.5 5,143 41.3 -- 1.8 1.22
8-19-16-SH-90-0-BS 18.2 114.6 32.5 4,425 94.0 2.1 1.3 0.73
8-19-17-SH-90-0~BS 19.1 114.6 32.5 5,237 94.0 1.7 2.0 0.82

0S = Ottawa Sand; CA = Capitol Aggregates; BS = Del Rio Clay
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TABLE NO. 14

COMPARISON OF AVERAGE K . and K
cylinder sphere

VALUES FROM TESTS ON OTTAWA SAND, COLORADO RIVER
SAND, AND DEL RIO CLAY

115

Avg Avg Moist. Projectile Projectile K
Soil Type  Soil Den. Content Type Weight Value
Y %
(pcf) (%) (Lb) (Ft® /Lb-Sec)
Ot tawa 98.4 3.6 Cylinder 50.2 0.89
Sand 10 in. Radius
(CYL1)
Saturated 125.6 17.0 41.3 1.39
Ottawa
Sand 125.9 18.7 94.0 1.12
Colorado 98.3 2.3 Sphere 41.3 1.41
- 10 in. Radius
River (SL)
Sand 101.0 2.3 & 94.0 0.91
(SH)
Del 115.3 33.0 41.3 1.15
Rio
Clay 114.6 32.5 94.0 0.78
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found to be of similar magnitude. Examination of Table No. 14 shows the same
trend holds true for spherically shaped projectiles.

The Ksphere values (Table No. 14) for the light sphere tests on
saturated Ottawa Sand and dense Colorado River Sand are approximately three
times greater than the Kcone values (Table No. 6,p. 90) obtained from
tests on similar states of Ottawa and Colorado River Sand. It should be
noted that the influence of the projectile shape can only be determined for
cases where the soil conditions are similar and the projectile weights are
approximately the same.

It is interesting to note that a X value of 0.78 was obtained

sphere

for the heavy sphere (94 1b) tests on Del Rio Clay and a Ksphere value of
0.77 (Table No. 11) was obtained from the 64 and 128 1b sphere tests on
sandy clay. The comparison is valid since the projectiles have approxi-
mately the same weight. However, the target materials are significantly
different in composition. The cohesion values for each of the soils are
approximately the same, but the angle of internal friction for the sandy
clay is significantly higher. From a static strength point of view, the

sandy clay is the stronger of two and therefore should offer more resistance

to penetration,

PENETROMETER TESTS ON SAND AND CLAY BY WOMACK

Womack33 developed a penetrometer for the purpose of evaluating the
impact characteristics of soils. The penetrometer weighed 5.38 lbs and
had a flat, circular foot approximately one square inch in area. Ottawa
Sand and Del Rio Clay are among some of the soils tested by Womack. The im-

pact velocity was maintained approximately constant at 15 fps.
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The force-penetration curves from the penetrometer tests exhibited a
rapid rise in force as the penetrometer foot contacted the soil surface. The
rapid rise was followed by a sudden decrease to a relatively constant force
level, Womack considered the spike portion of the curve as not being signi-
ficant to the force-penetration characteristics of the target material. His
primary reason for arriving at this conclusion was that after examining com-
parison test data he found that the spike force levels were not consistent
with one another. He considered the average penetration force which was
present during more than 90 percent of the penetration depth to be the sig-
nificant force level,

The vital characteristics of the force-penetration curves produced
by impact of the penetrometer on various states of soil are shown in Table
No. 15. It will be noted that a peak force and average penetration force
column have been included within the table,

The table shows that there are significant differences in both the
peak and average force penetration values which were recorded for similar
impact conditions on separate days of testing. This disparity becomes readily
evident when the force levels from the tests on the dates 10-9, 11-10, and
11-11 are compared,

The characteristic spike portion of the curve was not present in the
tests on Del Rio Clay nor in several of the tests on saturated Ottawa Sand.
In general, there was a tendency for the ratio of the peak force to average
penetrating force to decrease as the moisture content of the sand increased.
K values were calculated using both the peak force and the average

plate

penetration force. These values are listed in Table No. 16. Average Kplate

values for each soil condition are listed in Table No. 17, The peak

Kplate values for dense, saturated Ottawa Sand are approximately 50 percent




TABLE NO. 15

TABULATION OF FORCE-PENETRATION CHARACTERISTICS
FROM PENETROMETER TESTS

Avg. Penet. Penet.

Test Impact Soil Moist. Peak Penet. at at Total Rise
Ident. Velocity Density Content Force Force Peak Force Avg. Force Penet. Time
(fps) (pi) (;) (Lb) (Lb) (in.) (in.) (in.) (msec)

11-15-1-08 14.90 105.8 0 255.3 45 0.13 0.26 3.59 0.77
11-15-2-08 15.66 104.0 251.0 56 0.21 0.41 3.85 1.16
11-15-3-0S 15.40 108.0 0 262.2 60 0.14 0.27 3.55 0.77
11-9-3-08 15.63 107.0 11.4 284.0 80 0.08 0.23 3.22 0.43
11-9-4-08 15.58 111.7 11.3 247.3 118 0.16 0.45 2.02 0.86
10-9-4-08 15.47 124.9 24.5 177.4 --% 1.59 -- 1.79 11.66
10-9-5-08 14,80 123.9 25.6 174 .4 135 0.07 0.15 1.68 0.43
11-10-1-08 14.34 124.7 24.6 116.8 100 0.15 0.29 2.35 0.86
11-10-2-0S 14.56 124.3 25.2 126.4 -- 1.91 -- 2.51 12.88
11-11-1-0S 15.86 123.7 25.8 165.7 70 0.14 0.28 3.49 0.77
11-11-2-0S 15.38 128.4 21.4 183.6 80 0.14 0.28 2.66 0.77
11-11~-3-08 15.38 128.8 21.0 207.0 110 0.14 0.27 2.15 0.77
11-11-4-08 14.99 130.4 19.3 176.8 130 0.21 0.40 1.84 1.16
10-10-9-BS 15.69 112.0 32.0 310.7 -- 0.67 -- 0.96 4.30
10-10-10-BS 15.46 117.0 31.0 286.7 - 0.63 -- 1.06 3.90

*These tests did not have a spike portion; OS = Ottawa Sand; BS = Del Rio Clay

811



Soil Type

Dry
Ottawa
Sand

Partially
Saturated
Ottawa Sand

Saturated
Ottawa
Sand

Del Rio Clay
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TABLE NO. 16
LISTING OF Kplate VALUES FOR PENETROMETER TESTS
Impact Soil Moisture Peak Residual
Velocity Denilty Conéent Kplate Kplate
(fps) (pcf) (%) (Ft°/1b-sec)  (Ft®/lb-sec)
14.90 105.8 0 0.97 0.17
15.66 104.0 0 0.93 0.21
15.40 108.0 0 0.94 0.22
15.63 107.0 11.4 1.01 0.29
15.58 111.7 11.3 0.85 0.41
15.47 124.9 24.5 0.55 --
14,80 123.9 25.6 0.57 0.44
14,34 124.7 24.6 0.39 0.34
14.56 124.3 25.2 0.42 --
15.86 123.7 25.8 0.51 0.21
15.38 128.4 21.4 0.56 0.24
15.38 128.8 21.0 0.63 0.33
14.99 130.4 19.3 0.54 0.40
15.69 112.0 32.0 1.06 -
15.46 117.0 31.0 0.95 --




LISTING OF AVERAGE K

Soil Type

Dry Ottawa
Sand

Partially
Saturated

Ottawa Sand

Saturated
Ottawa Sand

Del Rio Clay

TABLE NO.

plate

17

VALUES FOR PENETROMETER TESTS

120

Average Average Moisture Average Average
Soil Density Content Peak Residual
K
v v plate Kglate
(pcf) (%) (Ft2/Lb-Sec) (Ft® /Lb-Sec)
105.9 0 0.95 0.20
109.4 11.4 0.93 0.35
126.1 23.4 0.52 0.33
114.5 31.5 1.00 --
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the values obtained from the tests on dense, dry Ottawa Sand, while examination
of the residual Kplate values shows that the dense, saturated sand values are
approximately 50 percent greater than the dense, dry sand values. The previous
tests with larger projectiles have shown that the K values for sands in dry
and saturated dense states are approximately the same,

The above comparison shows that the trends in the penetrometer data
are significantly different from those observed during impact of larger pro-
jectiles. Possibly a better design for a penetrometer would be to decrease
the weight-contact area ratio to a value which would correspond more closely
to those of projectiles which undergo relatively small penetrations. This
decreased weight-area ratio would cause the penetrometer to behave mainly as
a body impacting on the soil surface, rather than a body which impacts and
then penetrates a relatively large distance beneath the soil surface.

Womack also utilized a Proctor17 type penetrometer for measuring the
static soil resistance. His results show that the dynamic-static force ratio
is approximately 2.25 for Del Rio Clay. This ratio was obtained by dividing
the dynamic force by the static force that corresponded to the penetration
value at the time of peak dynamic force development. When the same type of
ratio calculation method was applied to the sand test results, it was found
that the ratio values were in many cases over 100. However, the ratio values

varied widely from test to test and no consistent trends were noted,

PROJECTILE TEST ON SILT BY REESE

Reese et allS performed a series of laboratory impact tests in which
he utilized spherical segments, The segments had spherical radii of 3 and
6 in. and weights which ranged from 0.895 to 11.32 lbs. The impact velocities
were varied between 6 and 17 fps. A series of 8 drop tests were also con=

ducted using a one-quarter scale Apollo model.
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Soil Conditions

The target material was composed of a sandy silt containing a small
percentage of clay. The soil was compacted in layers to an approximate den-
sity of 125 pcf. The moisture content was maintained essentially at 10 per-
cent., The soil containers were approximately 2 ft in diameter and 1 ft deep.
The quarter-scale model tests were performed in a test bed located outside
the laboratory. A 6 ft square by 2 ft deep test bed was utilized for the
target area, Target area preparation methods were closely controlled to
insure that the soil dehsity and moisture content corresponded closely to

that of the laboratory test beds,

K Values
sphere

Plots of peak acceleration versus impact velocity for each of the
spherical segment drop tests are shown in Figs. 50 and 51. These plots
show that for a given projectile type, the peak acceleration is linearly
related to the impact velocity. The figures also illustrate the effect of
projectile weight upon peak accelerations. Figures 52 and 53 illustrate the
relative range of peak soil forces developed during impact, Using these fig-
ures and the average soil properties listed in Table No. 18, Ksphere values
were calculated and listed in Table No. 19. It is interesting to note the
close agreement between the K values obtained from the 2.83 and 4.96 1b
projectile tests. This close agreement is accompanied by nearly equal weight-
spherical radius ratios, which indicates that this type of ratio might be use-
ful in estimating appropriate K values., Figure 54 shows the variation

Sphere

in K values as the weight-radius ratio changes,
sphere
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TABLE NO. 18

AVERAGE SOIL PROPERTIES FOR TESTS ON MONTOPOLIS SILT

Spherical Soil Moisture
Radius Weight Density Content
Y w
(in.) (1b) (pcf) (%)
3 0.895 125.6 8.6
3 2.83 127.3 10.1
6 4.96 125.6 8.6
6 11.32 125.6 8.6
44,2 130.00 126.5 . 9.4

TABLE NO. 19

LISTING OF KS VALUES FOR TESTS ON MONTOPOLIS SILT

phere

Spherical Weight/
Radius Weight Spherical Radius K
(in.) (1b) (1b/in.) (Ft® /1b-sec)
3 0.895 0.30 3.54
3 2.83 0.9% 1.93
6 4.96 0.82 1.86
6 11.32 1.89 1.54
44,2 130.00 2.94 0.98
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Dynamic-Static Force Ratios

Static force=penetration curves were given for each of the projectiles,
This data permitted the calculation of dynamic-static force ratios. Table
No. 20 shows that the ratio values range from approximately 150 to 600 percent,
with the average being 275 percent. It should be noted that the static force
values correspond to penetrations that were equal to the penetrations at which

the peak dynamic soil forces occurred.

SUMMARY OF K VALUES

This chapter has basically been concerned with the presentation and
comparison of K values that were developed from a wide range of projectile
and soil conditions., It has previously been noted that the K wvalues are
mainly a function of the target material, projectile geometry, and the projec-
tile weight. This dependence of K necessitates the use of extreme care in
estimating K wvalues for projectile and soil conditions differing from those
listed in this chapter. However, it is felt that enough data are available
to permit the estimation of K wvalues with a reasonable degree of accuracy.

The test results have shown that the most unfavorable projectile shape,
from a maximum force viewpoint, is one which has a flat striking surface.
Conical projectiles were found to be the most favorable, The ratio of K

plate
to K was 3,59 for tests on sandy clay and 15.80 for tests on dry

cone

Colorado River Sand (Table No. 11, p. 106). The projectile geometry has a
much larger influence on the forces developed in sand, because sands derive
their rigidity from confinement; whereas, the resistance of clay to penetra-
tion is derived from cohesion between water and soil particles. When sands
are contacted by a flat striking surface the particles are confined by the

projectile itself and are forced to move mainly downward and in a transverse

direction to the projectile path.
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The impact tests on sand have shown that the maximum soil forces are
developed when the sand is in a relatively dense saturated state. However, a

single Kcone value of approximately 0.45 applies for both the dense, dry

and saturated states (Table No, 6, p. 90). It is interesting to note that for
the 64 1b cone the K wvalue was 0.43 for the tests on sandy clay. This K
value would be somewhat greater if it were adjusted to correspond to a 43 1b

cone; however, the X values would still closely agree. This suggests
? cone

that a single Kcone value can be used for the two states of sand and for
clays having approximately the same properties as the sandy clay utilized in
, 16, . .
Poor's investigation.
The projectile tests with the 94 1b, 10 in. radius sphere yielded

Ksphere values of approximately 1.0 for dry and saturated sands in dense

states (Table No. 14, p. 110). Whereas, K values for the 64 and 128 1b
sphere

(average of 96 1bs), 10.in. radius spheres in sandy clay were approximately

0.8 (Table No. 11, p, 101). The higher value for the sand tests

Ksphere

may possibly have been caused by the confining effect of the projectile shape,




CHAPTER VII

DYNAMIC AND STATIC SOIL BEHAVIOR

During the past 20 years a large amount of research has been oriented
toward the determination of strain rate effects upon soil shear strength para-
meters., The behavior of footings subjected to impulse loadings has also re-
ceived a considerable amount of attention. The purpose of this chapter is to
discuss both of these topics as they relate to projectile impact.

This chapter also contains a method for predicting peak forces developed

during impact on clay soils,

RATE OF STRAIN EFFECTS ON COHESION AND ANGLE OF INTERNAL FRICTION

A number of investigators have performed laboratory studies in which
they investigated the effect of rate of loading upon the basic soil strength
parameters of cohesion and angle of internal friction.

Casagrande and Shannon2 were among the first to perform a comprehensive
investigation on the dynamic strength properties of clay and sand. Compression
tests were conducted on both unconfined and confined samples of clay in which
the time to failure ranged from 10 min. to 0.02 seconds. Five clay soils hav-
ing widely varying engineering properties were utilized in the testing program.
The results indicated that the fast tests (time to fajilure =~ 0.02 sec) exhibi-
ted strengths from 1.5 to 2 times the corresponding static strengths (time to
failure ~# 10 min). Vacuum triaxial compression tests were performed on a dry,
dense sand., The dynamic strength (0.02 sec) was approximately 10 percent
greater than the 10 min static tests,

Whitman31 has reported dynamic-static strength ratios of approximately
1.5 to 2 for various types of clay. These ratios are in agreement with those

of Casagrande and Shannon, even though some of Whitman's tests were performed

132
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at higher rates of loading (time to failure = (0.002 sec). Tests were also
performed on samples of uniform Ottawa Sand and a well-graded sand. The sands
were tested in dry, moist, and saturated states., The dry and moist sands ex-
hibited increases in strength of 10 to 15 percent. The results of tests on
saturated samples were inconclusive,

Schimming and Saerl tested clays and sands in a direct shear type
of apparatus. Generally, the dynamic clay strength ratios ranged between 1.5
and 2.0; however, values as high as 4 were noted. The time to failure was in
the 0-5 millisecond range. Failure envelopes (shear stress versus normal
stress) were determined from dynamic and static shear tests on soils possess-
ing cohesion and internal friction. These plots indicated that the primary
difference between the dynamic and static envelopes was the value of the co-
hesion. The dynamic cohesion values were approximately twice the static val-
ues, while the internal friction values remained essentially the same,

Olson and Parola14 have studied the influence of the time to failure
on the compressive strength of clay. The clay was compacted at various
moisture contents ranging from 6.5 percent, relatively dry, to 18 percent
which represents complete saturation. The samples were tested at confining
pressures of 100 and 1000 psi. The dynamic strengths (time to failure of
0.006 sec) ranged from 1.2 to 1.6 times the corresponding strengths at times
to failure of 60 seconds. It should be noted that the use of tests having
times to failure of 60 sec as a reference for strength increases was arbi-
trary, Higher strength ratios would have been obtained, if tests having great-
er time to failure values had been utilized. The variation of moisture content
and confining pressure did not yield any clear effect upon the strength in-

crease as the time to failure decreased.
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Summary of Rate of Strain Effects

The investigations discussed above have shown the dynamic compressive
strengths of clay to generally be 1.5 to 2 times the corresponding static
strengths, The dynamic compressive strength of sands as discussed above was
found to be approximately 10 percent greater than the corresponding static
strength. It should be noted that the dynamic results on sand and clay were
obtained from tests in which the time to failure was in the range of 0.002
to 1 sec. While the static values resulted from test durations of 40 sec

and greater,

LATERAL INERTIA EFFECT

Research at Massachusetts Institute of Technology31 has shown that
as the time to failure decreases below 0.002 sec two factors significantly
influence the results., The first is a wave propogation phenomena, which pro-
duce non-uniform stresses. The second factor is referred to as '"lateral in-
ertia effect", As a soil sample is compressed, lateral strains must take
place before failure can occur. In rapid tests inertia delays the development
of lateral strains which permits the soil to develop, for an extremely short
period of time, stresses which greatly exceed the true peak resistance,

Some impact tests were performed at Massachusetts Institute of Tech-
nology31 in which short-duration loads were applied to a 2 in. dia, 32 in.
long horizontal column of sand., The loads were applied by a 50 1b ram which
was capable of being given a striking velocity of approximately 8 fps, The
stress~-time history at the impact end of the sample was characterized by a
steep rise in stress and then a rapid decrease to a constant stress level,
Pressure transducers at the reaction end indicated a maximum stress which

was approximately equal to the constant stress level at the impact end. The
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development of the spike portion of the stress-time curve is attributed to la-
teral inertial effects and the actual stress which is propogated through the
sample is measured at the reaction end. A detailed discussion and explanation
. . . . 32
of the lateral inertia effect has been given by Whitman
33 .

Penetrometer tests on sands by Womack and Cox = were characterized by
a curve similar to that obtained at the impact end of the sand column. It
seems highly possible that the lateral inertia effect concept explains the
spike portion of the penetrometer curves, Womack's tests also showed that
the ratio of spike force to the ensuing average force in the plateau was much
less for saturated sands and non-existent for clay. The absence of the spike
force for impact on clay may be due to the viscous nature of clay as opposed
to the discrete particle behavior of dry sands. Saturated sands, under rapid
loading, also tend to behave somewhat like a dense viscous fluid and this may

explain the decrease in the spike force value (Table No. 15 p. 118).

METHOD FOR PREDICTING PEAK IMPACT FORCES ON CLAY

The cone tests on sandy clay, yielded dynamic-static force ratios
ranging between 0.75 and 1.6; whereas, an average ratio of 2,75 was obtained
for the spherical segment tests on Montopolis Siltls, The limited number of
penetrometer tests33 yielded an average value of 2.25. The sandy clay and
Montopolis Silt have approximately the same static strength properties
(c = 700 psf, ¢ ~# 30 degrees), while Del Rio Clay33 has a cohesion value of
approximately 700 psf and an average angle of internal friction of 4 degrees.

The magnitude of the dynamic-static force ratios correspond closely
to the cohesion ratio values obtained from dynamic and static laboratory shear

tests. The close agreement suggests that impact forces may possibly be

estimated by applying the conventional Terzagh126 theory of bearing capacity,
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Equation 32 expresses the static ultimate bearing capacity of a circular foot-

ing on the surface of a purely cohesive soil (¢ = 0).

2
= 7.4 T 3
Fult 7.4 MR ¢ (32)
Where,
Fult = Ultimate bearing capacity,
R = Radius of footing,
¢ = Cohesion,

An estimate of the peak dynamic force experienced during impact can be obtained
by using Eq. 32 in which the cohesion parameter (c) has been determined from
dynamic compression tests.

Since apparatus necessary for the determination of dynamic cohesive
strengths of soils is not readily available, a more practical approach would
be to determine the static value of the cohesion parameter, This value could
then be multiplied by a factor of 2, or so, to yield an approximation of the
dynamic value. It should be noted that Eq. 32 is wvalid only for purely cohes-
ive soils and therefore cannot be applied to soils which exhibit an angle of
internal friction. However, equations for the prediction of the ultimate bear-

ing capacity of soils exhibiting both ¢ and ¢ have been derived by Terzagh126

Summary of Peak Impact Force Prediction Method

The above method is very approximate and a great deal of judgment should
be exercised in the interpretation of the values, It should be recognized that
Eq. 32 is valid only for a circuler footing where the contact area does not vary
during penetration, It should alro be kept in mind that the dynamic=static
force ratios for the impact tests were developed on the basis of comparison of

forces at equal penetrations. The use of Eq. 32 assumes that the penetration
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necessary for the development of the ultimate bearing capacity has been
achieved, which may or may not be the case.

Projectiles such as cones and spherical segments have increasing con-
tact areas as the depth of penetration increases. When cones and segments
of spheres are loaded statically the force-penetration curve does not have an
ultimate force value, rather the force continues to increase as the contact
area increases, Therefore, it is necessary to be able to predict the pene-
tration of these projectiles under impact conditions before an appropriate
static force can be estimated. Iliya and Reese8 and Ghazzaly and Cox4 have
presented methods whereby static force-penetration curves for cones and spher-
ical segments may be predicted., The prediction of projectile penetrations;
however, is much more difficult and a high degree of judgment is necessary.

Once again, it should be emphasized that this method is very approx-
imate and extreme caution and judgment should be exercised in interpreting
the values. A better estimate of the peak force value experienced during
impact could be obtained by performing a static load test with the projectile
and then impacting the projectile on the same soil. The static load test
would yield a static force=penetration curve and the impact test would yield
the projectile penetration under impact conditions. The static force corres-
ponding to the projectile penetration under impact conditions could then be
multiplied by 2 to yield an estimate of the peak impact force. Although this
approach is more accurate than the previously given method, it is more costly

and time consuming.

FATLURE MODES BENEATH DYNAMICALLY LOADED FOOTINGS

The solution to static bearing capacity problems involves the assump-
tion of a failure mode, The strength parameters (@, c¢) are then assumed to

be developed along the failure surfaces, These assumptions permit the
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calculation of the ultimate bearing capacity. The solution to dynamic bearing
capacity problems also requires that the type of failure mode be known. The
purpose of this section is to review the types of failure modes various in-

vestigators observed beneath dynamically loaded footings.

Failure Modes in Sand

During the progress of this investigation dynamic-static force ratios
were determined for tests on cohesionless material. The ratio values were
extremely high and in many cases exceeded 100. It is evident from the high
ratio values that the angle of internal friction (@) has a relatively minor
influence upon the forces developed during impact. The high ratio values in-
dicate that possibly the failure modes for static and impact loadings on sand
are different,

In reference to small scale footing tests on sand, a number of invest-
igations have been conducted to determine if the failure mode resulting from
dynamic loading is similar to that resulting from static loading. The footings
were placed at or near the sand surface and the dynamic loads were usually ap-
plied by a pneumatic=hydraulic apparatus or by dropping weights from various
heights.

Selig and McKee22 found that the failure modes differed. The dynamic
tests resulted in a punching type of shear failure, rather than the classical
general shear type failure. The punching shear failure is confined to an area
which is primarily located beneath the footing. Whereas, the general shear
failure involves a much larger volume of soil which extends both downward and
horizontally from the perimeter of the footing. A general shear failure for

a strip footing is shown in Fig., 17 on p, 51,
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Cunny and Sloan3 observed punching shear modes of failure for dynami-
cally loaded footings, while Shenkman and McKeez3 observed general shear fail-
ures for footings under dynamic loads.

The results are somewhat confusing, in that Shenkman and McKee have
observed general shear failures and the others have found punching shear types
of failures for dynamically loaded footings. Heller6 has examined the data
obtained by many investigators, including those cited above, and has concluded
that a general shear failure results when the footing accelerations are less
than 13 g's. 1If footing accelerations above 13 g's are experienced, the in-
ertial restraint of the soil surrounding the footing is so great that the

soil is forced to fail in a punching mode,

Failure Modes in Clay

Jackson and Hadala9 performed some static and dynamic load tests on
small-scale footings resting on clay. Visual observations indicated the static
and dynamic failure modes were significantly different. In the dynamic tests
there appeared to be a slight heave of the soil surface around the footing.
However, the soil surface around the statically loaded footing experienced
large upward movements and cracks developed from the four corners of the
footing and extended outward. The slight heave around the dynamically loaded

footing is characteristic of punching modes of failure.

Summary of Failure Modes

The experimental evidence referred to in this section clearly in-
dicates a significant difference between the failure modes developed during
static and dynamic loading of surface footings on both sand and clay.

Heller6 has suggested that general shear failure modes may be assumed for
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surface footings on dense sand which have accelerations below the 13 g level.
It should be noted that in almost every impact test performed in this investi-
gation, the accelerations were significantly above the 13 g level, The impact
program at The University of Texas has shown that the peak accelerations exper-
ienced during surface impact of projectiles generally will be at least 2 or 3
times greater than the 13 g level. Therefore, it is reasonable to assume that

static failure mechanisms are not applicable for projectile impact.




CHAPTER VIIL

CONCLUSIONS AND RECOMMENDATIONS

The purpose of this chapter is to present a brief summary of the
pertinent information obtained during the past five years from the soil
dynamics research program at The University of Texas.

The program has been oriented toward the collection of experimental
data which have aided in developing concepts concerning the behavior of soil
under impact loading conditions. Approximately 700 impact tests were con=-
ducted on sand, clay, and silt, 1In addition to the impact tests, over 200
tests were performed to define soil behavior under static loading conditions.

The projectile shapes consisted of wedges, cones, cylinders, spheres,
and plates., The weigh#s of projectiles varied from approximately 1 to 150 lbs.
The use of wide ranges of soil conditions and of projectile shapes and weights
has provided a wealth of information which covers a broad range of test

conditions,

CONCLUSIONS

Modeling

1. The use of modeling techniques shows promise as a method of pre-
dicting prototype behavior of projectiles impacting on soil. Reese
et 3118 and Awoshika and Coxl obtained good agreement with modeling
techniques for relatively small ranges of scaling; however, the
agreement obtained by Poor et all6 was not nearly as good. Each
investigator made no attempt at modeling the soil. Thus, it must
be emphasized that distortion due to the use of the same soil for
model and prototype tests may become excessive for larger ranges

of scaling.
141
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Edge Effects

2. The author's results from inclined impact tests on sand using
double width projectiles yielded an edge effect constant which was
in good agreement with Reichmuth‘819 value, The author's results
from tests on clay indicated that the edge effect constant was
negative; whereas, Reichmuth's data yielded a positive value.

It was concluded that Reichmuth's results indicated the true

soil behavior. The edge effect constants indicate that for impact
on clay the average peak soil pressure decreases as the width of
the projectile increases and for impact on sand the average peak
soil pressure increases as the projectile width increases.

(See p. 41).

Regression Analyses

3. The method used by Reichmuth19 to generate regression equations to
describe the soil forces acting on projectiles during inclined impact
shows promise. Generally, the regression equations developed by
Reichmuth (pp. 53 through 61) do not predict soil forces developed
during low angle impact (& < 30 degrees) as well as for high angle

tests (o 2 30 degrees),

Peak Impact Force Prediction

4, TFor a given projectile type and soil type the peak vertical acceler-
ation was approximately a linear function of the initial vertical
impact velocity. It should be noted that this statement applies

only to systems restricted to vertical motion.
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5. The peak vertical impact force may be represented with a reasonable

degree of accuracy by the following equation:

Foae = K Y MV (31)
where,
F = Peak vertical soil force (1lb),
peak

Y = Soil density (pcf)
M = Projectile mass (lb-sec®/ft),
V = Initial impact velocity (£fps),
K = Empirical coefficient (ft®/(lb-sec)).

The value of K depends upon the physical properties of the projec-

tile(mass, striking surface configuration)and the soil conditions.

6, Values of the empirical coefficient K for cones, spheres, cylinders,
and plates have been determined for tests on the following sands,
silt, and clays:

(1) Ottawa Sand,

(2) Colorado River Sand,

(3) Montopolis Silt,

(4) Del Rio Clay,

(5) Sandy Clay in a terrace of the Colorado River.
The sands had widely varying engineering properties (grain size,
angularity, angle of internal friction). However, the K values are
approximately the same for similar states of sand density, and for a
given type of projectile. The close agreement indicates that possibly

the most important impact property of sand is the state of density.
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The tests on cohesive soils also show that the K wvalues are of
similar magnitude for tests with projectiles having similar shapes
and weights, A summary of K values for particular soil and pro-

jectile conditions is given on pp. 129,

7. The shape of the projectile striking surface has a distinct influence
on the peak soil forces developed during impact. The effect is much
more pronounced in sands than in clays. The peak soil forces dev-
eloped with cones were used as a base of reference and the K/KCone

column in Table No. 11 on p. 106 illustrates the influence of the

surface shape of the projectile upon the value of K. As can be
seen from the table, the K/Kcone values for the 10 in. dia plate

tests on nearly saturated sandy clay and dry Colorado River Sand

were 3,59 and 15,80, respectively.

8. The ratio of peak cone accelerations experienced during impact on
soil to those developed during impact on water ranged between 4 and
13. This is in good agreement with the values Reichmuth obtained
from the analysis of prototype impact data. Ratio values for peak
accelerations experienced during soil and water impact are given

in Table No. 9 on p. 96.

Final Penetration Prediction

9. Final penetrations of conical and flat plate projectiles were approx-
imately linear functions of the initial impact velocities for tests
on clay and saturated sand. It should also be noted that this state-

ment applies only to systems restricted to vertical motion.
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10, The soil response (force-penetration curve) to impact of conical
projectiles was idealized to a triangular force-penetration rela-
tionship. Work-energy principles were utilized to develop the

following equation for final cone penetration:

@
Z_.= (30)
£ (Kcone YV - 28)

where,
Zf = Final cone penetration (in.),
cone = Empirical coefficient (£t%/(1b-sec)),
Y = Soil density (pcf),
V = Initial impact velocity (£fps),
g = Acceleration of gravity (fpse).

The predicted penetrations agreed well with the measured values for
tests in the 20 and 30 fps velocity range. The agreement was not
nearly as good for tests in the 10 fps velocity range (see Table No. 7

on p. 92.

Static and Dynamic Forces

11, For cohesionless soils, there seems to be no direct relationship
between the forces developed during static loading of foundation
elements and the forces experienced during impact of these elements.
The peak dynamic forces were in many cases several hundred times the
static forces for corresponding penetrations. The largest forces
were developed for impact on saturated sands. Dry sand in a dense
state offered less resistance than saturated sands. Dry sand in a dense
state had resistances which were generally more than twice that of dry

sands in loose states (See Figs. 28 through 31).
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12. TFor cohesive soils, the peak forces experienced during vertical im-
pact are on the average 2 to 3 times the static strengths for cor=
responding penetrations.

RECOMMENDATIONS
1. It is recommended that a series of large scale tests be conducted
to determine the validity of the conclusions drawn from the small
scale tests,
2, 1If large scale impact tests are conducted, the following target

material properties should be determined:

(A) Atterburg limits,

(B) Grain size distribution,

(C) Specific gravity of soil particles,

(D) Water content,

(E) 1In situ density,

(F) Stress-strain properties,

(G) Cohesion and angle of internal friction,

(H) Maximum and minimum void ratio (sands only),

(1) Color and local or regional name.
The small scale impact tests indicate that some of the above proper-
ties are not important to impact behavior; however, these properties
fully describe the target material and are believed necessary since
the phenomena associated with projectile impact are not clearly

understood.




APPENDIX A

TEST NOMENCLATURE

This appendix contains a description of the test numbering and coding

system, nomenclature, and sign conventions, To illustrate the coding and

numbering system the following example is presented:
8~19-7-WHO3-30-0 (Taken from Table No. 1 on p. 43).

The test was performed in the 8th month on the 19th day. This was the 7th
test of the day. The projectile type (WHO3) was a wedge (W), heavy (H),
obtuse angle (0), of triple width (3). The angle of impact was 30 degrees

and the pitch angle was 0 degrees.

147
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TEST NUMBERING AND CODING SYSTEM

IDENTIFICATION SEQUENCE

DATE - TEST NO, - Projectile-Launch Angle-Pitch

PROJECTILE CODES
Spheres
SL - Light Sphere
SH - Heavy Sphere
Cylinders
CYL1 - Single width (5.5 in. wide)
CYL2 - Double width (11.0 in. wide)
CYL3 - Triple width (16.5 in. wide)
Wedges
Wxyz
W - Wedge
x = L - Light
H - Heavy
y = A = Acute (60 degree included angle)
0 - Obtuse (120 degree included angle)
z =1 - Single width (5.5 in. wide)
2 - Double width (11.0 in. wide)
3 - Triple width (16.5 in. wide)
Cones
LC - Light Cone

HC - Heavy Cone




LAUNCH ANGLE
5 -

10 -

20 -

30 -

45 -

75 -

90 -

PITCH (©)

(@)
5
10
20
30
45
75

90

degrees
degrees
degrees
degrees
degrees
degrees

degrees

149

Zero degrees (all of the tests in this investigation were per-

formed at a zero degree

pitch angle)
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TEST NOMENCLATURE

Thrust system
g y

Track
vel, (VT) (—k‘

1 beam upright

N U—Fromeb@%\\w%'\\
SIGN CONVENTIONS + X axis
J
Vg (+)
Resultant a, (<)
vel. (Vg) ! v
Vy
OH(+)
V()

1

> e

PRSI

. W

)/A Resultant horizontal force (Fy)(+)
Position of model tig at impact
(t=0, x=0, z=0)

Resultant vertical force (F,)(-+)

FIG. 55 TEST NOMENCLATURE AND SIGN CONVENTIONS
(AFTER REICHMUTH)




APPENDIX B

PROJECTILE PROPERTIES

The mass moments of inertia of the irregularly shaped projectiles
were determined using the torisonal pendulum developed by Reichmuthlg. The
positions of the centers of gravity were obtained from a knife edge device,
which was also developed by Reichmuth, The projectile properties are listed
in Table No. 21, 1It should be noted that it was only necessary to determine
the projectile properties for the double width projectiles (WLA2, WHA2,
WHO2, and CYL2) and the conical projectiles, since the properties for the

remaining projectiles listed in Table No. 21 were previously determined by

Reichmuth,
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TABLE NO. 21

PHYSICAL PROPERTIES OF PROJECTILES

C. G. to C. G. to C. G. to Included Mass Moment
Projectile Top Accel. Bottom Accel. Axial Tip Angle Radius Weight Mass of Inertia_

(ft) (ft) (ft) (degree) (ft) (Lb) (Slug) (ft-Lb-Sec®)
WLAL 0.8208 -0.1792 0.7117 60 34.05 1.058 0.2163
WLAZ2 0.8132 -0.1850 0.7175 60 68.59 2.132 0.4537
WLA3 0.8142 -0.1858 0.7183 60 102 .41 3.182 0.66153
WHA1 0.9433 -0.0567 0.6726 60 44 .05 1.369 0.2943
WHA2 0.9424 -0.0607 0.6758 60 86.28 2.680 0.6007
WHA3 0.9417 -0.0683 0.6842 60 132.28 4,112 0.8823
WHO1 0.8950 -0.1050 0.4810 120 44,56 1.385 0.2797
WHO2 0.8900 -0.1101 0.4858 120 87.56 2.721 0.5792
WHO3 0.8850 -0.1150 0.4910 120 133.50 4.149 0.8602
CYL1 0.9592 -0.0408 0.4074 0.833 50.21 1.562 0.3750
CYL2 0.9483 -0.0517 0.4183 0.833 98.90 3.074 0.7531
CYL3 0.9433 -0.0567 0.4233 0.833 151.66 4.714 1.0960
SL 0.8567 -0.1433 0.5133 0.833 41.31 1.284 0.2764
SH 0.8742 -0.1258 0.4958 0.833 94.04 2.923 0.4399
LC* 60 43.00 1.336
HC* 60 129.50 4,024

*The conical shaped projectiles were utilized only in vertical impact tests and it was, therefore, not
necessary to determine mass moments and centers of gravity.

z61



APPENDIX C

SOIL DATA

This appendix contains a description of the soils utilized in this
and previous investigations at The University of Texas. Physical properties
of the soils were determined using standard laboratory testing procedures.
No attempt was made to determine the dynamic strength properties. The soils

were classified according to the Unified System.

Sands
Three types of sands were utilized in this investigation. Two of

the sands (Colorado River Sand (1) and Colorado River Sand (2)) were obtained

locally and the third sand (Ottawa Sand) was obtained from Ottawa, Illinois.
Colorado River Sand (1) was used by Reichmuth19 in a previous investi-

gation. This sand was also used by the author in his impact tests at low

angles. Colorado River Sand (2) was used by the author in the cone impact

testing phase,

Colorado River Sand (1)

This sand was located at the Capitol Aggregates test site., As
mentioned above Reichmuth also utilized this sand; however, he chose
to call the sand Capitol Aggregates (CA). It is a light brown color and
has subangular particles composed basically of quartz. The sand is well-
graded and classified as (SW). Figure 56 contains grain size distribution
curves of the sands discussed in this Appendix. Table No. 22 contains engin-

eering properties for each sand, The laboratory tests were conducted on the

sands in an air-dry state.
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TABLE NO., 22

ANGLE OF INTERNAL FRICTION VALUES
FOR COLORADO RIVER SAND (1), OTTAWA
SAND, AND COLORADO RIVER SAND (2)

155

Soil
Type

Colorado
River
Sand (1)

Ottawa
Sand

Colorado
River
Sand (2)

Soil
Type

Del Rio
Clay

Sandy
Clay

Montopolis

Silt

Angle of Maximum Minimum
Internal Dry Void Void Maximum Minimum Specific
Friction Density Ratio Ratio Density Density Gravity
o) Y Y Y
(degrees) (pcf) (pcf) (pcf)
25.5 105.2
35.0 110.0 0.57 0.41 116.6 105.0 2.64
43,5 115.3
18.5 92.0
27.0 104.0 0.81 0.49 110.9 91.2 2.65
33.5 108.9
24,5 98.3
34.5 106.6 0.68 0.45 113.8 98.0 2.64
44,5 110.5

TABLE NO. 23

INDEX AND STRENGTH PROPERTIES FOR DEL RIO
CLAY, SANDY CLAY, AND MONTOPOLIS SILT

Angle of

Liquid Plastic Plastic Internal

Limit Limit Index Classification Cohesion Friction
1L PL LL-PL c )

(%) (%) (%) (psi) (degrees)
60 34 26 CH 5.0 4
29 19 10 CL 5.8 27
19.4 14.3 5.1 ML 4.2 32
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Colorado River Sand (2)

This sand was placed in a test pit at Balcones Research Center for
use in the author's impact tests with cones. As can be seen from Fig. 56
this sand does not contain as large a coarse fraction as Colorado River Sand (1);

however, there are no other basic differences in the Colorado River Sands.

Ottawa Sand
‘Ottawa Sand is a grayish white color and has rounded particles com-

posed of silica. It is uniformly graded and classified as (SP).

Clays

Impact tests were conducted on two clay soils in an in situ condition,

The strength and index properties for each clay are listed in Table No. 23.

Del Rio Clay

This clay is located at Balcones Research Center. The top soil was
removed for several inches to allow the tests to be conducted on a level,
vegetation free surface. It has a color ranging from dark brown to black
and has been highly preconsolidated by desiccation. The clay contains
calcareous nodules up to 1/4 in. in size with traces of sand and tiny grass
roots. The approximate in situ density (Y) and moisture content (w) were
115 pcf and 33 percent, respectively. The specific gravity is 2.68 and the

percent saturation was approximately 97,

Sandy Clay Located in a Terrace of the Colorado River

1
This soil was utilized by Poor 6 in his impact tests at the Austin
Country Club., It is light brown in color and has been highly preconsoli-
dated by desiccation. The average in situ density and moisture content were

129.3 pcf and 16,7 percent, respectively., The percent saturation was assumed
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to be 90 since no measurements were made at the time of testing. This assump-
tion was based upon discussions with a technician who was present at the time

of testing.

Silts
18 1 . . . C s . . .
Reese =~ utilized Montopolis Silt in his impact studies. It is reddish
brown in color and contains a substantial amount of sand. Figure 56 contains
a grain size distribution curve for Montopolis Silt. It was compacted at a
moisture content (w) of 10 percent to a density of 125 pcf. Strength and

index properties are listed in Table No. 23,




APPENDIX D

PREDICTION OF SOIL PRESSURES AT LOW ANGLE IMPACT

This appendix contains listings of low angle impact data for wedges,
cylinders, and spheres. The low angle (o < 30 degrees) impact data were taken
from the output of Program IMPACT. It should be noted that the data were
taken only from the rising portions of the force-penetration curves since
Reichmuth‘s19 prediction equations were empirically derived from high angle
(o 2 30 degrees) impact data which were taken from the rising force-penetration
curves, The data were substituted into Eqs. 20, 21, 24, 25, 26, and 27 for a
comparison between the soil pressures calculated from these equations and the
measured values. Comparisons between measured and calculated values are
given, All of the calculations were performed on a high speed digital

computer,
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Wedge

The data listed on pp. 162 through 165 were taken from output of
Program IMPACT, Reichmuth19 thoroughly discussed Program IMPACT and presented
a program listing along with a guide for input data., The data were then
input into a program, developed by the author, which calculated soil pres-
sures using the regression equations generated by Reichmuthlg. The input

data were defined in the following manner,

Example from p, 162, lines 1 and 2.
DATE TEST NO.

3-9-67 No. 7

WLAL-10-0-0S = Light Wedge (WL) having an included angle
of 60 degrees (A) and a width of 5.5 inches (1), The
launch angle was 10 degrees and the pitch angle was 0

degrees. The target material was Ottawa Sand (0S).

Vertical penetration of tip (D) 0.49 in.

t

-Resultant Tangential Force (FT) 5.72 1b

Resultant Normal Force (FN) = 35.63 1b

Horizontal Velocity at Center of Gravity (VHG) 15.45 fps

Vertical Velocity of Center of Gravity (VVG) = 5.47 fps

Rotational Velocity (V,) = 0.34 rps

g

Angle between leading face of the wedge and the soil
surface (B) = 59.95 degrees

Distance betweed tip and center of gravity (DCG) = 0.7117 ft

Soil density (Y) = 98,31 pcf
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The input data were manipulated to provide input for Egs. 20 and 21.

<0.44 0.28, 0.43,0.70 -0.04_-1.19
(F )Y = (-V )Y " (=V ’ ) - ) )
_ 0.89 0.04
(Fp)p = 3.108 (Fp)y - 100 (21)

The variables appearing in the above equations are defined on p. 53,

The necessary input data manipulations are listed as follows:

v, = VHG - (V) (DCG)COS(PITCH) (33)
V, = VUG - (V) (DCG)Sin(PIICH) (34)
PITCH = 90 degrees - [0.5(Included Wedge Angle) + B] . (35)

Examination of Eq. 20 shows that VG’ VV’ and Dt each contain negative
signs, 1t was necessary for Reichmuthl9 to place negative signs on these
variables since according to his sign convention (see p. 150) these variables
were negative, Thus, when the negative variables were substituted into Eq. 20
they became positive. It should be noted that the input data listed on

pp. 162 through 165 do not contain minus quantities. The minus signs were

deleted from the VG’ V.

v and Dt variables and it, therefore, is not

necessary to keep the minus signs which appear in Eq. 20.
The resultant normal and tangential forces were reduced to plane

strain pressures by the following equations.

(F5) (36)

PN T K
I’(—nu+=1.oo )
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F)e = (37)

Dp was 5.5 in. and 11.0 in. for the single and double width projec-
tiles, respectively. A value of -1.41 was used for Ke since all of the low
angle tests were performed on sands,

The values from Eqs. 36 and 37 are listed under the heading '"MEASURED"
and the values from Eqs. 20 and 21 are listed under the heading "CALCULATED"
on pp. 166 through 169.

The percent deviations were calculated by Eq. 38.

Measured - Calculated) 100

Percent Deviation = (
Measured

(38)
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TANGENTIAL PRESSURE
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MEASURED CALCULATED PERCENT

IDENTIFICATION (Fp)p/IN. (Fp),/IN. DEVIATION
3-9/7-WLA1-10-0-0S 1639 9,14 =200),.21
3-9/7-WLA1-10-0-0S 4,21 30441 622,90
3-9/7-WLA1-10-0-08 5,95 25,92 -335,56
3-9/11-WLA1-10-0-08 1,97 31,39 -1534,99
3-9/11-WLA1-10-0-08 44673 34,93 654,08
3-9/11-WLA1-10-0-08 7.87 33,55 =376,20
3-9/8-WLA1-10-0-0S 2.18 32,53 -1389,27
3-9/8-WLA1-10-0-08 4e7n 34418 =627 460
3-9/8-WLA1-10-0-0S 793 32,09 =304,76
3-9/12-WLA1-10~-0-0S 9463 35.23 265,85
3-9/12-WLA1-10-0-0S 13.28 38412 187407
3-9/12-WLA1-10-0-0S 9eB4 36415 =267 442
3-9/13-WLA1-10-0-0S 7453 37403 =391459
3-9/13-WLA1-10-0-0S 14995 38.67 =158.6/0
3-9/13-WLAL-10-0-0S 1384 35483 =158.85
3-14/3-WLO1-10-0-0S =elg 2677 ~16382.50
3-14/3-WLO1-10-0-0S 1,17 =24,13 ?2156,62
3-14/3-WLO1-10-0-08 3,70 =26 ,46 761,28
3-14/2-WLO1-10-0-0S w2497 =2R,86 =8T0,07
3-14/2-WLO1-10-0-0S 2o bh w2743 =1015,80
3-14/2-WLO1-10-0-0S =2,18 27,421 ~1168,39
3-2/3-WLA1-20-0-0S 6,10 33,89 «455,25
3-2/3-WLA1-20-0-0S 20,25 37,75 =56 ,39
3-2/3-WLA1-20-0-08 2725 32.07 =17.69
3-2/4-WLA1-20-0-0S Se40 32429 =498,38
3-2/4-WLA1-20-0-08 1373 34012 =148,58
3-2/4-WLA1-20-0-0S 15259 23959 =51e¢28
3-2/6-WLA1-20-0-0S 4ol6 3098 645447
3-2/6-WLA1-20-0-08 l4e2h 36097 =15943)
3-2/6-WLA1-20-0-08 2377 35401 =47.264
3-2/9-WLA1-20-0-0S 4991 3552 =623.86
3-2/9-WLAL-20-0-08 24.07 40,27 ~67,32
3-2/9-WLA1-20-0-08 33.12 34,72 =4,83
3-2/3-WHA2-10-0-0S 3.72 30,11 ~708,59
3-2/3-WHA2-10-0-0S %23 34,35 =711 ,94
3-9/3-WHA2-10-0-08 227 33.16 =1360,21
3-9/5-WHA2-10-0-0S =.15 31,73 21790,07
3-9/5-WHA2-10-0-0S 2467 34,83 =1229,09
3-9/5-WHA2-10-0-08 3.52 32.25 =B16,25
3-9/6-WHA2-10-0-0S 3.01 33.57 =1015,50
3-9/6-WHA2-10-0-0S Te59 37.09 =388,65
3-9/6-WHA2-10-0-08 8a06 35039 233922
3-9/4-WHA2-10-0-08 o F 0 25,92 «3591.21
3-9/4-WHA2-10-0-08 1,873 29el2 =1490a47
3-9/4-WHA2-10-0-08 401 2703‘? «582,52
3-7/2-WHA2-20-0-08 7266 33.07 =33177
327/2-WHAZ-20-0-08 8ell 3335 =311.08
33?2-%2-28-8-85 7e3a 23466 =220 463
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TANGENTIAL PRESSURE

MEASURED CALCULATED PERCENT
IDENTIFICATION (Fp) /1IN, (Fp)p/IN. DEVIATION
3-7/6-WHA2-20-0-08 2463 32,03 =1116,81
3-7/6-WHA2-20-0-08 6e41 34,62 «439,98
3-7/6-WHA2-20-0-0S Ba24 29,32 -255,65
3-7/7-WHA2-20-0-0S 12,98 35,87 =176,43
3-7/7-WHA2-20-0-0S 13,97 37,24 167,54
3-7/7-WHA2-20-0-08 10,70 35,32 =230,09
3-7/8-WHA2-20-0-0S 8,84 31,88 «260,57
3-7/8-WHA2-20-0-0S 1713 37.11 ~116,68
3-7/8-WHA2-20-0-0S 304173 36623 2027
3-7/9-WHA2-20-0-08 9.07 35409 “286475
3-7/9-WHA2-20-0-0S 1452 38402 =16]1+75
3-7/9-WHA2-20-0-0S 27«13 27.32 =e7l
3-9/2-WHA2-10-0-08S 3.64 30097 «T49,94
3-9/2-WHA2-10-0-0S 497 34435 «597445
3-9/2-WHA2-10-0-0S 4227 3337 =689,65
3-23/2-WHO2-10-0-08 =1a94 «30.59 -1473,07
3-23/2-WHO2-10-0-08 «3,17 -28,21 =790,71
3-23/2-WHO2-10-0-0S 247 -28,564 «1055,38
3-23/3-WHO2-10-0-0S 50 =26h,20 5379,53
3-23/3-WH02-10-0-08 0 34 «258,07 7549,95
3-23/3-WH02-10-0-0S 030 25,02 B532,49
3-23/4-WHO2-10-0-0S «5,01 -28,76 474,03
3-23/4-WHO2-10-0-08 9,09 «27,064 -197,63
3-23/4-WH02-10-0-0S =i e85 =28e65 =190,75
3-23/5-WH02-10-0-0S “5606 “26092 43250
3-23/5-WHO2-10-0-0S “10e48 =23¢99 =129+58
3-23/5-WH02-10-0-0S =876 =24¢5% =180+39
3-23/6-WH02-10-0-0S =4eln “2Te65 “464924
3-23/6-WH02-10-0-0S =Teb4 =2656 «256499
3-23/6~WHO2-10-0-0S =T7e87 =294 09 =269.36
3-23/7-WHO2-10-0-0S 072 =27+06 376747
3-23/7-WH02-10-0-0S =1.75 =24497 «1324,32

3-23/7-WHO02-10-0-08 b .94 25,27 «409,62




IDENTIFICATION

3-9/7-WLA1-10-0-08
3-9/7-WLA1-10-0-0S
3-9/7-WLA1-10-0-0S
3-9/11-WLA1-10-0-0S
3-9/11-WLA1-10-0-0S
3-9/11-WLA1-10-0-0S
3-9/8-WLA1-10-0-0S
3-9/8-WLA1-10-0-0S
3-9/8-WLA1-10-0-0S
3-9/12-WLA1-10-0-0S
3-9/12-WLA1-10-0-08
3-9/12-WLA1-10-0-0S
3-9/13-WLA1-10-0-0S
3-9/13-WLA1-10-0-08
3.9/13-WLAL-10-0-0S
3-14/3-WLO1-10-0-08
3-14/3-WLO1-10-0-0S
3-14/3-WLO1-10-0-0S
3-14/2-WLO1-10-0-0S
3-14/2-WLO1-10-0-0S
3-14/2-WLO1-10-0-08
3-2/3-WLA1-20-0-0S
3-2/3-WLA1-20-0-0S
3-2/3-WLA1-20-0-0S
3-2/4-WLA1-20-0-08
3-2/4-WLA1-20-0-0S
3-2/4-WLA1-20-0-0S
3-2/6-WLA1-20-0-0S
3-2/6-WLA1-20-0-0S
3-2/6-WLA1-20-0-0S
3-2/9-WLA1-20-0-08S
3-2/9-WLA1-20-0-0S
3-2/9-WLA1-20-0-0S
3-2/3-WHA2-10-0-0S
3-2/3-WHA2-10-0-08
3-9/3-WHA2-10-0-08
3-9/5-WHA2-10-0-08
3-9/5-WHA2-10-0-0S
3-9/5-WHA2-10-0-0S
3-9/6-WHA2-10-0-0S
3-9/6-WHA2-10-0-0S
3-9/6-WHA2-10-0-0S
- 3-9/4-WHA2-10-0-0S
3-9/4-WHA2-10-0-0S
3-9/4-WHA2-10-0-0S
3-7/2-WHA2-20-0-08
3-7/2-WHA2-20-0-08

NORMAL PRESSURE

MEASURED
(FP)N/IN.

Re b4

1604
259 3R
13622
30e 28
AT 658
1695
28,39
38,21
2744
"6, 29
héel9H
38,62
66604
71073
2957
79444
RBs 46
14046
2926
5154
2lelR
59873
68,70
15,73
36,53
44.5)
12,12
42,25
58,01
29,16
BB 95
10978
10031
PHe B8
ANeHn
14620
3262
41,02
20,01
43,16
50,8%

4,59
11,91
?0,34
19,39
35.21

CALCULATED
(FP)N/IN.

Pe26
4052
BeHT
309
heZ4
Be27
3.19
4,81
5,96
4eTh
A,31
1037
5.22
Rob4%
1052
4e02
BeR9
1023
4018
Teds
Be87
2okb
578

6,33 -

2.63
6,20
7,02
2.14
5,31
To13
4690
Qe 05
1189
153
Feb7
4023
Pefh
5¢36
680
3,10
5,69
7,62
1,51
3,13
3,74
4,02
bebb

168

PERCENT
DEVIATION

74012

T1l.81
TTe67
Theb4
7939
78a04
#lae2l
53,07
B4 439
R2.T4
85 .23
B3 .84
A6, 49
86,91
BS,20
B6.38
R9,19
BHe43
Tlell
T4e653
B2.79
BB50
90633
Q99,79
a3,27
83,04
84 22
H#2 .38
BT,.43
BT, 71
83,20
R9,.82
BQ.16
85617
d7e11
RAe«]13
7987
B3,57
R3.42
R4 B3
He 8]
R, 02
67,00
73,76
Bl,62
79,26
Bl,70




IDENTIFICATION

3-7/2-WHA2-20-0-0S
3-7/6-WHA2-20-0-0S
3-7/6-WHA2-20-0-0S
3-7/6-WHA2-20-0-0S
3-7/7-WHA2-20-0-0S
3-7/7-WHA2-20-0-0S
3-7/7-WHA2-20-0-08
3-7/8-WHA2-20-0-0S
3-7/8-WHA2-20-0-0S
3-7/8-WHA2-20-0-0S
3-7/9-WHA2-20-0-0S
3-7/9-WHA2-20-0-0S
3-7/9-WHA2-20-0-0S
3-9/2-WHA2-10-0-0S
3-9/2-WHA2-10-0-0S
3-9/2-WHA2-10-0-0S
3-23/2-WH0O2-10-0-0S
3-23/2-WHO2-10-0-08
3-23/2-WH02-10-0-0S
3-23/3-WHO2-10-0-08
3-23/3-WHO02-10-0-0S
3-23/3-WH0O2-10-0-0S
3-23/4-WHO2-10-0-0S
3-23/4-WHO2-10-0-0S
3-23/4-WH02-10-0-0S
3-23/5-WHO2-10-0-0S
3-23/5-WH02-10-0-0S
3-23/5-WH02-10-0-0S
3-23/6-WH02-10-0-0S
3-23/6-WH02-10-0-0S
3-23/6-WH02-10-0-0S
3-23/7-WHO2-10-0-08
3-23/7-WH02-10-0-0S
3-23/7-WH02-10-0-08

NORMAL PRESSURE

MEASURED
(FP)N/IN.

5120
15«31
33454
419
3115
43«55
49¢62
14,66
42,54
79.47
26,77
64451
7697
12.19

28,30
309

7«84
2193
39475
36434
56412
T3e4?
15158
39013
51,82
78,28
91,79
Q6,26
22,99
54,85
60,96
26.79
60 0R
TieTa

CALCULATED
(FP)N/IN.

759
P98
5429
683
3054
S¢23
Te0l
3,44
A,01
Q,29
4414
RBebl
10,50
le7%

3,83
4034
3009
Sed?
5e84
4435
6eléd
791
4e7)
feR3
9,50
5,39
11,02
12.22
Te24
11,05
11,38
beTl
909
1099

169

PERCENT
DEVIATION

85417
ROeT72
84423
B3.71
BH .65
B7.98
R5.87
76,55
8% .86
88,31
B4 ,5%4
86,96
86,36
RS, 74
Bb .46
B5.96
60466
7514
85.30
RB.04
8906
89.22
6893
7743
Rl.67
80,95
88,00
B7.,30
68,48
79.85
81.33
B2.41
B4.86
B4 669
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Cylinder

The presentation of the cylinder data is similar to that of the wedge,

The input data are defined in the following manner,
Example from p. 172, lines 1 and 2,

Line 1 gives the test identification system, which is explained in
Appendix A.

The variables appearing in line 2 are:

Horizontal velocity at center of gravity (VH) = 19.21 fps,
Vertical velocity at center of gravity (VV) = 5.16 fps,
Rotational velocity (Ve) = 0.30 rps,

Vertical penetration of tip (DT) = 0.10 in.,

Resultant horizontal force at center of gravity (FH) = 38.20 1b,
Resultant vertical force at center of gravity (FV) = 116,20 1b,

Soil density (Y) = 100.00 pcf.

Equations 24 and 25 were used to calculate resultant plane strain

pressures at the center of gravity.

0. 36 0.27

0.39 1 09
V2 2028 vy

(24)

(Fy)

Py 0.0859(-D )

-0.13 1.01 0.24 l 25
V)N

(F 0.131(-D ) (25)

P)V H

The variables appearing in Egs. 24 and 25 are devined on p. 60. It

should be noted that the minus signs on Dt’ VV’ and Ve are not necessary

since the input data have all been listed as positive,
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The resultant horizontal and vertical forces were reduced to plane

strain pressures by Eqs. 39 and 40.

H
(Fp)y = — 4 (39)
Dp (—E + 1 00)
- .
p
Fy
(Fply = — (40)

Dp (D—e- + 1.00)
P

Equations 39 and 40 were used to calculate the values listed under the
"MEASURED" column on pp. 175 and 176. Equations 24 and 25 were used to cal-
culate the values listed under the "CALCULATED" column on pp. 175 and 176.

The percent deviation values were calculated using Eq. 38.




3=16=67
19,210

3=]6=67
192110

3=16=67
18,870

J=16=67
1R.540

3=16=67
29,020

3alb=67
7R.940

1=]16=67
28,600

I=16=67
2R.230

3=16=67
27,520

3=16=67
12,810

3=16=67
12.700

3=16H=67
12,420

1e23=67
21,050

3-23-67
20800

3ep3=67
264580

I=23=67
26,2440

3=23=67
25 .86(0

3=23=67
26,060

F=23=67
25.660

Iwp3=67
25,200

] Q e r;‘)
54160

NOe 5
4o94D

NQa 8§
4490

NOe B
3880

NQe 3
7310

NOe 3
Tel20

NOe 3
6.530

NOs 3
5620

NOe 3
4830

NOQe 6
5370

NOe 6
5.030

NOe 6
44380

NQe 10
5650

NO. 1
5230

NQe B
6080

NOe B
54170

NOe 8
40120

NOe 9
Te200

NQeo 9
6520

NOe 9
S5eB40

cYLl

CyL1

cyLl

CcYL1

cyLl

CYi 1l

cYL1

CYi.1

cYLl

CYiLl

cyLl

cYLl

wil=l=03
« 030

=10=0=08
160
«10=0=08
2450
«770

=10=0=08
. 190

=]10=0=08
+190
‘10'0-05
0430

=10=0=0S
0410

=i =008
+300

«w] =008
e 040
=] 0=0=08
«210
=1 0=0=08
«580

CYL2=)0=0=03

«180

Cyl.2=10=0=0S

e400

CYL2=10=0=05

» 260

CYL2=10=0=05

870

CY.2=10=0-05

1630

CYL2=10=0=08

ellD

CYL2=10=0=08

cyL2

«560

w]lf=l=08

e 730

INPUT DATA
<100 a8, 200
<200 176400
<300 ?61.800
«38n 326.300
J240 30,600
aTn 62.900
1.130 69,800
1730 66,700
2430 128,200
o110 48.000
2210 203.300
«310 296,500
460 145,400
e T40 184000
« 340 391100
« 490 453,800
610 545,800
e 250 157.300
«T1lo 2164300
1130 315,400

116,200

319300

5204400

561600

79,400

133300

116000

1144700

195,600

173900

533.100

571+6000

271.100

299,800

1027000

1354,000

1358.000

294,600

349400

443300

100,000

100000

100.000

120000

84,500

B4 ,500

B4 %00

84,500

84,500

102.600

102,600

102600

92,900

920900

101000

101.000

101000

B9,300

89.300

89.300

172




1u?23=b7
24,550

3=23=67
12.5870

3=23=67
12380

3=23=47
12750

3=23=67
12:500

I=P3=67
12,140

3-23=67
20.740

I=23=67
20a430

3=23=67
20,120

3=23=67
19.860

3=3()=67
19,080

3=30=67
18,860

3~30=67
18.400

3=30=67
20,810

3=30=h7
20560

3=30=67
19170

3=30=67
18,930

3=30=67
19.110

I1=30=67
18.890

3=30=67
18,310

3=3]1=67

NOe 9
5.000

NOe 14
52740

NQOe 14
5¢390

NOe 13
69400

NOe 13
Se800

NQe 13
44990

NOo 12
4040

NO« 12
3480

NOe 12
2+920

NOe 12
2380

NOs 4
9,540

NOo 4
9s180

NOe 4
Be¢190

NOes 2
BeT740

NOo 2
80360

NOe §
96520

NOe B
B8eglo

NOs 6
9.240

NOe 6
B.7R0

NO. &
Tes20

NOe. 3

CYL2=llal=03

s 180

CylL2=10=0=08
oNT0

CYL2=10=0=08
e390

CYL2=10=0<05
+150

CYL2=10=0=0S8
e560

CYL2=10=0~0S
1.080

CYL2=10=0«08
340

CYLZ2=10=0=0S
« 760

CYL2=10=0=08
1.120

CYL2=10=0=08
1360

CYL2=5=0=08
« 090

CYL2=5=0=0%
+400

CYL2=5=0=0S
990

CYLZ2=5=0=0S
2100

CYL2~=5=0=05
+340

CYL2=5=0=0S
«100Q

CYL2=5=0=05
2440

CYLP=5=0=03
s NGO

CYl,2=5=0=08
s 360
CYLZ=5=0=05
1060

CY|.2=5=0=CA

1.499

«190

540

0170

330

Wa70

2170

e25n

o310

+360

,260

520

« 750

540

1060

o270

«53n

0250

500

<720

367,900

79¢100

1024800

223700

4784100

481,900

5134300

5524300

548,500

5824100

160,400

5074100

7040400

1004200

201R00

1524600

612,300

96,700

663400

7494700

470,A00

167600

2140400

607500

1044,000

1165,000

963.500

1030000

1064,000

1065.,000

149,400

1085,000

1414000

117.70¢

387.200

1077000

1413,000

212,500

132R8.000

1525.000

89,300

B7e800

BT.800

99800

99.800

99,800

100000

100000

100.000

100000

101,300

1014300

101300

90.000

90+000

99.700

99700

98,900

98.900

98900

173




21,010 BeGstn » 130

T=3leh] NO, 3 CYLP=B=elh
2n.T10 BeRTN « 901

J=3l=b? NOg 3 CYL?2=9=0=CA
20,290 5.924 <780

1w3l=B67 NOs 3 CYL2=5=0=CAh
19,930 5240 2700

s 440

e8Tn

1,264

1610

125.800

220200

?61.100

132,500

125,200

336.100

379,200

382,300

99,0600

994000

99.000

99,000

174
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MEASURED CALCULATED PERCENT

IDENTIFICATION (FP)H/IN. (FP)H/IN. DEVIATION
3-16/5-CYL1-10-0-0S Qe26 Re37 10619
3-16/5-CYL1-10-0-0S 42474 19.97 53431
3-16/5-CYL1-10-0-0S A3e4? 37460 4Be63
3-16/5-CYL1-10-0-0S 79+ 10 4003 49¢40
3-16/3-CYL1-10-0-0S Tet? 15 R4 «113e%72
3-16/3-CYL1-10-0-0S 15425 33442 =119.16
3-16/3-CYL1-10-0-0S 1692 5074 =253.07
3-16/3-CYL1-10~-0-0S 1617 b4e36 =298,00
3-16/3-CYL1-10-0-0S 31+ 0R 5683 “B2 .85
'3-16/6-CYL1-10-0-0S 11+ 64 GeNR 2194
3-16/6-CYL1-10-0-0S 49e2R 21403 5734
3-16/6-CYL1-10-0-08 71098 32498 54418
3-23/10-CYL2-10-0-0S 15919 2R.89 ~90.15
3-23/10-CYL2-10-0-0S 19273 4446) «132.04
3-23/8-CYL2-10-0-0S 4087 36e41 1092
3-23/8-CYL2-10-0-0S 4Te47 6033 “27023
3-23/8-CYL2-10-0-0S 5707 T70e87 w27 067
3-23/9-CYL2-10-0-0S 1644 22036 =36.01
3-23/9-CYL2-10-0-0S 2260 5773 “155044
3-23/9-CYL2-10-0-0S 3294 TnehS “114¢37
3-23/9-CYL2-10-0-0S. 36135 T2 e 68 ~GQ 9P
3-23/14-CYL2-10-0-08 Rep? 1203 =45453
3-23/14-CYL2~10-0-08 1074 3280 =205 39
3-23/13-CYL2-10-0-0S 23+319 1909 1834
3-23/13-CYL2-10-0-0S 4994 3ReNB 2382
3-23/13-CYL2-10-0-0S 5036 5078 .84
3-23/12-CYL2-10-0-0S B3e64 27299 B7eld4
3-23/12-CYL2-10-0-0S 87«71 3301 4280
3-23/12-CYL2-10-0-0S 57,31 37.32 34,88
3-23/12-CYL2-10-0-0S h0 R 37,60 38,18
3-30/4-CYL2-5-0-08 1. 74 26,03 =55,33
3-30/4-CYL2-5-0-08 32,99 58,28 «%,99
3-30/4-CYL2-5-0-OS '3 g61 83.03 -ngF)O
3-30/2-CYL2-5-0-0S 10,47 30,18 =188,29
3-30/2-CYL2-5-0-08 21,09 6N 24 «185,69
3-30/5-CYL2-5-0-0S8 . 15.95 27.68 =73.,58
3-30/5-CYL2-5-0-0S %3918 hR.RY Te96
3-30/6-CYL2-5-0-0S 10e1n 2ne97 =10750
3-30/6-CYL2-5-0-0S 69037 52638 Phstbt
3-30/6-CYL2-5-0-0S T8Be 34 H3,12 “6ell
3-31/3-CYL2-5-0-CA 13.11 3ne22 =130,648
3-31/3-CYL2-5-0-CA 2307 6304 =173.98
3-31/3-CYL2-5-0-CA 2728 K0e20 «19397

3-31/3-CYL2-5-0-CA 1385 TTeRT =hb2ed ]
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MEASURED CALCULATED PERCENT

IDENTIFICATION (FP)V/IN. (FP)V/IN. DEVIATION
3-16/5-CYL1-10-0-0S 98e17 27421 3.41
3-16/5-CYL1-10-0-08 17041 %0432 34,99
3-16/5-CYL1-10-0-08 126+ 14 6Re1S 45098
3-16/5-CYL1-10-0-0S 13615 7318 46625
3-16/3-CYL1-10-0-08 19425 hheh? “1641e15
3-16/3-CYL1-10-0-0S 32432 1988 164719
3-16/3-CYL1-10-0-0S 58412 123038 ~338.75
3-16/3-CYL1-10-0-0S ?‘7-8{ 12955 =36591
3-16/3-CYL1-10-0-0S 47447 11134 ~134,8]
3-16/6-CYL1-10-0-05 42,15 34,27 18,82
3-16/6-CYL1-10-0-08 179,24 60,65 53,07
3-16/6-CYL1-10-0-05 138,57 77.96 43,74
3-23/10-CYL2-10-0-0S 28,33 72,66 «156,51
3-23/10-CYL2-10-0-0S 31,33 97,22 210,33
3-23/8-CYL2-10-0-0S 107,31 82,31 23,30
3-23/8-CYL2-10-0-0S 141,48 107,08 24,32
3-23/8-CYL2-10-0-0S 14190 107.54 24421
3—23/9-CYL2-10-0-OS 36'51 120610 —228.96
3-23/9-CYL2-10-0-0S 46632 136037 =194¢29
3-23/9-CYL2-10-0-0S 49017 13160 «167.63
3-23/14-CYL2-10-0-0S 1751 472443 =142430
3-23/14-CYL2-10~0-08 22040 88438 =29664T
3-23/13-CYL2-10-0-0S 109,30 01e4] 1.22
3-23/13-CYL2-10-0-0S 12173 1 1h,69 4415
3-23/12-CYL2-10-0-08 100,68 45 ,R5% 84 46
3-23/12-CYL2-10-0-0S 107.63 55,28 48,64
3-23/12-CYL2-10-0-08 111,18 55,14 50,41
3-23/12-CYL2-10-0-08 111.29 49,75 55,30
3-30/4-CYL2-5-0-08 15,61 C 95 .44 «511,32
3-30/4-CYL2-5-0-08 113,38 169,96 =69 ,9]
3-30/4-CYL2-5-0-0S 16775 216427 “46,37
3-30/2-CYL2-5-0-0S 1230 10014 =Tl4,23
3-30/2-CYL2-5-0-08 40646 168409 =308,064
3-30/5-CYL2-5-0-08 11254 10115 1012
3-30/5-CYL2-5-0-08 147658 16649 =12:76
3-30/6-CYL2-5-0-0S 22+20 Bpel7 26106
3-30/6-CYL2-5-0-08 13877 151450 =9,.18
3-30/6-CYL2-5-0-08 159 35 198.51 “272.69
3-31/3-CYL2-5-0-CA 13.08 BRel2 =573.60
3-31/3-CYL2-5-0-CA 315,12 148,53 =322,93
3-31/3-CY¥L2-5-0-CA 19 .67 17106 «33)1,7]

3.31/3-CYL2-5-0-CA 39,95 161,72 =304 82
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Sphere

The sphere data and comparison of measured and calculated soil forces
are presented on the following pages. Lines 1 and 2 on p. 179 are discussed
as an example of the data input to the computer,.

Line 1 contains the test identification, which is explained in
Appendix A,

Line 2 contains the following variables which were taken from the

output of program IMPACT.

Horizontal velocity at center of gravity (VH) = 24,80 fps
Vertical velocity at center of gravity (VV) = 6.60 fps
Rotational velocity (Ve) = 1.09 rps

Vertical penetration of tip (Dt? = 0.13 in.

Resultant horizontal force at center of gravity (FH) = 90,50 1b
Resultant vertical force at center of gravity (FV) = 168,30 1b

Soil density (¥) = 107.10 1b

The resultant horizontal and vertical forces at the projectile center

of gravity were calculated using Egs. 26 and 27.

-0.21 0.28,1.23

0.70V 0.52 ('Ve) v (26)

H

r
1l

0.683 (=Dt) (-v

V)

-0.11 0

0.21,1.38
(-,

1.89 (,Dt)0-87v '26(-ve) v (27)

<
It

H

The variables appearing in the above equations are defined on p. 61, It

should be noted once again that the minus signs on Dt’ VV. and Ve are

not necessary since the input data have all been listed as positive.
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The values listed under the "MEASURED" column on pp. 181 and 182 were
>btained directly from the input data since edge effects were not accounted
for in tests with spherical projectiles, The values listed under the

""CALCULATED" column were obtained from Eqs, 26 and 27.




F=16=67
24800

U=16=A47
26620

3—16‘67
?4.7280

3=16=67
23.R20

Aml16=67
3n.620

I=]1b6wb7
30510

Iw]1b=67
30310

Jelbmtry
30030

3=16=67
29.66(

I<16=67
29.200
3=]6=b67
13370
1=16=67
13300
3=16=67
13.190
F=]bH=67
13.040

3=]16=67
12840
3—16‘67
12620
3=l b=67
12390
Y] HabT
12.1390

3=16=67
240450

A=]16=67
244380

NUeld Sl=laen=is
6eb00 1090

NOglé SL=10=0=08
60260 1370

NOGl4 SLwlfNeleNy
5460 1840

NOol4 SL=l0=nens
44940 24340

NU.lQ SL-IO‘O-QS
7.040 1.”90

NOl2 SLelfmwnans
6e720 1320

NOelZ2 SL=10=1=0S
GeZ260 Leb70

NOol12 SL=l0=n=015
He”d( 1790
NOW12 SL=lQ=0=08
4499 2en30
NOg1l?2 SLeld=n=0S
40210 24190
NOeR SLelf=n=NnS§
5430 1+4030
NO‘Q S‘-"‘lﬂ-()"")s
5280 1+ 120

NOs8 SLe]l0=n=0S
Se 060 12260

NOeB SlL=lg=n=0$
4+780 1es20

NOoH SLwlf=n=(S
4e450 1590

NQe¢8 SL=l=0=08
4120 1730
NOe8 SL=l=D=0S
36750 1840

NOoH SLell=N=NS
3320 1950

NO,13 SL=10=0=08
40120 1-490

NOg13 SL=10=0=0S
36900 1680

1020

1+16p

INPUT DATA

s 130 G R00

2290 219900

+360 330200

40D 39248200

e 230 31.R00

« 359 77700

Y1-14) 114300

840 1582700

e 189 222100

«350 394200

+ 920 63.000

«67n 85%.600

« 820 100200

+960n 167300

1090

1200
«510 496460
058 64400

200900

232:500

116300

128200

16Re 300

407000

542200

5834900

107+800

1934300

246100

309700

3586700

38494100

51+700

906900

120300

1490300

1944400

168400

191300

2046500

191400

1960400

1074100

197100

107100

1074100

888310

B8Ra810

HBE«R|0

RBA10

8’3-81‘.)
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3=]16=67
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12520
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2e07T0

NQ, 10
5,751

NQOe 10
5510

NQ, 10
40950

NOo 10
Ge310

NO, 10
3760

NCell
T»23n

NOell
HeH6(

NOe11
3170

2el20

SlLalf=t=0%
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IDENTIFICATION

3-16/14-SL-10-0~-08
3-.16/14-SL-10-0-08
3-16/14-8L-10~0-08
3-16/14-8L-10-0-08
3-16/12-SL-10-0-0S
3-16/12-8L-10-0-08
3-16/12-SL-10-0-0S
3-16/12-SL-10-0-0S
3-16/12-SL-10-0-0S
3-16/12-8L-10-0-08
3-16/8-SL-10-0-08
3-16/8-SL-10-0-08
3-16/8-SL-10-0-08
3-16/8-SL-10-0-08
3-16/8-SL-10-0-08
3-16/8-SL-10-0-08
3-16/8-SL-10-0-0S
3-16/8-SL-10-0-08
3-16/13-SL-10-0-0S
3-16/13-SL-10-0-08
3-16/13-SL-10-0-0S
3-16/13-SL-10-0-0S
3-16/9-SL-10-0-0S
3-16/9-SL-10-0-0S
3-16/9-SL-10-0-0S
3-16/9-SL-10-0-08
3-16/9-SL-10-0-0S
3-16/9-SL-10-0~-08
3-16/9-SL-10-0-08
3-16/9-SL-10-0-08
3-16/9-SL-10-0-0S
3-16/10-SL-10-0-08
3-16/10-SL-10-0-08
3-16/10-SL-10-0-0S
3-16/10-SL-10-0-08

3-16/10-SL-10-0-0S

3-16/11-SL-10-0-0S
3-16/11-8L-10-0-0S
3-16/11-SL-10-0-08

MEASURED
FH/IN°

90eHN
219«9N
31020
39280
31«80
T110
114030
18870
200 e4N
232«60
2210
39720
A3:0N
ﬂs-ﬁﬂ
10020
16739
116390
127820
L9 4R
4o Hh
78044
RHe 3R
7628
L3047
RAeily
APe 3
76299
H3e?2)
RT7e94
Q357
47409
47Te 19
15850
217170
228990
231e1N
25220
4T TeRn
4950 RN

CALCULATED
FH/IN.

18807
1922
49380
BHT7e08
24%e16
34Qe 78
K772 88
712207
RT15.14
100944
140682
23035
319685
3Y1 98
469631
S540e47
60T7s16
ABJe T4
45917
24084
60218
67011
15311
2510141
34554
431661
51355
591046
ABReT]
T37e66
ROTe15
11277
194038
27355
A58 04
433eA3
31936
61he 3]
B83.92

PERCENT

DEVIATION

”10{081
45417
=371+43
49046

'670.94

=350 17

=401e21

=384 .99

=335.61

=3372+28

"53[020

“4H1.62

=40 e 87

=35T792

=36H 6 38

”403-70

=422 0h

"422-42

=8278e37

71244

=667eT0

57577

~4H2e59

=47THa 12

=51660

=h722¢54
=5h704
=6H108}
=660e47

~6HE 36

=T73]135

'138096
=P22e40
=250 65
"56042
‘87-64
=26673
=2He9Y
= THe 7R
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MEASURED CALCULATED PERCENT

IDENTIFICATION FV/IN. Fy /IN, DEVIATION
3-16/14-SL-10-0-08 L1AR430 236,73 =4}, 06
3-16/14-SL-10-0-0S 407,00 433,07 b 4]
3-16/14-SL-10-0-0S 542,20 hl17,34 -13,86
3-16/14-SL-10-0-0S 583,90 777,34 -33,13
3-16/12-SL-10-0-0S 107,80 298,41 «176,82
3-16/12-SL-10-0-08 193,30 447 ,4) -128,87
3-16/12-SL-10-0-0S 246,10 772,41 -213,86
3-16/12-SL-10-0-08 309,79 969,08 -212,91
3-16/12-SL-10-0-0S 388,70 1140,1% =217 .86
3-16/12-SL-10-0-0S 389,10 12641,74 -219,13
3-16/8-SL-10-0-0S 51,70 246,53 ~376,84
3-16/8-SL-10-0-0S 490,90 494 47 ~388,97
3-16/8-SL-10-0-08 120630 36,445 «429,0%
3-16/8-5L-10-0-08 169430 B2 .69 437,63
3-16/8-SL-10-0-08 194,40 963,50 =524 .03
3-16/8-SL-10-0-0S (68,60 1104 ,67 «555,20
3-16/8-SL-10-0-0S 191,3n 1222,00 538,82
3-16/8-SL-10-0-08 204,50 1306,10 «535,68
3-16/13-SL-10-0-08 181,40 559,95 =269 ,85
3-16/13-SL-10-0-0S 194,40 633,33 -225,79
3-16/13-SL-10-0-0S 226,10 T4 ,60 216,05
3-16/13-SL-10-0-0S 240,20 112,24 -221,50
3-16/9-SL-10-0-0S 52,01 181,71 249 37
3-16/9-SL-10-0-0S RO, 68 326,19 =304 ,30
3-16/9-SL-10-0-0S 99,99 466,07 «366,11
3-16/9-SL-10-0-0S 121,00 890,17 =387 74
3-16/9-SL-10-0-08 138,30 697,55 =404 38
3-16/9-SL-10-0-08 140470 TRR, 02 «460,07
3-16/9-SL-10-0-08 146,60 Bly.26 «493,63
3-16/9-SL-10-0-08 155,40 922.91 ~493,90
3-16/9-SL-10-0-0S IRT 460 954,30 =469 39
3-16/10-SL-10-0-0S Ré o273 18R,45 =123,73
3-16/10-SL-10-0-08 366,70 355,31 3,11
3-16/10-SL-10-0-0S 425 .50 499 66 2,71
3-16/10-SL-10-0-0S 499,80 635,97 ~27,.25%
3-16/10-SL-10-0-0S 503,40 Toeral =4H.,23
3-16/11-SL-10-0-0S 548,70 395,41 27,86
3-16/11-SL-10-0-08 916,00 T36,06 19,64
3-16/11-SL-10-0-08 839,10 910615 8,47




APPENDIX E

CONE IMPACT DATA

This appendix contains the cone data which were obtained by the author

from the impact tests on Ottawa and Colorado River Sand. Table Nos. 24 through

29 contain the Ottawa Sand data and Table Nos. 30 through 35 contain the

Colorado River Sand data.

For clarity, several of the columns appearing in the tables are ex-

plained, The test identification column refers té
of the test on that particular date (7-14-3). The
type of cone (light cone = LC and heavy cone = HC)
projectile pitch (90 - 0). A complete explanation
coding system is given in Appendix A,

The two soil columns list the soil density
tent (w).

The rise time is the elapsed time from the
development of the peak acceleration,

The calculated penetration was obtained by

gration of the acceleration-time curve,

the month, day, and number

column also specifies the

and the impact angle and

of the test numbering and

(Y) and the moisture con-

instant of impact to the

double numerical inte-~

The correction factor (CORFA) was a multiplier that was used to cor-

rect the acceleration ordinates so that the final projectile velocity was

approximately zero., Appendix F contains a discussion on the application of

correction factors (CORFA) to acceleration-time curves,
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TABLE NO. 25

TABULATION OF PEAK ACCELERATIONS FOR VERTICAL
IMPACT OF LIGHT CONE ON DENSE, DRY OTTAWA SAND

Test Soil Vertical Peak Rise Measured Calculated Correction
Identification Y w Impact Acceleration Time Penetration Penetration Factor
Velocity

(pcf) (%) (fps) (g's) (msec) (in.) (in.) (CORFA)
7-14-5-1LC-90-0 105.2 1.33 10.1 14.8 25.4 4.8 3.4 1.37
7-14-6-LC-90-0 103.6 1.14 10.1 14.5 27.9 5.1 2.6 1.48
7-24-5-1LC-90-0 104.7 0.72 14.4 20.0 22.4 5.1 4.1 1.30
7-24-6-LC-90-0 106.2 0.81 14.3 17.6 25.2 5.9 4.3 1.35
7-14-7-1C-90~0 101.8 1.38 17.3 26.8 23.2 5.6 4.5 1.29
7-14-8-LC-90-0 100.6 1.07 18.0 29.0 19.0 5.5 4.2 1.39
7-11-3-LC-90-0 104.7 1.34 19.6 28.2 25.7 5.4 5.2 1.32
7-11-4-1.C-90~0 101.9 0.95 19.6 30.8 22.6 5.6 5.3 1.45
7-10-1-LC-90~0 107.5 2.29 23.8 40.4 16.5 5.7 5.4 1.42
7-10-2-LC-90-0 106 .6 1.79 23.6 38.8 16.3 6.3 5.4 1.44
7-11-1-LC-90-0 106.8 1.73 30.8 45.3 16.9 7.2 7.5 1.30
7-11-2-LC-90-0 101.3 1.61 30.5 47.5 16.1 7.4 6.7 1.42
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TABLE NO. 26

TABULATION OF PEAK ACCELERATIONS FOR VERTICAL
IMPACT OF LIGHT CONE ON SATURATED OTTAWA SAND

Test Soil Vertical Peak Rise Measured Calculated Correction
Identification v W Impact Acceleration Time Penetration Penetration Factor
Velocity

(pcf) (%) (fps) (g's) (msec) (in.) (in.) (CORFA)
7-25-3-LC~-90-0 134.4 16 .4 10.3 27.5 23.7 3.4 1.7 1.25
7-25-4-LC~-90-0 133.3 17.1 10.2 24.9 23.7 3.3 2.2 1.25
7-25-1-LC-90-0 134.6 16.0 14 .4 26.4 23.0 -- 3.1 1.42
7-25-2-LC~-90-0 133.7 16.8 14.3 30.0 21.4 3.7 3.1 1.35
7-25-5-LC-90-0 132.2 17.7 17.3 37.7 21.7 4.6 4.5 1.14
7-25-6-1LC-90-0 133.0 17.3 17.5 38.3 20.1 3.9 4.0 1.34
7-25-7-1.C-90-0 132.2 18.1 20.0 43.7 15.7 4.0 3.7 1.10
7-25-8-LC-90-0 135.4 15.3 19.9 44.5 18.7 4.3 4.1 1.13
7-25-9-LC-90-0 132.8 17.3 23.6 51.4 15.8 4.6 4.6 1.26
7-25-10-LC-90-0 131.4 18.4 22.9 49.1 15.8 4.5 4.3 1.25
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TABLE NO. 27

TABULATION OF PEAK ACCELERATIONS FOR VERTICAL
IMPACT OF HEAVY CONE ON LOOSE, DRY OTTAWA SAND

Test Soil Vertical Peak Rise Measured Calculated Correction
Identification % w Impact Acceleration Time Penetration Penetration Factor
Velocity

(pcf) (%) (fps) (g's) (msec) (in.) (in.) (CORFA)
7-20-7-HC-90-0 91.6 0.94 10.5 8.3 96.7 14.4 7.9 2.35
7-20-8-HC-90-0 88.8 1.01 10.3 7.0 96.7 14.5 10.5 2.00
7-21-1-HC-90-0 89.3 1.03 14.3 11.9 85.2 16.3 9.8 2.00
7-24-1-HC-90-0 92.4 0.83 14.5 12.6 71.3 14.9 8.2 2.25
7-20-5-HC-90-0 86.0 1.10 17.9 17.3 77.4 15.8 14.9 2.20
7-20-1-HC-90-0 88.7 1.09 20.4 19.3 66.5 16.4 16.0 1.60
7-20-2-HC-90-0 90.1 1.05 19.5 24 .4 75.1 15.6 14.3 1.82
7-20-9-HC-90-0 89.3 1.10 23.1 21.3 57.5 16.0 15.0 1.50
7-20-10-HC-90-0 90.4 1.00 23.8 29.7 66.2 16.1 15.0 2.00
7-20-11-HC-90-0 93.1 1.13 27.1 31.4 67.0 18.9 17.9 1.68
7-20-12-HC-90-0  88.3 1.17 27.1 28.4 62.5 17.2 16.8 1.75
7-20-13-HC-90-0  86.2 1.05 27.1 34.8 57.4 16.7 16.7 1.54
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TABLE NO. 30

TABULATION OF PEAK ACCELERATIONS FOR VERTICAL IMPACT
OF LIGHT CONE ON LOOSE, DRY COLORADO RIVER SAND

Test Soil Vertical Peak Rise Measured Calculated Correction
Identification 0% 4 Impact Acceleration Time Penetration Penetration Factor
Velocity

(pcf) (%) (fps) (g's) (msec) (in.) (in.) (CORFA)
8§~1-1-LC-90-0 95.8 1.99 9.9 7.6 39.1 8.2 5.2 1.25
8-1-2-LC-90-0 94.3 1.91 10.0 7.7 64.5 9.3 7.1 1.45
8-1-4-LC-90-0 96.3 2.11 14,1 11.3 52.3 10.4 8.2 1.39
8-1-5-LC-90-0 94.4 2.07 13.8 13.1 54.7 10.2 6.0 2.00
8-1-6-LC-90-0 91.7 2.70 14.0 10.4 70.2 10.0 9.8 1.80
8§-1-7-LC-90-0 94.5 2.10 17.1 18.9 42.8 10.2 6.7 2.25
8§-1-8-LC-90-0 95.1 1.86 17.7 18.1 61.5 10.0 11.1 2.10
§-1-9-LC-90-0 91.7 1.80 19.9 19.4 48.7 10.8 10.0 1.94
8-1-10-LC~-90-0 94.0 2.93 19.6 21.1 50.5 10.9 10.3 2.14
8-1-11-1.C~90-0 95.9 2.00 20.1 18.8 48.1 11.3 9.6 2.35
8-1-12-LC-90-0 92.2 1.80 24,2 21.4 51.5 11.4 14.0 1.80
8-1-13-LC-90-0 97.1 1.78 23.6 21.9 46.0 12.0 11.8 1.90
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TABLE NO. 32

TABULATION OF PEAK ACCELERATIONS FOR VERTICAL IMPACT
OF LIGHT CONE ON SATURATED COLORADO RIVER SAND

Test Soil Vertical Peak Rise Measured Calculated Correction
Identification Y w Impact Acceleration Time Penetration  Penetration Factor
Velocity

(pcf) (%) (fps) (g's) (msec) (in.) (in.) (CORFA)
8-10-9-LC-90-0C 131.9 18.3 9.9 16.1 34.3 3.9 3.4 1.26
8§-10-10-LC-90-0 132.3 17.1 10.0 16.8 32.1 4.5 3.5 1.10
§-10-7-LC-90-0 135.6 15.2 14.2 26.7 25.7 4.3 3.5 1.18
8-10-8-LC-90-0 130.3 19.3 14.3 23.7 30.0 4.2 4.5 1.30
8§-10-5-LC~90-0 135.6 15.2 17.3 28.6 25.9 4.4 4.7 1.27
8§-10-6-LC~90-0 135.6 15.2 17.2 30.6 24.3 4.5 4.3 1.10
§-10-3-LC-90-0 130.6 19.2 20.0 38.1 21.4 4.5 4.2 1.19
8§-10-4-LC-90-0 132.5 17.8 19.9 35.5 24.3 4.6 5.1 1.34
8§-10-1-LC-90-0 132.2 18.2 23.9 45.2 23.6 -- 6.2 1.42
8-10-2-LC-90-0 136.1 15.0 23.7 45.2 18.6 5.5 5.1 1.38
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TABLE NO. 33

TABUTLATION OF PEAK ACCELERATIONS FOR VERTICAL IMPACT
OF HEAVY CONE ON LOOSE, DRY COLORADO RIVER SAND

Test Soil Vertical Peak Rise Measured Calculated Correction
Identification Y w Impact Acceleration Time Penetration  Penetration Factor
Velocity

(pcf) (%) (fps) (g's) (msec) (in.) (in.) (CORFA)
8§-3-1-HC-90-0 97.6 1.44 10.5 7.0 75.7 12.7 9.2 1.35
8-3-2-HC-90-0 99.2 1.31 10.6 8.8 81.7 12.6 9.0 1.78
8-3-3-HC~-90-0 96.5 1.45 14.6 14.4 61.2 13.4 6.7 2.20
8-3-5-HC-90-0 95.3 1.24 17.8 16.3 73.4 13.3 14.2 1.85
8-3-6-HC-90-0 95.9 1.41 17.8 19.6 72.5 13.4 10.9 2.36
8-3~7-HC-90-0 96.1 1.24 20.4 20.8 64.8 13.7 13.0 1.82
8-3-8-HC-90-0 96.7 1.28 19.6 17.9 53.1 13.3 11.5 1.72
8-3-9-HC-90-0 95.8 1.23 20.4 19.7 56.0 14.1 13.1 1.75
8-3-10-HC-90-0 99.1 1.19 19.6 19.0 63.0 13.3 14.5 1.82
8§-3-11-HC-90-0 98.6 1.20 23.5 25.4 67.5 13.2 19.1 1.54
8-3-12-HC~90-0 100.8 1.17 23.5 28.8 59.2 13.4 12.6 1.85
8§-3-13-HC-90-0 100.0 1.77 24,2 25.5 55.3 14.0 14.9 1.55
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TABLE NO. 34

TABULATION OF PEAK ACCELERATIONS FOR VERTICAL IMPACT
OF HEAVY CONE ON DENSE, DRY COLORADO RIVER SAND

Test Soil Vertical Peak Rise Measured Calculated Correction
Identification Y w Impact Acceleration Time Penetration Penetration Factor
Velocity

(pcf) (%) (fps) (g's) (msec) (in.) (in.) (CORFA)
8-9-5-HC-90-0 108.2 1.37 10.5 11.3 36.1 7.1 4.2 1.53
8-9-6-HC-90-0 109.6 1.19 9.8 11.3 45.5 7.2 4.9 1.54
8-9-3-HC-90-0 106.6 1.49 14.3 15.1 40.1 7.2 7.0 1.75
8-9-4-HC-90-0 106.9 1.28 14.4 18.4 41.5 7.6 6.4 1.73
8-9-1-HC-90-0 108 .4 1.41 17.8 18.8 37.3 8.4 8.4 1.60
8-9-2-HC-90-0 109.0 1.60 17.8 23.8 35.0 7.8 7.8 1.82
8§-8-4-HC~-90-0 102.3 1.95 20.5 23.2 38.5 8.9 9.7 1.45
8-8-5-HC-90-0 106.5 2.57 20.0 23.2 38.7 8.4 9.1 1.63
8-8-6-HC-90-0 102.5 2.88 19.8 25.4 33.2 8.4 8.2 1.52
8§-8-2-HC~-90-0 105.3 2.56 24..4 31.0 31.1 8.9 9.2 1.54
8-8-3-HC-90-0 104.3 2.16 24 .4 34.1 31.8 9.9 9.5 1.59
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TABLE NO. 35

TABULATION OF PEAK ACCELERATIONS FOR VERTICAL IMPACT
OF HEAVY CONE ON SATURATED COLORADO RIVER SAND

Test Soil Vertical Peak Rise Measured Calculated Correction
Icentification A% W Impact Acceleration Time Penetration Penetration Factor
Velocity

(pcf) (%) (fps) (g's) (msec) (in.) (in.) (CORFA)
8§-9-7-HC-90-0 131.4 18.4 10.2 10.9 41.4 6.7 4.3 1.11
8-9-8-HC-90-0 133.9 16.7 10.4 13.3 39.6 5.5 4.1 1.18
8-9-9-HC-90-0 129.7 19.8 14.0 18.8 33.3 5.5 4.5 1.24
8-9-10-HC-90-0 134.6 16.2 14.2 19.3 30.4 6.1 4.6 1.08
8-9-11-8C-90-0 132.1 17.7 17.4 26.4 29.0 5.6 4.9 1.87
8-9-12-HC-90-0 135.3 15.8 17.4 24.3 31.2 6.1 5.2 1.24
8-9-13-HC-90-0 133.4 17.0 19.8 29.6 25.0 6.3 5.3 1.30
8-9-14-HC-90-0 132.1 18.2 19.9 29.6 35.0 6.6 7.0 1.28
8-9-15-HC-90-0 132.2 17.8 23.8 36.2 23.6 7.0 6.2 1.35
8-9-16-HC-90-0 131.4 18.7 23.7 35.9 25.0 7.0 6.3 1.32
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APPENDIX F

CORRECTION OF ACCELEROMETER DATA

It was noticed during the course of the author's cone testing that the
complete numerical integration of the acceleration-time curve did not reduce
the calculated cone velocity to zero. A thorough investigation of the causes
of this apparent discrepancy in the data was performed and it is the purpose

of this appendix to present the findings of this investigation.

Impact Velocity Measurement

When it was first noticed that the area under the acceleration-time
curve was not large enough to reduce the projectile velocity to zero each
possible source of error was critically reviewed. The first step consisted
of checking the method for determining the initial impact velocity. As pre-
viously discussed in Chapter IV the initial impact velocity was determined
by two independent methods. The first method involved the use of a velocity
detector system and the latter method utilized the travel time which was cal-
culated from oscilloscope settings,

In reviewing the high angle (& 2 30 degrees) test data it was found
that generally the impact velocities as determined by the above methods agreed
within * 5 percent for tests with spheres and cylinders. The agreement for
low angle tests (& < 30 degrees) was not nearly as good since the effect of
gravity was significant in these cases. Some of the cone tests (vertical im-
pact) also exhibited a lack of agreement. These cases required special methods
for calculating the initial impact velocity and the methods are discussed in
Chapter IV,

In conclusion, it is felt thap the initial impact velocity is known

within £ 5 percent of the true impact velocity for all conditions of testing.
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{ This magnitude of error was not sufficient to cause the apparent discrepancy

in the data,

{Integration Method

The method of numerical integration was checked for errors. A half
1sine wave pulse was input into Program IMPACT, The pulse approximated typi-
:ical accelerometer output from the impact tests, Care was taken to divide the
Eipulse into approximately the same number of increments as were used in the
ﬂactual impact data,

Exact values of velocity and displacement were calculated by hand
using integral calculus. These values were compared with the values obtained
{ from Program IMPACT. The values from the program calculation method were
within #0.3 percent of the hand calculated values,

Thus, it was concluded that the numerical integration techniques were

sufficiently accurate.

tAcecelerometer Calibration

After finding that the impact velocity measurement method and the
numerical integration method involved a combined total of less than 6 percent
error, each section of the electrical circuitry was examined in detail.

The voltages to each portion of the accelerometer circuits were checked
{and found to be at the correct values, The 565 dual beam Tektronix oscillo-

{ scope, upon which the accelerometer outputs were recorded, was recalibrated.
The recalibration showed that the oscilloscope was functioning properly.

A check on accelerometer calibration was obtained through a series of

'§vertica1 drop tests in the laboratory. Two accelerometers were mounted on a
?spherical segment, One of the accelerometers had been utilized by Poor16 and
the other by the author. The accelerometer utilized by -Poor had a *500 g

maximum range and was known to be approximately in calibration.
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The drop test conditions were controlled so the acceleration-time
curves resembled the field curves in shape and magnitude. It was also thought
that possibly the balancing unit or the filter networks were not functioning
properly. To check these portions of the circuitry tests were conducted with
the following types of hookups:

(1) Accelerometer connected directly to the oscilloscope,

(2) Accelerometer connected to the filter networks,

(3) Accelerometer connected to both the filter and balancing

network.
The +500 g accelerometer was always connected directly to the oscilloscope
while the %#250 g accelerometer that was used by the author was connected
in one of the three ways listed above. It should be noted that the initial
impact velocity was attained by allowing the projectile to fall through a

measured height. The initial impact velocity was calculated by
V= V2gh s (41)

where g 1is the acceleration of gravity and h 1is the height of drop. High
speed movies from a previous investigation18 have shown this method to yield
velocities within 3 percent of the true values,

The results from the laboratory drop.tests are listed in Table No, 36,
The A and B test designations represent the *250 g and 500 g accelerometer
outputs, respectively, for the same drop test. Column 7 in Table No. 36
represents the ratio of the final calculated velocity of the projectile to
the initial impact velocity. Complete integration of the acceleration-time
curve should yield a final velocity of zero. Table No.36 shows that approxi-
mately 10 to 15 percent of the initial velocity is still present upon complete

integration of the acceleration curves for both the *250 g and 1500 g
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| accelerometers, It should be noted that ‘a velocity in the downward direction
was considered positive.

Table No. 37 lists average ratios of final velocity to initial
velocity for each type of electrical hookup and accelerometer., As illustrated
by the table, the most favorable situation was when both the balancing unit
and filter networks were connected between the accelerometer and the oscillo-
i scope. This type hookup was similar to that used in the field tests. There
Lwas not any noticeable difference in the response of the two accelerometers.
| The tables also show that the type of electrical hookup made very little
j difference in the recorded accelerometer outputs.

It was concluded from these tests that approximately a 10 to 15 per-
i cent error was involved in using the accelerometer calibration constant listed
by the manufacturer. Both of the accelerometers were manufactured by Consoli-

dated Electrodynamics Corporation.

Accelerometer Trace Drift

The previously discussed sources of error account for only a portion
of the error present in many of the cone tests. To locate the remaining
jsource or sources of error the acceleration-time records and computer program
| (IMPACT) outputs were examined in detail.

Examination of the final calculated velocities for each of the field
tests showed that the tests on sand in a saturated state exhibited smaller
final velocities than tests on dense, dry sands and loose, dry sands. In many

10of the cone tests on loose, dry sand the final calculated velocity was nearly

i%SO percent of the initial impact velocity.
’ Acceleration-time records were examined and it was found that the

'records for tests on loose, dry sand exhibited large rebound portions. Pre-

ivious testing experience had shown that sands exhibit small amopunts of




TABLE NC. 36

COMPARISON OF ACCELEROMETER OUTPUT

Ratio of Final

Test Accelerometer Type of Peak Initial Final Velocity to Initial
No. Range Hookup Acceleration Velocity Velocity Velocity
(g's) (g's) (fps) (fps) (%)
1A 250 46.5 17.21 4.25 24.6
1B 500 48.0 17.21 2.63 15.3
2A 250 Oscilloscope 44.0 18.52 1.89 10.2
2B 500 41.2 18.52 2.54 13.7
3A 250 29.5 12.19 1.50 12.3
3B 500 31.0 12.19 1.36 11.2
4A 250 Filters 43.4 18.62 1.32 7.1
4B 500 Oscilloscope 53.0 18.62 4.11 22.1
5A 250 Filters 36.9 18.52 4.32 23.4
5B 500 Oscilloscope 45.0 18.52 3.81 20.6
6A 250 Filters 49.0 18.52 3.85 20.8
6B 500 Oscilloscope 58.0 18.52 1.70 9.2
7A 250 Bal & Filter Circuit 49.5 18.59 2.28 12.3
7B 500 Oscilloscope 58.0 18.59 1.44 7.8
8A 250 Bal & Filter Circuit 43.5 16.21 2.53 15.6
8B 500 Oscilloscope 47.1 16.21 2.00 12.3
9A 250 Bal & Filter Circuit 27.0 12.92 0.82 6.3
9B 500 Oscilloscope 32.0 12.92 -0.40 -3.1

00¢



TABLE NO. 37
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AVERAGE RATIOS OF FINAL VELOCITY TO INITTAL VELOCITY

Accelerometer
No. of Values Range
(g's)
9 500
3 250
3 250
3 250

Type of
Hookup

Oscilloscope
Oscilloscope
Filter

Bal & Filter
Circuit

Average of Ratio of Final

Velocity

to Initial Velocity
(%)

12.1

15.7

17.1

11.4
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| elastic rebound. Thus, it was concluded that the accelerometer base lines were
driftimg during the impact event.

Figures 57 and 58 illustrate acceleration-time records for cone tests
.on saturated Ottawa Sand and loose, dry Ottawa Sand, respectively. Two accel-
erometer traces were recorded for each vertical drop test, The accelerometers
:both recorded the vertical accelerafion of the cone, The vertical cone accel-
i:eration was obtained by averaging the acceleration indicated by the accelero-
‘meters. The horizontal portions of the traces on the left side of the photo
represent the base lines from which the trace deviations were measured. Upon
{impact the traces deviate downward indicating that the cone is undergoing de-
celeration. Trace deviations above the base line indicate that the projectile
experiences rebound. It should be noted that the projectiles were essentially
{rigid, thus, the rebound was produced by energy stored in the sand. After the
projectile comes to rest the traces should return to the base lines from which
tthey originated, The photo in Fig. 57 shows no indication of base line drift.

Figure 58 indicates that the projectile experiences a large amount
of rebound and it can also be seen that the traces did not return to the base
lines from which they originated, The large rebound portions of the traces
kare much larger than those observed by Reichmuthlg. It also does not seem
probable that rebound would be greater in loose sand than in dense sand, which
{is indicated by the author's cone test data, 1t appears as though the base
‘lines drifted upward during the impact event, thus, causing the trace
deviations below the original base lines to be too small and those above the
Woriginal base lines to be too large.
The duration of the impact events for tests on saturated sand and

‘dense, dry sand were much shorter than the test. durations for tests on loose,
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e

Fig. 57 Acceleration-Time Trace for Impact of
Light Cone on Saturated Ottawa Sand -
Test 7-25-2-LC-90-0

“!_ T

Fig. 58 Acceleration-Time Trace for Impact of
Light Cone on Loose, Dry Ottawa Sand -
Test 7-11-7-1.C-90-0
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{ dry sand. Therefore, for tests on loose sand the longer test duration allowed
more time for drift to occur. The sweep times for the tests shown in Figs. 57
and 58 were 10 and 20 msec per centimeter, respectively. The accelerations
for tests on loose, dry sand were also significantly lower than accelerations
for tests on saturated sand and dense, dry sand. Therefore, any drift during
 the tests on loose, dry sand would cause a greater error, The peak accelera-
; tions for the tests shown in Figs. 57 and 58 were approximately 30 and 14 g's,

{ respectively,

{ Summary of Errors Associated with Cone Impact Data

The previous discussions have shown that the major portion of the
error involved in obtaining the cone impact data developed from two sources,

The first source of error developed from the use of calibration con-
stants recommended by the manufacturer., Nearly all of the cone accelerations
were within the 0 to 50 g range. This range of accelerations was far below
{the maximum rated range of 250 g's. The laboratory drop tests showed that
lboth the £250 g accelerometers used by the author and the 500 g accelero-
Imeter used by Poor16 tended to register accelerations approximately 15 per-
cent below the true values for accelerations within the 0 to 50 g range. It
’is believed that if higher accelerations had developed during the impact tests
ithe calibration constant would have yielded more nearly correct acceleration
Yvalues, Poor's test data tends to substantiate this statement since in many
jof his tests with the 500 g accelerometer, the accelerations were above 100 g's

land integration of the accelerometer record yielded a final computed velocity

jof approximately zero. However, it was noted that in approximately 30 percent

{of the tests conducted by Poor the area under the acceleration curve was not

’fsufficient to reduce the calculated final velocity to zero even though the
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accelerations were above the 100 g level. These tests indicated that the
imeasured accelerations were 10 to 25 percent below the true values.
It should be emphasized that it is not known whether the total
{acceleration curve is in error or if just portions of the curves are erroneous.
;The values of error calculated by the author are based upon the assumption
ithat the total acceleration curve is in error,
Reese18 has noted that the acceleration data he took with a crystal
kaccelerometer (Endevco) were approximately 5 percent below the true accelera-
{tion values. He also stated that an undershoot of the acceleration-time trace
is typical of crystal accelerometers.

The second major source of error in the author's cone tests was
attributed to drift of the accelerometer base line during the impact event.
For tests of short duration (20 msec) the error introduced by drift of the base
iline was not nearly as significant as in tests of longer duration (100 msec).
For cone tests on loose, dry sand the error attributed to drift was approxi-
Vmately 60 percent. The cone tests on dense, dry sand and saturated sand
:exhibited errors due to drift of approximately 30 and 10 percent, respectively.

It should be emphasized once again that the error calculations are
based on the assumption that each point on the acceleration-time curve is in
jerror by the same amount, Examination of the acceleration-time curves showed
;that the error due to drift became progressively worse as the time after im-
;pact increased, theréfore, the assumption did involve error which may have

‘been significant in some cases.

iCorrection of Acceleration-Time Traces

e

5

After thoroughly examining the sources of error involved in the cone

impact data it was decided to adjust the measured acceleration values so that
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{the calculated final velocities were zero, Equation 42 states Newton's second

{law of particle motion.

F=Ma (42)

Since bodies are made up of particles this law may be extended to apply to

jbodies, The variables appearing in Eq. 42 are defined as follows:

F = Resultant force (1b),
M = Mass of the body (lb-sec®/ft),
a = Acceleration of the body (fpsz).

Equation 42 was applied to the cone-soil system and the following

equation resulted.

W= F(6) =M a(t) (43)

‘The variables appearing in Eq., 43 are defined as follows:

Weight of cone (1b),

cone
Fs(t) = Resultant soil force on cone (lb),
M = Mass of the cone (lb-sec®/ft),
a(t) = Acceleration of the cone (fpsz).

Equation 44 is obtained by dividing Eq. 43 by the mass of the cone.

2

g - a_(t) = a(r) (44)

{The variables as(t) was the acceleration indicated by the accelerometer.
The change in projectile velocity is expressed by Eq. 45.

T 0

§ a(t)de = § dv(r) (45)
0 v

P
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Where,

T

Duration of the impact event (sec),

V = Initial impact velocity (£fps).

Integration of the right side of Eq. 45 and transposing the resulting term

vielded Eq. 46.

T
{ a(t)ydte +v =10 (46)
0

Substitution of Eq. 44 into Eq. 46 yielded Eq. 47.

T T
{ gdt - §a (t)dt + V=0 (47)
0 0

{ Due to errors in the recorded acceleration~time trace (as(t)),

Eq. 47 was not satisfied. The left side of Eq. 47 was forced to zero by
applying a correction factor (CORFA) to the accelerometer data. Equation 48
illustrates how the recorded accelerometer data were corrected so that Eq. 47

was satisfied.

T T
{ gdt - CORFA a_(£)dt +V = 0 (48)
0 - 0

fIt should be noted that a downward velocity was considered as positive.
Accelerometer trace deflections (as(t)) below the base line were also
considered as positive. 1t should also be noted that the accelerometer
:data were integrated numerically.

| Appendix E contains listings (Table Nos. 24 through 35) of the
fvafﬁes of CORFA which were necessary to satisfy Eq. 48 for each of the cone

tests, Table No. 5 on p. 70 contains average values of CORFA for each

Iweight of cone and soil condition.
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