AN EXPERIMENTAL STUDY OF MODEL POLES

UNDER LATERAL LOADS

By
FREDERICK E, BECKETT
|

Bachelor of Science
Mississippi State College
State College, Mississippi

1949

Master of Science
Oklahoma State University
Stillwater, Oklahoma
1952

Submitted to the Faculty of the Graduate School of
the Oklahoma State University
in partial fulfillment of the requirements
for the degree of
DOCTOR OF PHILOSOPHY

August, 1958



AN EXPERIMENTAL STUDY OF MODEL POLES
UNDER LATERAL LOADS

Thesis Approved:

v SUR L2

Thesis Adviser

e

YW VRIS A RY.

Il e paa

éZ;,: . gy el

T Dean of the Graduate School

ap8789
11

OKLAHOM
STATE UNWER |
LIBRARY il

NOV 5 1958



ACKNOWLEDGEMENT

I wish to gratefully acknowledge the counsel of Dr. Gordon L.

" Nelgon of the Department of Agricultural Engineering in all phases of
this research.. The guidance and suggestions of Professor Ray E. Means
of the School of Architecture concerning the theory of soil mechanics
were indispensable. His suggestions concerning eqguipment and procedure
used in carrying out the experiments were wvery helpful also,

I wish td'express appreciation to Dr. Franklin Graybill of the
Department of Mathematics for assistance in the statistical design and
analysis of the experiments reported here., Professor E. W, Schroeder
of the Department of Agricultural Engineering gave me guidance in the
early part of the studies, which I appreciate,.

Professor.J. V., Parcher of the School of Civil Engineering made
helpful suggestions concerning scil mechanics theory and experimental
equipment,

The financial assistance received from Louisiana Polytechnic
Institute is appreciated.

I am grateful te Dr. Frances Fletcher of the Department of English
of Louisiana Polytechnic Institute for her help and encouragement: in
preparing to meet the language requirements for this degree.

Carolyn Beckett, my wife, gave me encouragement throughout this
undertaking as well ag sssistance in computations, performance of

experiments, and typing. For all this I am truly grateful.

iii



TABLE OF CONTENTS

Chapter Page
17 INTRODUCTION ¢ 5 « o o o o o o ¢« s 6 o o o o o o o o o o o 1
IT, OBJECTIVES.. o o o o » o o o 6 o o o o o o o o o o o s o o 3
ITI. A REVIEW OF PREVIOUS WORK . . ¢ v ¢ o v o o o o o o o o o 5
IV, A BRIEF REVIEW OF MODEL THEORY . & ¢ &« o ¢ o s o « o o o o 8
V. THE MOVEMENT OF POLES UNDER LATERAL LOADS . o o o o « « o 10
VI. DIMENSIONAL ANALYSIS ¢ o o o ¢ o o ¢ o o o o« ¢ o o ¢ o o o 13
VII. GENERAL PROCEDURE . o ¢ ¢ o o o « s o o« s o 6 a o o o« o o 16
VIII. MECHANICS OF THE STUDY . 6 o o o o o #« o ¢ o 0 ¢ o ¢ o o o 19
IX,  STATISTICAL METHODS & s o o o o s s o o o « o o o o » o o 33
X, ANALYSTS OF RESULTS 4 o o o o o ¢« o o » o o 2 o o o ¢ o o 37
XI. SUMMARY AND CONCLUSIONS & o o o o o o o o o o 06 o « o o o 69
XII., SUGGESTIONS FOR FURTHER RESEARCH . o 4 o o o o o o o o o o 72
SELECTED BIBLIOGRAPHY 4 o o o o o o o o o o o6 ¢ 0 o 0 o o o o« o o 75
APPENDIX A o‘o 6 + o s o o 6 o s o s o o 5 o s o e o o s o o o o M7

APPF‘NDIX B e © @ e e o o @ o o o e © o ©» & ©0 @ © @ 0 e © e LI} o e 91

iv



Table

II.

IIT,

VI.
VII,
VIIT,

X,

XTI,

LIST OF TABLES

Pole Dimensions in Inches for Different Values of‘Tfl

Data for Model Tests Conducted in Loose Sand when the
Value of :Trl was 5 e © o o ‘e e @ o o o0 o e © o o ©

Data for Model Tests Conducted in Loose Sand when the
va—lueo:f:-rrlwas7aoooe-oooooaoooe

Data for Model Tests Conducted in Loose Sand when the
ValueC)f‘lleasgoooooooooaooooaa

Data fof Prototype Tests Condueted in Loose Sand when
the Value of Ty Was 7 4 o o o s o o o o s o ¢ o o

Data for Model Tests Conducted in Dense Sand when the
Value‘of-rrlwass ® 2 & ©6 © o & @ ® © 0 O a o e &

Data for Model Tests Conducted in Dense Sand when the
Value "Of Tr l Was 7 o L] o o o o ] o ] * o - o * o L3

Data for Model Tests Conducted in Dense Sand when the
Valueof-n-lwasguebaoa.oouooooon

Data for Prototype Tests Conducted in Dense Sand when
‘the Value Of -ﬂ-l was 7 e o © o o ® o ©6 © ©o o o ©o o

Data for Lateral Load Tests on Model Poles in Saturated

S andy C 1&y e & o O0 o © & e © O©0 B8 ©° ©& & s ¢ s+ o0 o©0 O

Data for Lateral Load Tests on Prototype Polés in
Saturated Sandy Clay . o ¢ o o o « o o o 0 0 o o

°

°

Page

78
79
g0
8
83
&4

85

89



LIST OF FIGURES

5

Figure Page
1. A Pole under Lateral Load . o o « o o o o o o o o o o s . 1
2? Symbols Involving Geometry of the Pole . o o o o o o & . 11
3? The Box Used to Contain the Soil Material . ¢ o &« o o = s R0
L. The Poles Suspegded into the Béx o 6 0o 6 5 0 a 8 o o o . 21
5 APoleunder Load ¢ ¢ o o o o o 6 o o 6 o 6 06 0 6 o o o o 21
é, The Method ¢f Fagtening the Tip of the Dial to the Pole o 23
7. The Relative Location of Poles in Loose Sand Tests .e.0- o 23
8. The Vibratory Sander Used for Compacting the Sand . . o 25
_9? The Device Used for Packing the Sandy Clay o+ o o o o o o 25
10, A Cross Section of the Apparatus Used for Saturating and
Measuring the Permeability of Sandy Clay . o o o o o o o R7
11, The Apparatus Used for Permeability Determination . ¢ o« o o o 31
12, The Apparatus Used for Measuring Evaporétion ceco o 0 o 0 0 o 31
13, A Logarithmiec Plot of Load and Deflection Pi Terms for the
Model and Prototype in Loose Sand o s o o ¢ ¢ o o o 6 o 0o o 38
4. A Plot of-TTA vs. Tl on Rectangular Coordinates for Model
and Prototype 1n Loose Sand o o o o o 6 o o 06 o 06 0 6 6 6 o 39
15. Load vs. Deflection Pi Terms for Three Values of Ty . o 43
6., Ty vse ﬁﬁe Slope of TTA Ve 1T5 for Loocse Sand & 6 ¢ 0 0o o o 44
17. A Plot of .Caleculated Values vs. Obgserved Values of Deflection
for Loose Sand o+ o o o 6 0 6 o o s 0 6 6 0 6 6 6 06 0 0o 0o o AT
18. A Logarithmic Plot for Model and Prototype Load vs. Deflection
Pi Terms in Dense Sand o ¢ o o o o o o 06 6 o 6 6 0 0 o o o 48
19, 4 Plot onmRe@tanguiar Coordinates of TT4 V8o TTS for Model
and Prototype in Dense Sand 4 o o o o « o ¢ 6 0 0 0 0 o o o 50
20, Load vs. ﬁeflection Pi Terms for Three Values of Ty - o o o 52
21, 'WTi VS tﬁe Slopé ;ijTa VSo TTi for Dense Sand o s o o o o o 53

vi



LIST OF FIGURES (Continued)

Figure
22, Calculated Values vs,., Observed Values of Deflection for
DenseSand.,.oo.aa..............
RQ3, Ty Vs, 5 when 1Tl is 7 for Different Values of Internal
rlctlon Angle -] L] L] o o [ ) L] L] L] L] - L] K J L] L] L L] L] L] *
2ha VS, 1T for the Model at 5 Values of 1TL for Saturated
gandyclay o e & & 6 & e O e © e © o 6 6 e 0o e ¢ o o o
25, g Vs. 7T5 for the Prototype at 5 Values of L for
Sa‘bura‘bedSandyclay 0o e 6 o0 6 e e 6 ® o6 o 6 o e o o o
26. TFAVSO"W5When1T815001 e o & © 6 0 e o e 6 o ¢ o
27, ]T5 Calculated vs, s Observed for Saturated Sandy Clay

*

L3

Page

56
58
61

62

65

66



CHAPTER I
INTRODUCTION

Pogts and poles have long been used in agricultural construction,
Because treatments have been developed that greatly prolong the 1life of
wood, poles maz_be used in important struetures. For instance, plans
have been develgped by the Oklahoma State University Agricultural
Experiment Station for a laminated arch building that will be used for
a dairy barn. The arches will be anchored into the ground in the same
manner as posts or poles are anchored,

Research at the Oklahoma State University Agricultural Experiment
Station has revealed that there is a need for a method of predicting
the behavier of laterally loaded poles, In farm structures these poles
are usually embedded in the earth to a relatively shallow depth,

A rational analysis would be an ideal method of solving the
problem, Several such attempts have been made. The results have been
less than satisfactory, however, becaunse of the simblifying assumptions
that were ne@éssary to render the problem solvable.,

It has been suggested that an investigation of the use of physi-
cally similar models might be a fruitful line of study. The general
laws of physical similafity have been published by E. Buckingham and

OtherS o



If model tests which give valid results could be performed, they
would be valuable research tools. They might also be useful in field
application,

If the principles outlined herein are valid for the soils that

were used, it should be possible to adapt them to other soils,

e



CHAPTER II
OBJECTIVES

The primary objective of the study described in this thesis was to
investigate the possibility of using small-scale models for studying
the behavior of laterally loaded poles, It was felt that this could be
done by attempting to predict the behavior of prototype poles with
models, It appeared that a reasonable method of doing this would be to
obtain by experimental methods a prediction equation describing the
behavior of a laterally loaded model pole and then to use the same
procedure to obtain a prediction equation for a prototype pole. A
comparison of these two egquations would give a measure of success of
the experiments., To give some degree of generality to the results three
different studies were made, One was made in dry sand with an internal
friction angle of 29°; another was made in dry sand with an internal
friction angle of 36°; the third study was made in a saturated sandy
clay,

A secondary objective was to determine how changes in pole embed-
ment depths affected the behavior of the poles in dry sand. Before the
secondary objective could be accomplished, it was necessary for the
studies mentioned in the primary objective to prove that the model
studies gave results which were valid for prototypes.

Because these investigations were made with farm buildings in mind,

the dimensions of the models were chosen so that the results would be



applicable to poles 6 inches in diameter and embedded from 2% to 4%

feet in the ground, This-is the range of embedment depths often used
for poles in farm construction, The application of the results is not
limited to this range of sizes. They may be applied to any size which

is consistent with the conditions of the pi terms,



CHAPTER III
A REVIEW OF PREVIOUS WORK

Several approaches have been made to the problem of predicting
the behavior of a laterally loaded pole, No approach so far used gives
consistently satisfactory results. A brief review of the various
methods used follows:

Rational derivations. Generally, rational analysis of a problem

requires less work than an experimental study., Often results of
rational analysis have wider application than those of an experimental
study. For these reasons a complete rational analysis of the behavior
of a pole under lateral load is a desirable goal, This goal has not
been achieved,

Czerniak (1) proposed a rational solution to the problem which
made use of the assumptions that the pole was perfectly rigid and that
the soil had a definite modulus that varied as the first power of the
depth,

Palmer and Thompson (2) proposed an approximate solution for piles.
The pile was considered to be a non-uniformly loaded beam, The soil
modulus was allowed to vary with any power of the depth, and the pile
was assumed to be flexible, The fundamental differential equations of
the non=uniformly loaded beam were set up for these conditions. An

approximate solution was obtained with difference equations.



Neither of these solutions was completely satisfactory. Although
in both solutions the soil modulus was assumed to vary only with depth,
in reality it was a function of the width of the pole, the magnitude of
the applied load, the deflection, and the depth.

Nelson (3) derived an egquation for the deflection of an elastic
pole under lateral load when the deflection caused by anchorage yield
was known. He recommended that this deflection be determined from
field measurements.,

Full-gcale tests., The results of the full-scale studies are

usually applicable only to the post-soil-load conditions which were
used in the tests described.

Shilts and Graves (4) conducted tests for the Outdoor Advertisers
Association, Anderson (5) studied the overturning resistance of
utility poles, These tests were carried out, in general, with larger
peles and deeper settings than are normally used in farm construction,
The deflections allowable in utiliﬁy poles and outdoor signs would
cause great damage to a farm building,

Nelson (6) and his associates studied the effect of lateral loads
on 6-inch diameter poles that were embedded 2% feet, 3% feet, and 5
feet deep. The poles projected 1, feet above grade., The tests were
made for the purpose of getting results that would be applicable to
farm structures. The results, however, are applicable ﬁnly to poles
of similar size and embedment depths in the soil types tested.

In experiments with full-scale piles McClelland and Focht (7)
found that the soil modulus increased almost linearly with depth. They
also found that it decreased as load increased. McNulty (8) concluded

that the soil modulus decreased with deflection. His experiments were



with piles also.
Full-scale tests are expensive and cumbersome whether used in
research or field application,

Model studies. In soil mechanics several model studies have been

reported. None of the reports, however, mentioned the classical
theories of dimensional analysis and physical similarity.

Wen (9) ﬁ;de latérallloading studies on small-scale wood piles,
For small deflections, load versus deflection was a straight line on
semi~log paper. He did not report a dimensional analysis or mention
the conditions necessary for physical similarity.

Tschebotarioff (10) described lateral load tests on tapered model
piles. The piles were driven into 15 inches of sandy clay which was
overlain by 1/ inches of sand. The soil was contained in a concrete
tank, Lateral loads were applied, and deflections were measured.
Deflections ranged from zero to fifteen inches and loads from zero to
forty-five pounds., Physical similarity was not mentioned in the paper.

In the oral discussion after the paper Cummings asked Tschebotarioff
why the deflection obtained by models was so much greater than that
from full-scale pile tests (10). In his answer the author did not
mention similarity,

In the same discussion Gleser told of model piles tested in sand
by the United States Army Engineers at St, Louis. He reported great
variation between piles with the same treatment. Tschebotarioff
suggested that the variation was caused by differences in sand density.
These differences were caused by the method of compaction. He stated

that the sand should be compacted uniformly over the entire area.



CHAPTER IV
A BRIEF REVIEW OF MODEL THEORY

Buckingham (11) offered the following theorem: "If an equation is
dimensionally homogeneous, it can be reduced to a relétionship among
a complete set of dimensionless products,”

~ The article which contained this theorem also contained a state-
ment which in effect said that the number of dimensionless and independent
quantities required to express the relationship among the variables in
any phenomenon is equal to the number of variables minus the number of
basic dimensions in which those variables may be measured, In equation
form the gtatement is:

s=n—b

The number of dimensionless and independent quantities, usually called
pl terms is represented by s. The number of variables is represented
by n, and b is the number of basic dimensions.,

Bridgman (12) pointed out that there were some exceptions to this
rule, Langhaar (13) showed that, if the rule were restated to say that
thé number of pi terms is equal to the numbers of variables minus the
rank of the dimensional matrix, there would be no exceptions.

The only restrictions on the pi terms are that they be dimension~
less and independent,

If fourteen variables were reguired to desﬁribe a phenomenon and

if the rank of the dimensional matrix were three, eleven pi terms would

8



be required. The rank of a matrix is defined as the size of the largest
non-zero determinant in that matrix. The relationship among the pi
terms could be written as:
my= ‘F(Wg,Wg,""’"ﬂM)
When it is desired to produce a model that will yield results that
will be valid for a prototype, the following conditions must be met:
.Tﬂ-m’—"mm 3 Mep=Tzm, " Typ=Tum
When these conditions exist, the model is known as a true model, and

the following equation may be written:

F(TesTepysTup) = F(TMim; Memy - Tim)
~In words, thié:says that results obtained frdm a modél are applicable
to the prototype when the pi terms of the model are equal to those of
the prototype.

Models are used extensgively in studying fluid flow and to some
‘extent in stud&ing the behavior of structures, For instance, prier to
its construction, two models were made of the Hoover dam to study its
struectural behévior° P. B. Bucky (14) used models in studying problems
in the design of mine workings,

The mostz;ritical paft of any study with models is the determina-
tion of the variables which affect the phenomena being investigated,
If an important varifble is omitted, the study will not be valid,

The way im which the variables are combined into pi terms is a
matter of choi;e of the investigator. As mentioned previously, the
only conditions that must be met is that the pi terms be dimensionless

and independent, Of course, they should be arranged in a manner that

will cause investigation to be of the greatest possible value.

“ins



CHAFPTER V
THE MOVEMENT OF POLES UNDER LATERAL LOADS

A schematic diagram of a pole under lateral load is shown in
Figure 1; When a load is applied at C, referring to Figure 1, the soil
is put in compression at A and B, If the load is great enough, there
will be movement. For this movement to occur the soil in contact with
the post at A and B must move,

If fhe sand is in a.lodse state, some movement could be allowed
by a decrease in volume caused by compaction of the sand in areas A and
B. If the sand is in a dense state, there can be no significant de=
crease in volume, In fact, the volume of a dense sand increases when
it is deformed.

In both cases the Sand in regions A and B will be subjected to
greater compressive stresses than sand at a greater distance from the
pole, Shearing stresses will also be present., The compressive stresses
and shearing stresses are resisted by the weight of the soil and the
internal friction of the sand, For a particﬁlar:sand-the internal
friction angle increases directly as the unit weight..

The ambunt of movement under a given lateral lcad will be deter-
mined by the internal friction angle, the unit weight, and specific
gravity of the sand, the depth of embedment of the post, and-the
diemeter of the post. The deformation of individual sand particles

will be a factor also. The amount of movement resulting from this will

10
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Figure 2. Symbols Involving Geometry of the Pole
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be very small‘in relation to that resulting from displacement of the
particles. For this reason particle deformetion was omitted from the
analysis.

Bending of the poles will also contribute to deflection, In these
studies solid steel poles were used, and deflection was measured near
the ground line, It was assumed that pole bending could be neglected
under these conditions,

If the sand is saturated and is very fine, the rate of movement
under a given load will be determined by permeability. For all dry
sand and saturated coarse sand the time interval between application of
the load and pole movement will be small,

In a satuéated mixture of sand and clay the permeability will

control the rate of movement.



CHAPTER VI
DIMENSIONAL ANALYSIS

The three soil conditions used were dry loose sand, dry compacted
sand, and a saturated mixture of sand and clay.

Analysis for dry sand. The following variables were thought to be

involved to an appreciable extent in the behavior of a pole under
lateral loads in dry sand. They were selected on the basis of the

analysis made in the previous chapter,

Variable Symbol Dimensions

1., Pole diameter | D Ll
2, Depth of embedment H Ll
3. Weight of soil per unit volume ¥ FL™3
Lo Internal friction angle Jo] -
5, Load applied P rl
6, Point of load application L it
7. Lateral movement ¥y Ll
8, OSpecific gravity of soil solids Gg -
9. Point at which deflection is

measured a Ll

The dimensional matrix for these variables is:

D HY PL v a
F/lo ¢ 1 1 0 0 0O
LI1 1=3 0 1 1 1

13
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~ The rank of this matrix is two. The number of variables is nine,
Therefore, the number of pi terms required is seven, The pi terms

chosen were:

T, =H/D T, = p/D3¥ T, =LA
Ty =p 5 = y/D Mg =H/a
3 = Gg

The values and relationships of the variables concerning geometry

are shown in Figure 2 and in Table I,
TABLE I

POLE DIMENSIONS IN INCHES FOR DIFFERENT VALUES OF T,
THE DIMENSION COLUMN REFERS TO FIGURE 1.

. . Model Prototype
Dimension : ‘ ,
Mis T 17 M9 Ty
L 11 1/ 15 3/4 20 1/4 31 1,2
H 3 3/4 5 1/, 6 3/4 10 1/2
a 13/16 12/3 2 1/8 3 1/3
D 3/ 3/4 3/4 112

Analysis for saturated sandy clay. The variables thought to be

involved to an important degree in the rate of movement of laterally

loaded poles embedded in a saturated sandy clay were:

Variable Symbol Dimensions
1, Pole diameter D 1l
2. Depth of embedment H 1l
3, Weight of soil per unit volume b's FL™3

Lo Load applied P
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5. Point of load application L 1t
é? Lateral movement Yy Ll
7? Point where deflection is measured a It
8? Watervcontent o W | -
9 Permeability k Lr-1
lOrf Specific gravity of solids Gg -
11, Time elapsed since loading t pl

The rank of the dimensional matrix is three. The pi terms chosen

were:
Ty = HWD T = LA
T3 = Gg Ty =W
"ﬂ‘l; = pMH3Y Ty = kt/D
5 = y/D My =H/a



CHAPTER VIT
GENERAL PROCEDURE

Loose sand experiments., Since prediection equations were desired,

it was necessary to hold all but two pi terms constant in any given
test, One of these two pi terms was varied through a range of values,
Ehe effect‘of this variation on the second pi term was noted., In all
cases the pi term containing deflection was used as the dependent vari-
able,
In the sand experimeﬁts there were seven pi terms., Experiments
to determine a complete.pfediction equation would be very time-consuming,
The value of the results obtained probably would not justify the expense
involved, This would also be unnecessary to achieve the primary objec-
tive of this ;éudy,
The pi téfms containing load, deflection, and embedment depth were
chogen as the ones to be varied., An outline of how the pl terms were
treated in the‘investigation is given below:
1. Try and WTé,.which are internal friction angle and specifie
gravi;y, were heid constant by using the same sand in the
same condition for all loose sand tests. TTé was held constant
at a value of 3, The value of TT9 in all tests was 3.15,

2. TTA was varied by changing P, The effect of this variation

on TT5 which contains the deflection term was noted,

16
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3. Step two was carried out for three values of TTi,‘ The values
of rq were 5,.7, and 9, The notation for these values is
Wris, 1Ti7, and ‘ﬂig, respectively.,

The results of steps two and three were plotted on logarithmic
paper., The graphs are shown in Figure 15, If all variables that
substantially affect the system were considered, these curves are valid
for any size post set at any depth as long as the pi terms other than
Mo, TTA, and 1T5 have the same value as the ones used in this study.
T and TTA must fall in the range of values investigated.

A prediction equation was developed and is given in the analysis
of results. It has the form Trg = f(TTL, ).

The modellstudies were validated by using prototype poles twice
the diameter of the model., The procedure for arriving at the curve
TT17 was repeated, and prototype poles were used, The curves for T 1y
prototype and 717 model are shown in Figure 13,

Denge sand experiments. The procedure described above was used

for dense sand tests., The use of dense sand caused the weight per unit
volume and internal friction angle to change.

Saturated sandy clay. As in the previous experiments, prediction

equations for the behavior of the model and prototype systems were
desired. The addition of eclay and water to the system made it necessary
to add two new pi terms to the analysis. They were T r, which is the
water content of the soil, and Tg, which includes time and permeability
variables, The pl terms were treated as follows:
1, For a constant value of 7Ty, the value of 1T5 was noted for
gseveral values of Tg. The deflection of the pole was included

in M5, The time elapsed sinee loading was included in Tig.
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2. The above procedure was repeated for five values of TTZ; the
load term,

3. An attempt was made to keep all pil terms related to geometry
alone constant and at the same values for both model and
prototype. As will be explained later, the attempt was not
entirely succegsful, and corrections in the data were
necesgsary.

The data from these experiments ars tabulated in Tables X and XI

in Appendix A,



CHAPTER VIII

MECHANICS OF THE STUDY

Loose Sand Experiments

A1l studies were conducted indoors. It was felt that the size of

the model selscted was the smallest that could be used and still obtain

fairly precise results with available measuring and loading equipment,

The size of the prototype selected was smaller than would be found

in farm construction. It was desirable for physical reasons to use

this size since larger sizes would hawe required excessively large test-

ing apparatus. It was felt that the size selected would give some

degree of validation., The procedure and equipment used in carrying out

the experiments are deseribed below:

1.

4 boxlé feet long, 3 feet wide, and 2 feet deep was used to
contain the soil material, which was Ottawa sand, The box,
which is shown in Figure 3, was constructed of 2-inch Redwood
staves,

The poles tested were rigidly suspended from cross-members
abovevthe box, They projected into the empty box by an amount
equal to the depth of embedment plus approximately two inches.
Sand was poured in l-inch layers into the box until it came to
the proper level on the poles. The suspension mechanism was

then removed. Figure 4 gives a view of the suspended poles

19



Figure 3. The Box Used To Contain the Soil Material



Figure 4.

The Poles Suspended Into the Box

Figure 5. A Pole Under Load

21
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before the. sand was added.

The model poles were three-fourths of an inch in diameter.
Three embedment depths were used, They were 3 3/, inches,

5 1/4 inches, and 6 3/4 inches. These depths caused TTq,
which is H/D, to have values of 5, 7, and 9, The overall
lengths of these poles were 11 1/, inches, 15 3/, inches,

and 20 1/4 inches respectively. The 1 1/2-inch diameter pro-
totype poles were embedded 10 1/2 inches, and their overall
length was 31 1/2 inches. Other pi terﬁs concerning the
geometry of the pole were constant.

The poles were made of low carbon steel., The lower portion of
the pbles was round. The upper part was a flat bar., The
poles‘are shown in Figure 5,

The deflection of the ﬁole wag measured 1 3/16 inches above
the soil surface for Wys. This caused Tq to have a value of
3,15, Mg was held constant for other values of Ty by vary-
ing the height of the point at which deflection was measured,
A micrometer:dial was used to measure deflection. The gprings
were removed from the dial to prevent the dial from applying
pressure to the pole, The point of the disl was fastened to
the pole with an Alnico magnet as shown in Figure 6,

A string was fastened to the top of the pole and led horigon-
tally through a pulley supported by a erogs=member. A weight
pan attached to the string was used for loading. A schematic
diagram of the loading and deflection measuring mechanism is

shown‘in Figure 2,
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Alnico Magnet
; . Pole Cross-section

Tip of diul;

Figure 6., The Method of Fastening the Tip of the Dial
to the Pole
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Figure 7. The Relative Location of Poles in Loose
Sand Tests, The Second Subscript Num-
ber is the Value of 1 for that Pole,
The Subscripts m and p Refer to Model
and Prototype Respectively. The Last
Number is the Pole Replication”Number.
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Loadlgas added. in varying increments until the pole rotated
throggh an angle of more than ten degrees. The micrometer
dial %eading was noted after each load increment was added,
Threémfeplicéfioﬁs were uged for esach depth., A total of twelve
poies were used. The approximate location of the poles in the

box is shown in Figure 7. Three of the poles were prototypes,

and nine were models.

Denge Sand Experiments

Compacting sand increases the internal friction angle., It also

increases the weight per unit volume, The latter variable is included

in the pi term containing applied load.,

Except as outlined below, the procedure for dense sand was the

same as that for loose sand,

1,

The poles were suspended as described above, The sand was
placed in 2-inch increments and compacted., The equipment used
for compaction was the modified wibratory sander shown in
Figué; 8. The sand was compacted in two steps. In the first
step the sander was placed on the surface of the sand and
vibraﬁed for about three seconds., It was then moved to an
aajoining area  and again vibrated. This process was repeated
untiluthe entire surface of the increment was vibrated. This
left the surface in a rough condition,

In the seecond step a l=inch by 6-inch by 1li=inch board
was placed on the surface, The sander was then placed on this
board and vibrated for about three seconds. The board was

moved to an adjacent area, and the process was repeated, The
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Figure 8. The Vibratory Sander Used for Compacting
the Sand

Figure 9. The Device Used for Packing the Sandy Clay
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entire surface of the increment was treated in this manner,

The top increment was given the board treatment twice,

2, Load was appliied until the pole failed, Pole movement was

allowed to cease before reading the micrometer dial, When
enough load was applied to cause failure, the pole moved

rapidly until it was stopped by the end of the dial.
Saturated Sandy Clay

The experimental procedure for these tests was similar fo that used
in the ones degcriﬁed previously. The soil material was a mixture by
weight of five parts of Ottawa sand to three and a half parts of a clay-
type soil. The c¢lay was material that had been removed from a cellar
excavation, It was dried to a very low moisture content and then
passed through a hammer mill, which pulverized it to a fine powder.

The clay was then mixed with the sand in a small electrically driven
mortar mixer,

As in the sand experiments, the model and prototype poles were
suspended over the empty box. 4 layer of Ottawa sand 2 1/8 inches
thick was placed in the box, After this, the mixture of dry sand and
clay was placed and packed in approximately one-inch layers. The device
shown in Figure 9 was used for packing. It was adjusted to give a
pressure of 3 pounds per square inch. A cross section of the filled
goil container is shown in Figure 10,

The model.poles, which were of the same dimensions as those used
in previous experiments when the value of T was 7, were suspended
over the box s5 that the depth of embedment was 5% inches, This depth
was 104 inches for the prototype. TIq was not varied in this series of

experiments,
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The mixture was then saturated by introducing water into the sand
in the bottom of the tank, A schematic diagram of the apparatus is
shown in Figure 10. The time required for damp spots to appear on the
surface was 21-,,'hoursu Water began to collect on the surface after
about five days.

Loading method. Loads were applied through the same pulley appa-

ratus as before, Five loads were used. The loads on the prototype
were eight tiﬁés as heavy-as those on the model in each case. The
loads used on the model were 100 grams, 150 grams, 200 grams, 250 grams,
and 300 grams. The 100-gram load was applied to the model pole, and
the deflection was recorded, The first deflection reading for the
model was takeg after 15 seconds; the second after 30 seconds; and the
next af'ter 60 seconds., This process of taking deflection readings as
time doubled was continued until time reached 16 hours in the model,
After this procedure was complete for the first model pole, loads were
applied in 50~gram inerements to this pole and left on for 1 hour.
This was done to determine what loads should be uged on the remsining
poles.

The time increments used in the prototype were double those of the
model. The last reading on the prototype pole with 800 grams load was
taken at 32 hours,

The remaining model poleg were tested for 24 hours, and the corres-
ponding prototypes were kept under a single load for A8 hours., Addi-
tional load inciements were used only on the pair of poles, one model,

and one prototype described above, The load test data are given in

Tables X and XI in Appendix A,
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When thefpests were complete, the poles were marked at the ground
line and pulled out, Depth of embedment was again determined. The
model poles wé;e embedded 5 9/16 inches, and the prototypes were em~
.bééded 10 iﬁ/igkincheéom fhis was five-gixteenths of an inch greater
than the original depth setting in both cases. This increase in depth
was probably caused by swelling of the soil while the poles were still
fastened to the rigid supporting frame.

This change in depth made changes in some pi terms necessary.

These changes are discussed in the analysis of data.
Determination of Soil Properties

Weight per unit volume. The weight per unit volume of sand wasg

determined by.measuringAthe volume of the box and weighing the sand
that was placed in it.

The volume of the box was determined by weighing the water required
to £ill the bo;-to within two inches of the top and then by dividing
this weight by.the uniflweight of water, which is 62.4 pounds per cubic
foot. The water was weighed on platform secales. The pail used to
weigh the water held about twenty-four pounds. The total weight of
water was 12OA-§oundso

Sand ﬁas weighed oh the same scales in approximately 100=pound
increments. The unit weight for loose sand was 98.16 pounds per cubic
foot, TFor convenience in calculating pi terms this was converted to
25,76 grams per cubic inch. For dense sand these figures were 108,3
and 28.44 respéctivelyo The submerged unit weight of the sandy clay

nixture was 1.4 gramg per cubic inch,
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Internal friction angle, The internal friction angle of a mater=-

. ial is usuaily‘designatéd by the symbol @. In this paper it is desig-
nated by T 2.

The propééties of Ottawa sand in very loose and very dense states
were known; Tﬁe internal friction angle of sand varies directly as the
unit weight; agince the unit weights used in these experiments were
known, the problem 6f finding the internal friction angles was one of

interpolation,

Permeability, The permeability of the sandy clay was 42.3 X 10=5
inches per ﬁi;;£e° The.pérmeability determination was made with the
apbaratus shown in Figure 11,

Water co%gred the upﬁer surface of the soil when it wasg time to
begin the perméability tests, It had not, however, reached the upper
drain, Water.%as addedbto the surface until it reached the upper drain,
One hour was allowed for the surface of the water to reach egquilibrium
before the tests were started., A head of 1 foot was maintained during
the tests as sﬁown schematically in Figure 10.

The water £hat flowed through the upper drain in 1% hours was
collected and measured, The amount of evaporation during this period
wag determined by placing a container of water near the tank and
‘meaguring the change in height of its surface with a point géugeo The
apparatus is sﬂown in Figure 12, The evaporation amounted to approx-
imately one~tenth of one percent of the 78 cubic inches of water that
passed through the drain during the test. The layer of sandy clay was
17 inches thick, The water temperature was 18 degrees centigrade. The
area of the sogi was 2005 square inches. From these data the permea-

bility was calculated.
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Determination of the unit weight of sandy clay. The mixture was

weighed as it wag placed in the tank, Since the volume of the tank was
known, determination of the dry unit weight was simple. The value was
23,28 grams per cuble inch. The specific gravity of solids was esti-
mated to be 2,67, and the water content at saturation was caleulated to
be 33 percent. The soil unit weight submerged was then found to be

1/ .4 grams per cubic inch,



CHAPTER IX
STATISTICAL METHODS

sand. The curves TTA versus Ty were fitted to the data by the
method of least squares as outlined by Snedecor (15). The confidence
intervals on the slopes were also calculated by methods outlined by
Snedecor,

The confidence intervals on the difference between points on the
model and prototype éﬁrves were calculated by methods developed by Dr,
Franklin Graybill of the Oklahoma State University Department of Math-
ematics., Dr. Graybill alsa developed the method for setting confidence
intervals on the differén;e between the slopes of the model and proto-
type curves, The developments are given in Appendix B.

The formula used for the confidence interval on the slopes was:

%
+{E ﬂ ]

2

e J i
bp ¥ ot PptA [é A2 TZ 7(,‘?,]

The confidence interval on Y - Yp for a given X, was calculated by

33
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the following formila:

This gave a confidence interval of the form:
ki$Ym-Yp £ ke
This was converted to percentage differences in rectangular coordinates

by:

ok — | 4 W""ﬂ‘iﬁ?_;m%% < 10k

Saturated sandy clay. The data for these experiments seemed to

form a plane in logarithmic space, A plane was fitted to the data by
means of a multiple regression study as outlined by Snedecor (15). The
partial regression coefficients were obtained by the Abbreviated Doo=
little Procedﬁfe (16) . The variances used in setting the coﬁfidence
intervals were:obtained,with the aid of multipliers from the inverse
of the Doolittle matrix.

Symbols. The definitions of symbols given here generally apply
only to this chapter., They are symbols frequently used in statistical

analysis.
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Symbol Definition
b An estimate of the mean slope of the line,
B The true mean slope of the line,
p Subgeript p designates the protbtype quantity.
ul Subseript m designates the model quantity.
n Number of observations,
X Log Ty
Y Log Tls.
o Subseript o indicates a specific walue of the quantity.
a The Y intercept of the curve in logarithmic space.
bd Mean of X,
x Deviation from the mean X,
¥ ( Mean of Y.
y Deviation from the mean ¥.
t The Student t value at the 95 percent confidence level
for ny 4 n, - 4 degrees of freedom,
£ Zym=bmEym7m* £yp “hpZypp
C | Gin= %), (o= Xo)

i T ,

Confidence statements. The confidence statement is a probability

statement that the true value of a quantity lies within the range
stated. For example,. suppose that it can be said with 95 percent con~

fidenece that the true slope of a line lies within the range of 5 to 7.

N
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- This does not mean that, if the experiment were repeated many times,
the slope would always be in this range., It does mean that, if the
experiment were repeated many times and if a new range were selected
each time, the true slope would lie in the range selected 95 percent of
the time. |

The confidence intérval on the slope of a particular line is one
indication of the precisibn of the experimental results, For example,
a 95 percent confidence interval of from & to 10 would indicate great-
er precision than one of 6 to 12 at the 95 percent level.

The confidence intérval on the difference between the slopes of
two lines gives an estimate of the probable range of differences be=
tween the slopes.

The confidence interval on the difference in Y values from two
curves at a particular vaelue of X gives an estimate of the range of
differences to be expected at that point. The difference in Y values
at a given point ig: made up of two faectors. One is the difference in
the slopes of the lines, and the other is the difference in the Y
intercepts of the two lines,

The 95 percent confidence interval has no particular significance.

When another confidence level seems more appropriate, it should be used.



CHAPTER X
ANALYSIS OF RESULTS
Loose Sand

»In these studies a group of model poles which were three~fourths
of an inch in diameter were used in an attempt to predict the behavior
of & group of 1 1/2 inch-diameter poles under lateral loads. Good
agreement was obtained between the predictions of the model and the
actual behavior of the prototype. Figure 13 gives the results of both
model and prototype tests plotted on logarithmiec paper., Figure 14
gi&es the same results 6nrrectangular coordinates, A plot of the log=
arithms of TTA versus the logarithms of TT5 on rectangular coordinate
paper resulted in a straight line, The slopes were 3.4153 and 3.2644
for the modelAand prototyﬁe respectively. The data for these studies
aré given in Tables II through V in Appendix A,

Assum.:gtiéns° The assumptions used in these experiments were:

1, The mineral particles making up the sand did not deform
enough to affect the behavior of the pole.

2. The change in geometry caused by movement of the pole under

load did not affect the results.

3. The effect of pole bending on the movement of the poles at

the point where deflection was measured was negligible.,

37
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Confidence intervals. As was mentioned earlier, the most probable

slope‘of the logarithmic plot of TTA versus ?T5 for the mpdel is 3.4153.
ihe 95 percent confidence interval on this slope is from 3,2015 to
3,62910 The most probable slope for the prototype is 3.2644, and the
confidence intérval is from 2.9779 to 3.5509. It is possible to say
with 95 percent confidence that the true difference between the slopes
lies within the interval 0,0977 to 0.2039,.

An analysis for the percentage confidence interval for the value
of TT& = 9 revealed that, with 95 percent confidence, it could be said
that the value of s for the prototype might be as low as 88 percent
or as high as 143 percent of that predicted by the model. For a 1T4
value of 25 this interval ig from 76 percent to 123 percent., Since the
curves cross between these two points, all differences between the
points TTA = 9 and WTA = 25 would be less than the ones given above,

In the rénge of these experiments it can be said with 95 percent
cénfidence that s taken from the prototype curve will never exceed
1.43 TTg taken from the model curve. In this case 1.43 might be defined

ag an appropriate safety factor to use with model studies.

The most probable equation for the behavior of the model is:

W3.4-ﬂ53

Me = 4
57 o937
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The equation for the prototype is:

_a‘TT 3.2644

Ts = 5248

These equations can be used with confidence only in the range of
?he gxperiments from which they were derived, Sinee in the loose sand
tests the poles were not loaded to complete failure, it could be said
that additional load would give additional deflection, The above equa-
tions; howéver, might not predict this additional deflestion acecurately.

~Vsriant détaa One set of readings was taken with TTL equal to 4.6.

The results of'these readings were not used in deriving the above equa-
tions. For the model ﬁhese points were far below the line through the
rest of the daﬁa° For the prototype, however, these points fell near-
ly on the line.

One posgible explanation of the discrepancy of the model could be
inaccuracies of measurement Qf deflection, Small irregularities in
‘seating the magnet on the pole could possibly have allowed it to move
slightly in the beginning and thgs have caused the readings to be too
low.,

of coursé; the possibility that the readings are correct should
not be overlocked.

Depth effect. As a secondary part of this project, the effect of

depth on deflection was determined for a small range of depths. Depth
is contained in the term TTy. The values of Ty used were 5, 7, and 9.

The deflection was measured at different loads for each of the‘values
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as has been described., Logarithmic plots of 171 versus 'ﬂ; for the
three values of TT7 are shown in Figure 15. From these graphs it
appears that the slopes of the TI; versus Wﬂg lines decrease as TN q
increases. This would be expected, for if the depth were zero, the
line would be vertical. If the pole were embedded to an infinite depth,
the T, versus TTB line would be horizontal, ’J

It appears that if the slopes of the TT4 versus TTE curves were
plotted against Ty, the resulting curve would be asymptotic to the
horizontal and vertical axes in the first quadrant, Ty versus slope,
fitted to such a curve is shown in Figure 16.

The congtants in the equations shown in Figure 15 do not differ
greatly. These constants, which are the intercepts on the vertical
axis, are affected by two factors. One is the slope of the 7T, versus
5 curve, and the other is the maximum value of T, for which s is 0,
It appeared that up to a certain value of T, there was no measurable
deflection, This was as expecﬁed since the internal resistance caused
by friction of@the sand had to be exceeded before movement could occur.,

These ﬁwo.effects are compensating. Greater depths gave flatter
slopes and therefore smaller y intercepts. On the other hand, greater
embedment depths caused Ty to be greater before any deflection ocecurred.
For the three‘values of Ty tested it appeared reasonable to assume
that the y intércept was the same, In computing the following equation
the mean of thé three values was used,

General equation. The equation of any one of the lines shown in

Figure 15 may be represented by:

Log g = Ky Log e + Kz
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As was explained above, Ky and Ky are functions of T3, If this is
true, the general equation describing the loose sand experiments may

be written as:

Log s = Log Ty f (1) + f2 (T

By taking~the £1(T1) to be the function shown in Figure 16 and
£2(Tr1) to be the mean of the constants, the above equation may be

written as:

LogTs = ($5%s) Log Ty — 4.7338

In rectangular coordinates this is:

| e -5

. -

c .

Substituting the variables for the pi terms gives:

)/’205(7%)0.68 s

y=h824D (5 X 10

Since the curve shown in Figure 16 does not fit the slopes exactly,

the three equations given in Figure 15 represent the observed data better
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than the above equation, For example, when TIp = 5 and TWZ = 10; the
value of TTé from the above equation is 0,283, but the value read from
the curve in Figure 15 is 0,285. When T = 9 and °WZ = 30, the calcu-
lated value of T'5 is 0.257, whereas the value read from the curve is
0.275,

Figure 17 is a plot of all observed values of deflection versus
the calculated values from the general equation, The éalculated values
are measured along the horizontal axis., If perfect agreement existed
between observed and calculated values, all the points on the graph
would be on the line making a 45 degree angle with the horizontal and
vertical axes,

Validity of the equation. It must be remembered that the validity

of this equation has not been proved outside the range of the data
given, It appears, however, that the general form should be valid for
any value of T1. The terms Tla, M3, Mg, and Mg were constant in

the tests described,
Dense Sand

The expefiments in dense sand were performed in the same manner
as those in locse sand. The difference was that in dense sand the
internal friction angle was 36 degrees but that for loose sand was 29
degrees.

As with loose sand, good agreement was obtained between the pre-
dictions of the model and the actual behavior of the prototype. The
data for the experiments are given in Tables VI through IX in Appendix
A, The curves TTA versus Tl on semi-logarithmic paper for both the

model and prototype are shown in Figure 18. These same curves are
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plotted on rectangular coordinate paper in Figure 19,

The equation for the model curve is:

.ﬂ,.sz 3’896000860711"4 X?O’S

The prototype equation is:

Tz 1.38e7°%4%™4 x 1073

These curves cross whenfTFA is 48.5,

Confidence intervals. The most probable slope of the model curve

is 0.0881, The 95 percent confidence interval on the glope of this
curve is from 0,0808 to 0,0954. This same interval for the prototype
is from 0.0882 to 0.1016. The magnitude of the spread of the 95 per-
cent confidence interval gives an indication of the experimental error.

| It is possible to say with 95 percent confidence that the differ-
ence between the slopeg of the model and the prototype curves lies
within the interval of =0.0030 to 0.0166. This seems to indiecate that
. the two curves are different, They are so close together, however,
that the results of the model may be used to predict the behavior of
the prototype without excessive error,

The greatest percentage differences between the model and proto~-
type are at the ends of the curves. When T, is 15, it is possible to
say with 95 percent confidence that the vélue of M5 taken from the
prototype curve might be as little as 25 percent of s for the model

or as great as 110 percent. When T, is 65, these values are 88 and 130,
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Although closer agreement would be degirable, these differences do not
appear to be excessive., If the model value of TT5 were multiplied by

1.3, the protoﬁype value of Ty would be covered more than 95 percent

of the time,

Depth effect. As for loose sand, studies were carried out for

three values of 7 to determine how depth affected defléction at
different loads. The curves for the three values of 1T are shown in
Figure 20, As with loose sand, it appears that as 177 decreases in
value, the T, versus T; curve should approach a vertical line, but if
11 increases, the curve should approach a horizontal line. 4 plot of
T versus the'slope of Ty, versus 1T5 should be asymptotic to the hqriu
zontal and vertical axes. Wﬁl versusg slope is fitted to stch a curv%
in Figure 21, The slopes are the exponents of e from the eguations in
Figure 20.

The constants in the single equations do not appear to vary in a
predictable manner., The factors affecting thé variation of thege con=-

stants are the same as those discussed under loose sand,

General equation., The equation for a single value of T 1 may be

represented by:

L_05363TT5’:= P(, (712%Q>c* *<2

As was explained above, K and Ko are functions of TTq. If this is
true, the general equation describing the loose sand experiments may

be written as:

l_cggéguTr5’:: T fﬁ (WT})ﬁF fza (mﬂ) '



8+ , . m =7
X : 0.08811T, 3| o
oL [T =5 Ti=1.89¢€ X107 | o0
0. A -
SF =154 x1073| S R4
4+ ‘ ‘ ‘ o /
] o B ﬁ// o
. / o
0 .
2 V/ L0
/ @0
& a8
‘ //@-
oof %
06: % /y 1T, =9
05l T 4@ 072
04' //6 'n" - 5 —_——— —
03 - 4 Pole |
4Pole 2
0ok 4 < Pole 3
’ g =7
@ Pole |
q 7 m Pole 2
OIF m Pole 3-
008F |/ m=9 —-—
- P ¢ Pole |
.006 I / o Pole 2
.oos-‘/ ¢ /° | o Pole 3
.oo4—/ / -
003F)
/4 ' '
002 1 vLI 1 1 i 1 1 i ] i 1 ]
O 10 20 30 40 50 60 70 80 90 100 110 120
. p _
0°4

Figure 20, Load vs. Deflection Pi Terms for 3 Values of
MTi. ALl Curveg are for Models in Dense
Sand,



on a Semi— Logarithmic Plot

Slope of Ty Vs TT;

1
10

09
.08
07
06
05
.04
.03
02

T

T

i

53

Range of Tests

——=—Projected Values

Flgure 21, 177 vs. the Slope of Ty, vs. ‘Tl'5 for Dense Sand



o4

If £1(TM1) is the funetion shown in Figure 21 and f3(Tj1) is the mean
of the constants of the individual equations, the above equation may be

written as:

LogeTs = S22 — 6.3893
{

In rectangular coordinates this is:

525W:4=
Ts = 1.B68e 1213 x |072

Substituting the variables for the pi terms gives:

5.5P
y = [.68De DETHZTZY X |07

Although the slopes of the three individuwal curves shown in Figure
20 fit the curve given in Figure 21 almost perfectly, the general equa~-
tion does not fit the data as well as the individual curves. This is
caused by using the average of the constants of the three individual
curves,

The fit, however, is fairly good in spite of this. For example,
when Ty is 5 and TT, is 10, the value of Tly predicted by the general
equation is 0,0097, but this value read from Figure 20 is 0,0088. When

1 is 5 and 1Th is 30, these values are 0,292 and 0.285 regpectively,
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When“jTl is 7 andfTT4 is 60, TTS predicted by the general equation is
0,334, whefeaé; when read from the curve, this value is 0.380.

Figure 22 is a plot of all observed values of deflection versus
the calculated values. The calculated values are measured along the
horizontal axis. If perfeé% agreement existed betﬁeen the observed and
calculated values, all points would be on the line which makes a 45-
degree angle with the horizontal and vertical axes.

It must be remembered that these equations are valid only within
the range in which they were determined,

Failure loads. In the dense sand tests failure of the poles under

lateral loads was abrupt and definite., The results in the dense sand

| tables show that when Ty is 7 the largest values of TTZ for which
failure did not occur were 55.8, 64.2 and 62,5 for model poles 1, 2, and
3 respectively. For the prototype poles these values were 65.6, 6.6,
and 58,3, The.results of the model tests are not directly comparable
to‘the résults of the prototype tests since the increments of Tr, used
were not exactly the same. They, however, are obviously not greatly
different,

Pole 1 in the model and poles 1 and 2 in the prototype did not
fail exadtly iike the other poles. They deflected under load like the
other poles up to a certain point and then began to move very rapidly
as did the other poles, Unlike the majority of the poles, however,
they stopped moving before the point of the micrometer dial had been
moved to its limit., This action may have been caused by the polelg
striking a pocket of very demse sand, This point where rapid movement -

began was considered the point of failure,
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When TTy was 5, the values of TTA at failure were 30, 8, 25, O, and
30.8 for poles 1, 2, and 3 respectively, When Ty was 9, these values
were 113.3, 111.6, and 111,7 respectively.

The effect of internal friction angle. The only pi term that was

changed in going from loose sand to dense sand was T, which is the
internal frietion angle. In the loose sand tests it was 29 degrees but
in the dense sand tests it was 36 degrees,

This change made a drastic difference in the TT4 versus TT5 curves,
For purposes of comparison the model curves for TT{ = 7 are shown in
Figure 23, These curves indicate that the deflection for a given value
of TTA was much smaller for the larger internal friction angle,

Another difference that might be noted is that failure occurred
for TT5 values‘ﬁf about 0.5 for dense sand but that failure did not
occur at all in loose sand even though load was added until TT5 wasg

greater than 1,
Saturated Sandy Clay

These expériments were in several ways different from those des-
cribed previously., The soil material was a mixture of sand and clay
that was saturated and ponded. In general, only one load was usged on
one pole., The poles did not fail as they did in denge sand., In dry
sand the deflection occurred very quickly after the application of the
load., In these studies deflection was still in progress when the load
was removed twenty-four to forty-eight hours after applica;cione

Pi term corrections. As mentioned in the procedure, the embedment

depth of the poles at the time of testing was not 5% inches for the

model and 104 inches for the prototype, as had been planned, The actual
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depths were 5 9/16 inches and 10 13/16 inches for the model and proto=-
pype_respectivelyo This made some adjustments in the pi terms
necessary.

The ratio of the depth of embedment to the distance above the
ground to where the deflection was measured was changed by the swelling
of the soil. This ratio, which is Trg, was 3.15 before the change in
depth occurred, After the change in depth, it was %4.12 for the model,
The micrometer dial would.have had to be lowered on the prototype for
it to have had this same value. The only pi term affected by TTg was
M5, the term éontaining deflection, It was possible to adjust TT5 in
the prototype to the value it would have had if the dial had been at
the proper location, This adjustment was made on the basis of two
assumptions, The first was that the point about which the pole rotated
was located at a point two=thirds of the depth of embedment below the
soil surface, The second assumption was that the load applied to the
pole caused no translation,

The reduction in s for the prototype resulting from this correc-
tion was 4 percent, The deflection data given in Tables X and XTI in
Appendix A are the actusl measurements made in the experiment., The pi
terms are calculated from the corrected data,

The ratio of depth of embedment to length of pole, which is Ty,
was also changed, It would have been necessary to increase the length
of the model poles to méké the two values of Te equal. This increase
in length would have resulted in an increase in moment at the ground
line in the model. This increase would have caused greater deflection
in the model and therefore would have brought the model and prototype

deflection closer together, The magnitude of this correction was found
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to be about one percent., Since this was so small, the correction was
not made, ‘Trl was also changed, To have kept i1t constant would have
required that the diameter of the model pole be increased by 00026 of
an inch. A change of this magnitude would probably have had little
effect,

v The chanée in depth made considerable difference in‘TFAo Because
depth was the 6n1y length variable in this term, it was possible, with
the aid of the multiple regression study mentioned under statistical

analysis, to use the actual depths in this term.

Equation determination, Plots offly versus W; for different
values of TTA are given in Figures 24 and 25 for the model and proto=
type respeétivély, These plots appear to be straight lines on
logarithmic paper, The lines for the model and prototype cannot be
compared direcﬁly, however, since the values of TT,, the term containing
the load, were.not the same, It was possible to make a multiple re=-
gression study”of both cases and compare the resulting expressions,

If the model had predicted the behavior of the prototype exactly, the
two expressions would have been the same,

The expreésion for the model study in logarithmic form wag found

to be:

Log Ty = 2.7602 + 32308 LogTy+ 0.0943 | og Mg

Converted to rectangular coordinates it is:

TF5 - 576 (WA.,B‘Z 305)(W80'0943)
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Substituting the variables for the pi terms gives:

. 3.2 .
Y= 575 po-9057 ﬁ%b’) 308 (kt)a 0943

These equations for the prototype are:

LogTs=2.8/19+ 32417 LogT+ OOB28 LogTy

Ts : 648 (Tr43.24-l7) (7-’-80,0828)

| 3.2417 ,
y=648D° %% ( ;Fd} (kt)*0=%

The expressions for the model and prototype are nearly the same.

Confidence intervals. The exponent of 7T 4 in the model equation
is 3.,2308, In the prototype this exponent is 3.2417. It can be said
with 95 percent confidence that the difference between these exponents
is in the range from ~0.2120 to 0,1793.

The exponénts of TTg are 0,0943 and 0,0828 for the model and proto-
type respectively, The 95 percent confidence intervals on the difference
between the T g exponents is from -0,0403 to 0.0173. The prototype

value was subtracted from the model wvalue in each case.
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- The values for the logarithms of the constants are 207662 for the
model and 2081i9 for the prototype. The 95 percent confidence interval
on the difference between the logarithms of the constants in the model
and prototype is from =0.2881 to 0.1339.

The sﬁall differences between the model and the prototype constants
and exponents indicate that the prototype behavior was very close to
that predicted by the médel. 4 logarithmic plot of T versus Ty for
a constant value of TTg for both the model and the prototype is shown
in Figure 26. The lines are very close together.,

Combined equation., The data from both the model and the prototype

tests were combined and the following equation obtained:

Ms= 632 (T22%%¢) (115 %2°%°)

Since the data from both the model and the prototype are for practical
purposes from the same system, this equation should describe the system
more accurately than elther of the equations given before., A plot of
the Trg given by this equation versus Ts from the observed data is
shown in‘Figuré 27. If there were perfect agreement between values of
5 from the ééuation,éﬁdﬁvalues directly from the data, all the points

in the figure would be on the line showm.

Comparison of Model and

Prototype Results

The equations representing prototype behavior were not exactly the
same as those representing model behavior in any of the three situations
studied, When the value of T7; was small in loose sand, T 5 for the

prototype was greater than J7s for the model. At relatively large TT,
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ya}ues,.Tré fég the modeijwas greater than‘TT5 for the prototype. This
situation was reversed in dense sand. In saturated sandy clay 5 for
the prqtotype was slightly greater than s for the model at all values
of Tréa

Exemination of Figures 13, 18, and 26 reveals that these differ=-
ences are relatively small, Confidence intervals given earlier in the
paper give quaﬁtitatiﬁe;éstimates of these differences.,

The causes of the differences are not apparent. Many people in-
tuitively feel that the size of the model affects the results of a
model study. This may have been true in these experiments. No evi-
dence, howeverg*Was fou;dfto support this view, Size guantitieg are
only one of sé&éral types of guantities considered in the systems inves~
tigated. It appears equally valid to assume that the results of a
studj might change as the magnitude of the variables involving force
change, The séme stafeﬁegt might be made concerning variables contain-
ing time, There was no evidence to support such‘assumptidnéo

It is not out of the realm of possibility that these differences
were the result of random variation. Repeated experimental errors
could.have cau;éd "bherdj‘.fi'er'ences° Omission from-the analjsis of a
variable that affected the system might be the explanation,

Philosophers say that no two events are ever exactly the same.

The implication is that the variables producing events are ever-chang-
ing, Many Stagisticiéns accept this view and say that it is Impogsible
to prediet any event with absolute accuracy., According to those who
hold this view, the objective of research should be to determine how
much predictidﬁ error can be tolerated and then to strive to get with-

in these limité‘with predictions,
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?he ultimate test of any prediction method is the comparison_of
predicted béhévior with observed behavior, To settle the guestion of
the effect of size on the results of the studies reported here more
experiments would be necessary., Such experiments are suggested in

Chapter XII, - .-



CHAPTER XTI
SUMMARY AND CONCLUSIONS

The possibility of usding a model pole under lateral load to predict
the behavior of a prototype subjected to a similar load was investi-
gatgd,_ The experiments were designed by combining the factors involved
in pole behavior into dimensionless parameters according to the theory
of dimensional analysis,

The three soils used were loose sand, dense'sand, and saturated
sandy clay., Load and depth terms were independent variables in the
sand studies. Independent variasbles in the saturated sandy clay exper-
iments were depth and time terms. The dependent variable was the term
containing deflection.

The deflection of the prototype was close to that predicted by the
model in every case.

Deflection of the prototype in loose sand was about 112 percent of
that predicted by the model at light loads. For loads near the maximum
this value was 99 percent, These figures for dense sand were 70 per=-
cent and 112 percent., For saturated sandy clay these figures were 111
percent and 113 perceht; | |

Statistical analyses were made, and confidence intervals were set
on extreme differences between deflections predicted by the models and
the deflections observed in the prototypes for sand studies. The state-

ments which féllow refer to curves and planes in logarithmic space.
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- Confidence intervals were set on the differences between the slopes of
the model and the prototype curves in sand studies, They were also
determined for the differences in the TT5 intercepts of the planes
repyesenting the deflection of the poles in saturated sandy clay,
These intercepts were determined when Ty, and Ty were O. Confidence
intervals were set on the differences between the slopes of the planes
also.

When load had been applied to poles in dense sand until‘ﬂ“5 reach-
ed a certain value, which was approximately 0.5, they failed abruptly.
The load required to produce an equal value of TT5 in loose sand was
about one third the load regquired in dense sand., Deflections in sat=
urated sandy clay for a specific load were less than those produced by
the same load in loose sand but greater than those in dense sand,

Prediction equations were obtained for each soil condition., The
equations follow:

For locse sand:

y= L824»D(

25 D .68
Dgar})ﬁ hﬂ X/o‘g

For dense sand:

5.5 P 3
y=1.68De DPEHFRY  X|O
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For saturated sandy clay:

T. =632 <m30254;6)

(ﬂ_sa,oaooa)

The equations above are directly applicable to any pole of any
size that meets the conditions of the dimensional analysis., Any con-
sistent system of units may be used in the eguations since they are
dimensionally.homogenous,

It appears that model poles mayibe used to predict the behavior
of prototypes under léteral loads for the three situations investigated.
By using the méthods of analysis used in this study it should be poss-
ible to design model experiments that will predipt the behavior of

poles in other conditions,



CHAPTER XII

SUGGESTIONS FOR FURTHER RESEARCH

New experiments. These studies were not made with direct practi-

cal application in mind. The results, however, could be applied
directly to a practical pole in the event that the conditions of the
dimensional analysis for one of the three situations investigated were
met, |

Although there was good agreement between the behavior of the
model and the prototype in the studies reported here, the results can-
not be regarded as absolutely conclusive, for the prototype poles were
congiderably smaller than those ordinarily used in farm construction,

The next logical step in the research would be to make model
studies of poles under field conditions and to validate the models
with poles of a size that might be used in farm congtruction, The
easiest way to.do this would be to find a soil that has uniform proper=
ties to a depth of about six feet. In this situation the model and
prototype studies could be carried out on the same site,

It would be desirable to use wood poles in these studies since
they are most frequently used in farm construction. In this case it
would be necessary to consider the bending of the pole. This would
meke it necessary to add modulus of elasticity to the list of variables
considered., A new pi term would be necessary. The most logical com-

bination appears to be one of soil unit weight, pole diameter, and
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modulus of elasticity., With this combination it would be necessary for
the mgquli:of elasticity to have the same ratio as that of pole dia-
meters, For é one half size model the use of White cedar in the model
’and Southern fellow pine in the prototype would meet this requirement,

The diffe;ences between the model and the prototype reported in
this paper, although not great, might indicate that there was a size
effect., To tééﬁ this possibility, poles of several sizes should be
gtudied. The most direct spproach would be to use l=inch diameter
models and 2-inch diameter models in one or more of the soils that were
used in this study, The value of 777 should be held constant at 7 so
that the resuifs of the new studieg can be compared with the results
given in th:‘i.s(papera The apparatus described in this paper could be
used.,

An alternative procedure would be to use different pole sizes on
the site propgged for full-scale tests.

Improvements in experimental procedure. If it is necessary to

fasten the tip of the micrometer dial to the pole with a magnet in
future studies, the magnet should be bonded to the pole with a strong
cement to pre;gnt movemént°

Soil in %ﬂe sandy clay experiments swelled when water was added,
This caused a change in pole depth, In future studies this depth change
ghould be prevénted if possible, This might be done hy estimating the
amount of sweliing and setting the poles so that embedment depths after
swelling wouldmbe correct, Another possible procedurs would be to

gerape the soil off the surface until the poles were embedded to

desired depths, This would be done after swelling had occurred,



It appears that the poles for models in this study were about as

small ag can be uged to produce reliable results,

4



3

Lo

50

10,

ii1,

75

SELECTED BIBLIOGRAPHY

Czerniak, E, "Resistance tc Overturning of Single Short Piles,"
Proceedlngs of the American Society of Civil Engineers,
Divigion St, " Paper 1188, LAXXIIL March 1957), 83.

Palmer, L. A, and J. B, Thompson, 9"The Earth Pressure and
Deflection of Piles Along the Embedded Length Subjected to
Lateral Thrust." Proceedings of the Second International
Conference on Soil Mechanics, TV (1948) , 156.

Nelson, G. L. Stability of Poles Under Tilting Moments, Part Il.
Unpublished Report of the Oklahoma State University
Experinent Station (Circa 1953).

Shilts, Walter S., Leroy D, Graves, and George G, Driscoll, %A
Report of Field and Laboratory Tests on the Stability of
Posts Against Lateral Loads." Reprint of the Proceedings of
the Second International Conference on Soil Mechanics,
Rotterdam (1948) .

Anderson, w C. "Pole Foundations to Resigt Tilting Moments,”
Electric Light and Power, XXVI (October 1948), 96.

Nelson, G. L., G. W, A, Mahoney, and J, I, Fryrear, Stability
of Poles Under Tilting Moments, Part I. Unpublished:Report
'of Oklahoma State Unlver31ty.Agricultural Experiment Station
{Circa., 1956) .,

McNulty, . F. "Thrust Loads on Piles." Proceedings of the
American Society of Civil Engineers, Paper 940, IXXXIIL
(April 1956) .,

MeClelland, B. and J. R. Foeht, "Soil Modulus for Laterally
Loaded Piles," Proceedings of the American Society of Civil
Englmeers, Paper 1081, LXXXII (October 1956) .

Wen, R, K. L, ™Model Studies of Laterally Ioaded Pile Foundations,"
Proceedings of the 3,th Annuel Meeting of the Highway -
Research Board XXXV (1955) , 140,

Tschebotarioff, G. P, "The Resistance to Lateral Loading of
Single Piles and of Pile Groups." A,S.T.M, Special Techni-
cal Publication No. 154.

Buckingham, Edgar. "On Physically Similar Systems: Illustrations
of the Use of Dimensicnal Equations." Physieal Review, IV
(October 1914), 345,

Bridgmsn, Percy'w:lllamo Dimensional Analysis. New Haven:
Yale Unlver81ty Press, 1931, '




13,

17.

76

Langhaar, H, L, Dimensional Analysis and Theory of Models.
New York: John Wiley, 1951.

Bucky, P, B. The Usé of Models for the Study of Mining Problems,
(AIME Technical Paper 425) 1931. '

Snedecor, George W, Statistical Methods. Ames: Iowa State
College Press, 1946,

Anderson, R, L, and T. A, Bancroft. Statistical Theory in
Research, New York: McGraw-Hill, 1952,

Focken, C, M, Dimensional Methods and Their Application.
London: BEdward Arnold Company, 1953.




APPENDIX A

77



DATA FOR MODEL TESTS CONDUCTED IN LOOSE SAND

TABLE II

WHEN THE VALUE OF T 9 WAS 5

78

Pole Load. Deflection 77, s
Number P y _P i
Grams Inches D3% D

1 80 0.0637 736 0.0849

90 0.1047 8.28 0,13%

100 0.1580 9420 002107

110 02749 10.12 003665

120 003927 11.04 0,5236

125 0.3954 11,50 0.5272

135 0.7238 12.24 0,951

2 70 0.0194 6 obd, 0,0259

%0 0.0624 8,28 0,0832

110 0.1676 10.12 0,2235

130 0.3611 11.% 0.4815

150 0,7737 13.80 1.1399

3 70 0,0559 6 .44 0.0745

90 0.1115 8,28 01487

110 0.2205 10,12 0,2940

120 0.2805 11,04 0,3740

130 0.3755 11.9% 0.5007

150 0.7659 13,80 1.0212



DATA FOR MODEL TESTS CONDUCTED IN LOOSE SAND

TABLE IIT

WHEN THE VALUE OF T WAS 7

79

Pole Load Deflection LA 775
Number P N;P_ ¥
' Grams Inches D3y D

1 100 0.0212 9,20 0.0283

120 0.0419 11.04 0.0559

140 0.0788 12.88 0.1051

160 0,0981 14.72 0.1308

180 0,1620 16.56 0.,2160

190 0.1687 17.48 0.2249

200 0.,1931 18.40 0.2575

210.. 0.2389 19.32 0.3185

220 0.2790 20 .24 0.3720

230 0.2841 21.16 0.3788

240 0.3982 22.08 0.5309

250 0.4016 23.00 0.5355

300 1.0607 27.60 1.4143

2 100 0.0166 9,20 0,0221

120. 0.0242 11.04 0.0323

140 0.0539 12.88 0.0719

160 0.0861 14.72 0.1148

180 0.1570 16.56 0.2093

190 0.1613 17.48 0.2151

200 0.1691 18.40 0.2255

210 0.2436 19.32 0.3248

220 0.2874 20.2/, 0.3832

230 . 0.2960 21.16 0.3946

240 0.4354 22.08 0.5845

250 0.4624 23 .00 0.7056

300 1.2939 27 .60 1.7252

3 100 0.0384 9.20 0.0512

120 0.0441 11.04 0.0588

140 0.0865 12.88 0.1153

160 0.1181 14.72 0.1574

140 0.1710 16 .56 0.2280

190 0.1934 17.48 0.2579

200 0.2234 18.40 0.2978

210 0.2679 19.32 0.3572

R20 0.2%9 20.24 0.3959

230 0.3520 21.16 0.4693

240 0,32919 22.08 0.,5225

250 0.4851 23,00 0.6486

300 1.1632 27.60 1.5509



DATA FOR MODEL TESTS CONDUCTED IN LOOSE SAND

TABLE IV

WHEN THE VALUE OF T3 WAS 9

80

Pole Load Deflection T, UL

Number P _P_ e

Grams Inches 3§ D
1 50 0.0035 4,60 0,0047
100 0,021/ 9,20 0.0285
150 0,0437 13.80 0.0583
170 0.0685 15.64 0,0913
190 0.0914 17.48 0.1219
210 0.1043 19.32 0.1391
230 0.1378 21,16 0.1837
250 0.1736 23,00 0.2315
270 0.2115 24,084, 0.2820
280 0.2146 25,76 0.2861
290 0.2417 26,68 0.3223
300 0.2569 27,60 0.3425
350 0.6097 32,20 0,8129
360 0.6097 - 33.12 0.8129
370 0.6110 34,04, 0.8147
380 0.6159 34.9% 0.8212
430 1.0050 39.56 1.3400
480 1.3823 44, .16 1.8431

2 50 4,460

100 0.0032 9.20 0.0043
150 0,0151 13.80 0.0201
170 0.0226 15.64 0.0301
190 0.0298 17.48 0.0397
210 0.0380 19.32 0,0507
230 0.0480 21.16 0.0640
250 0.058 23.00 0.0781
270 0.0718 2/, .84, 0,0957
280 0.0738 25,76 0.0984
290 0.0864 26 .68 0.1152
300. 0.0908 27 .60 0.1211
350 0.1599 32,20 0.2132
360 0.1620 33.12 0.2160
370 0.1728 34404, 06230/
380 0.1814 34.9% 0.2419
430. 0.3000 39.56 04000
480 0.5016 4, 16 0.6688
530 0.6593 48.76 0.8791
580 0.8881 53.36 1.1841



TABLE IV (Continued)

Pole Load Deflection 7y T
Number P b P s
Grams Inches D3¥ D
3 50 4460
.100 0.0055 9,20 0.0073
150 0.0164 13.80 0.,0219
170 0.0270 15,64 0.0360
190 0.0338 17.48 0.0451
210 0.0428 19.32 0.0571
230 0,068l 21.16 0.0908
.2350 0.0690 23,00 0.0920
260 0.0724 23,92 0.09%5
-270- 0.0731 24 .84, 0.0975
280 0.0900 25.76 0,1200
330 0,145 30,36 0.1935
380 0.2250 34 .96 0,3000
430. 00,3080 39,56 0.4107
480 0.4097 Ll .16 0.5463
530-- 0.5714 48,76 0.7619

580 0.8348 53.36 1.1131



TABLE V

DATA FOR PROTOTYPE TESTS CONDUCTED IN LOOSE SAWD
WHEN THE VALUE OF T[q WAS 7

82

Pole Load Deflection , s
Number P P A
Grams Inches D3 % D

1l 800 0,058/ 9,20 0.0389

90 0.0997 11.04 0,066/

1120 0.1498 12,88 0.0999

1280 0.2197 14,72 0.1453

1440 0.3253 16.56 0.2168

1520 0.42%9 17.48 0.R864

1600 0.4800 18,40 0.3200

1800 0.7020 20,70 0.4680

2000 0.8985 23.00 0,5990

2200 1.42% 25,30 0.9531

2 800 00,0704 9,20 0.0469

960 0.1196 11.04 0.0797

1120 0.1483 12.88 0.0989

1280 002766 ua72 001844.

M&O 0 03940 . 16 056 0 32627

-1520 0.4840 17.48 0.3466

1600 0.5666 18,40 03777

1800 0.8120 20,70 0.5413

2000 1.0716 23,00 0.7144,

2200 1.4895 25,30 1,0193

3 800 0.0440 9,20 0.0293

%60 0.0729 11 .04 0.0486

-1120 0,1328 12,88 0.0885

1280 0.1620 14,72 0,1080

1440 0,2188 16.56 0,1459

1520 - 062991 17.48 0.1994

1600 0.3334 18.40 0.2223

1800 0.4966 20,70 0.3311

2000 0.6555 23.00 04370

2200 0.9538 25430 0.6359



DATA FOR MODEL TESTS CONDUCTED IN DENSE SAND

TABLE VI

WHEN THE VALUE OF T, WAS 5

83

Pole Load Deflection Ty, TTs
Number P Yy P B
Grams Inches };;} D

1 50 0.0023 401673 0.0031

100 0.0069 863347 0.,0092

150 0,0131 12,5020 0.0175

200 0,034 16 .6693 0.0312

250 0.0433 20,8366 0,0577

300 0.0705 25,0040 0.0940

350 0.1360 29,1712 0.,1813

370 0.1997 30,8382 0,662

2 50 0.0004 411673 0.0005

00 - 0.0040 8.3347 0.0053

150 0.0105 12,5020 0,0140

200 0.0253 16 .6693 0.0337

250 0.0622 20,8366 0.0829

300 0,1084 25,0040 0.1445

3 50 0.0039 461673 0.0052

100 0,0088 863347 0.0117

150 0.0153 12,5020 0,.0204

200 0.02.8 16 .6693 0.0331

250 00406 20,8366 0.0541

300 0.0737 25.0040 0.,0982

350 0.1638 29,1712 0,2183

370 0.2582 30,8382 063442



DATA FOR MODEL TESTS CONDUCTED IN DENSE SAND

TABLE VII

WHEN THE VALUE OF T, WAS 7

84

Pole Load Deflection 7TZ ﬂVB
Nunber P P B
Grams Inches 38 D
1 100 8.3347
200 0.0054 16 .6693 0.0072
300 0.0184 25.0040 0.0245
200 0.0390 33.33% 0.0520
450 0.0550 37,5059 0.0733
500 0.,0818 4£1.6733 0.1090
550. 0.,1170 45,8405 00,1560
600 0.R154 50,0079 0.,2871
620 00,2161 51,6748 0.2881
650 0,2792 5401752 0.3722
670 02904 55,8422 0.3871
2 100 0,0018 8.3347 0.0024
200 0,0060 16 .6693 0.0080
300 0.0143 25,0040 0.0191
400 0.029/ 33.3386 00392
500 0,0598 41.6733 0,0797
550 0 00774 45 08405 0 01032
600 0,1070 50,0079 0,1426
620 0.1089 51,6748 01452
650 0.1267 54,1752 0.1689
670 0,1299 55,8422 0.1732
700.. 0.2031 5843426 0.2707
730 0.2179 60.8429 0.,2905
750 0.3908 62,5099 0.5209
770 0.3966 64,1768 0.5257
3 100 0.0000 8.3347 0.0000
200. 0.0033 16,6693 00044,
300 0.0101 25,0040 0.0135
400 00240 33,3386 0,0320
450 0,0339 37,5059 0.0452
500 0.0466 4L1.6733 0,0621
550 0.0739 45,8405 0.0985
600 0,0941 50,0079 0.1254
620 0.1001 51.674L8 0.1334
650 0.1405 54,1752 0.1803
670 0,1499 55,8422 0.1998
700 0.2076 58,3426 0,767
730 0.3011 60,8429 004014
750 0.3170 62.5099 0.4226



DATA FOR MODEL TESTS CONDUCTED IN DENSE SAND

TABLE VIII

WHEN THE VALUE OF Ty WAS 9

85

Pole Load Deflection LA TTg
Number P ¥ P 7.
Grams Inches 3% )

1 } 200 0.,0006 8.3347 0.0008

= - 200 0.0020 16,6693 0,0027

300 0.0038 25,0040 0.0051

400 0,0061 33,3386 0.00&1

500 0.0095 41,6733 0.0127

600 0.0150 50,0079 0,0200

700 0.,0220 58,3426 0.0293

800 0.0335 66,6772 0.0447

800 0.0571 75,0119 0.0761

1000 0.0685 83,3465 0.0913

1050 0.0761 87,5138 0.1014

1100 0.0861 01,6811 0.1148

1120 0.,0895 03,3481 0.1193

1150 0,1011 95,8485 0.1348

1180 0.1085 98,3489 0,146

1200 0.1140 100.0158 0.,1520

1230 0.1247 102,.5162 0.1662

1260 00,1420 105.0166 0,1893

1310 0.1953 109.1839 0.2603

1360 0.2307 113.3512 0.3075

2 200 0.0035 16 .6693 0.,0047

400 0.0097 33.3386 0,0129

600 0.,0236 50,0079 0.,0315

.800 0.0511 66 .6772 0.0681

1000 0.,0992 83,3465 0.1322

1100 0.,1391 91.6811 0.185/4

1200 00,2332 100.0158 0.3109

1250 0.2705 104.1832 0.3606

1300 0.4809 108.3504 0.6410

1320 0,4900 110.0174 0.6532

1340 0.5395 111.6844 00,7192

3 200 0.0015 16.6693 0.0020

' 400 0.,0070 33.3386 0,0093

600 0.4955 50,0079 0.0267

800 0.5231 66,6772 0.0635

1000 0.5775 83,3465 0,1360

1100 0.6388 91.6811 0.2177

1200 0.6891 100.0158 0.2847

1250 0.8051 104, .1832 06439/

1300 0.8202 108.3504 0.4595

1320 0.8377 110.0174 0.4828



DATA FOR PROTOTYPE TESTS CONDUCTED IN DENSE SAND

TABLE IX

WHEN THE VALUE OF TT1 WAS 7

Pole Load Deflection 1Ty, 175
Number P - P
: Grams Inches 3% ”%‘
1 908 0,0011 9.4598 0.0007
1816 0.0089 18.919%6 0.0059
2721, 0.0280 28,379, 0.0187
3632 0,0789 37,8392 0.0526
4086 0,1070 42,5692 0.0713
4530 0.1664 47,1949 0.,1109
4984, 0.,2341 51.9248 0,1561
5200 0,2572 54,1751 00,1715
5600 0.4317 58,3424 0.2878
6000 0,7836 62,5098 0.5224
6200 0,9389 64,5934 0.6260
6300 1.0763 656353 0,7176
2 2908 00,0004 904598 0.0003
1816 0.009% 18,919 0.,0064
2724 0.0265 28,379 0.0177
3632 0,0665 37.8392 0.0443
4086 0.0997 42 5692 0.0665
4530 0,1520 47,1949 0,1013
JASLTA 0.2225 51,9248 0.1483
5200 002486 5401751 0.1657
5600 0.4265 5843424 00,2843
6000 0.7978 62,5098 0.5319
6200 0.8435 6405934 0.5625
3 908 0.0016 904598 0,0011
1816 0,0139 18,919 0.0093
R72L 0.0480 28,379 0,0320
3632 . 0,1156 37,8392 0.0771
4086 0.1723 42,5692 00,1149
4530 0.R471 47,1949 0.1647
498/, 063799 51,9248 002533
5200. 064372 54,1751 0.2915
5600 0.8020 58.3424 0.5347



TABLE X

DATA FOR LATERAL LOAD TESTS ON MODEL POLES

IN SATURATED SANDY CLAY
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Load LLA Time Deflection RLE: L
P P t Na kt ¥
Grams 3y Minutes Inches D D
100 0.0404 0.25 0.0037 0.0001,  0.0049
100 0.0404 0.50 0.,0046 0,00028  0,0061
100 0,0404 1 0.0049 0,00056 0.0065
100 0,040/ 2 0,0059 0,00113 0,0079
100 0,040/ A 0,0065 0.00226 0,0087
100 0,040/, 8 0,0069 0,00451  0,0092
100 0,040/ 215 0.,0075 0.,00856 0.0100
100 0,040 30 0,0083 0,01692 0,0111
100 0,040/, 60 0,0090 0.,03384 0.,0120
100 0,0404 120 0.,0099 0.06768  0,0132
100 0,040/ 240 0,0114 0613536 0,0152
100 0,004 480 0.0123 0.27072 0,016/
100 0,040/ 960 0,0125 0054144  0,0167
150 0,0605 0025 0,0199 0,000l  0,0265
150 0.,0605 0,50 0,0227 0.,00028  0,0303
150 0,0605 1 0,028 0,00056 0,0331
150 0,0605 2 0,026/ 0.,00113 0.0352
150 0,0605 4 0,0280 0.00226 0,0373
150 0,0605 8 0,0295 0.00451  0.0393
150 0,0605 15 0,0308 0.,00856 0,0411
150 0.0605 .30 0,0330 0,01692 0,0440
150 0,0605 60 0,0354 0.03384  0.0472
150 0,0605 120 0.0381 0,06768  0,0508
150 0,0605 240 0.,0404 0.13536 0,0539
150 0,0605 480 000429 0,27072 00572
150 0,0605 900 0.0452 0.50760 0,0603
150 0,0605 1440 0,0469 0,81216 0.0625
200 0.,0807 0025 0.,0775 0,000,  0,1033
200 0.0807 0,50 0.0835 0.00028  0,1113
200 0.0807 1 0,0883 0,00056 0.,1177
200 0,0807 2 0,0925 0,00113 © 0,1233
200 0.0807 A 0,09/ 0.00226 0,1285
200 0,0807 8 0,1000 0.00451  0.1333
200 0.0807 15 0.1045 0.00856 0.1393
200 0.,0807 30 0,1105 0.01692 0,1473
200 0,0807 60 0.1155 0.03384 0,1540
200 0.0807 120 0,1203 0.06768 0,160,
200 0.0807 300 0,1235 0.17200  0.1633
200 0.0807 480 0,1263 0,27072 0,168
200 0,0807 90 0.1321 0654144, 0,1761
200 0.0807 1440 0.1326 0.81216 0.1767
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TABLE X (Continued)

Load RV Time Deflection LLIF:; s
P P t ¥y kt i
Grams 3y Minutes Inches D D
250 001009 0025 001108 0000014 001[].77
250 0,1009 0.50 0.1268 0.,00028 0.1691
250 0,1009 1 0.1398 0,00056 0.1864
250 0,1009 2 0.,1493 0.00113 0,1991
250 0.1009 4 0.1598 0,00226 0.2131
250 0,1009 8 0,1683 0.00451 02244,
250 0.,1009 15 0,1738 0,00856 0.2317
250 0,1009 30 0,1783 0.01692 002377
250 0.1009 60. 0.1850 0.03384 062467
250 0,1009 120 0,1906 . 0.06768 0e2541
250 - 0,1009 240 0,1960 0.13536 0.2613
250 0,1009 4,80 002022 0,27072 00269
250 0,1009 900 0,2128 0,50760 0,2837
250 0.1009 1440 0,2221 0,81216 0.29%1
300 0,1211 0,25 0,1010 0,00014 0.1347
300 0,1211 0.50 0,2228 0,00028 0,2971
300 0.1211 1 0.2470 0,00056 03293
300 0,121 2 0,2720 0.00113 0.3627
300 0,1211 4 0.2880 0.00226 0,3840
300 0.1211 8 0,3020 0,00451 0,.4027
300 0,1211 15 0.3121 0.00856 0.4161
300 0,1211 30 0.3280 0,01692 04373
300 0,1211 60 03405 0,03384 064540
300 0,1211 120 0.3555 0,06768 04740
300 0,1211 240 0.3723 0.13536 0.4964
300 04,1211 480 0,3910 0,27072 0,5213
300 0.1211 900 04127 0050760 0.5503

300 0.1211 1440 04271 0,81216  0,5695



TABLE XTI

DATA FOR LATERAL LOAD TESTS ON PROTOTYPE POLES

IN SATURATED SANDY CLAY
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Load T4 Time Deflection 178 5

P B t y kb L

Grams H3Y Minutes Inches D D
800 0.0440 0650 0.0147 0.0001 0.,0094
800 0.0440 1 0,0165 0,00028 0,0105
800 0.0440 2 0.0183 0.00056 0,0117
800 0.0440 3 0.0202 0.,00113 0.0130
800 0.0440 8 0,0220 0.00226 0.0141
800 0.0440 16 0.0239 0,00451 0.0153
800 0,0440 30 0.0259 0,00856 0.0166
800 0.0440 60 0.0279 0,01692 0.,0179
800 000440 120 0,0300 0,03384 0,0192
800 00440 2L0 0,032/ 0.06768 0,0208
800 000440 480 0.0358 0.13536 0,0230
800 0,0440 9%0 0.0369 0,27072 0.0237
800 0.0440 1920 0.0404 0654144 0,0259
1200 0.0659 0,50 0.0875 0,0001. 0.,0561
1200 0.0659 1 0.,0965 0,00028 0.0619
1200 0,0659 2 0,1035 0.,00056 0,0664,
1200 0.0659 4 0.1095 0,00113 0,0702
1200 0,0659 8 0.1147 0.00226 0.0734
1200 0.0659 16 0,1200 0.0045% 0,0770
1200 0,0659 30 0,1249 0,00856 0.,0801
1200 0.0659 60 0,1299 0,01692 0.0833
1200 0,0659 120 0,1349 0.03384 0.0865
1200 0,0659 240 0.1405 0,06768 0,0901
1200 0.0659 480 001469 0.13536 0,0942
1200 0.,0659 960 0,1532 0,27072 0,0982
1200 0.0659 1800 0.1627 0.50760 001044
1200 0,0659 2880 0.1675 0.81216 0,1075
1600 0.0879 0,50 0.1600 0,0001, 001026
1600 0.,0879 1 0,1750 0,00028 0,1123
1600 0,0879 2 0,1900 0.,00056 0.1219
1600 0,0879 4 062040 0,00113 0,1308
1600 0,0879 8 002158 0.00226 0,1384
1600 0.0879 16 0,2310 0.00451 0.1481
1600 0.0879 30 0.2439 0,00856 0.1564
1600 0.0879 60 002542 0.01962 0.1631
1600 0.0879 120 062642 0.03384 0,169/,
1600 0,0879 240 002724 0.06768 0.1747
1600 0,0879 480 0,2810 0.13536 0,1802
1600 0.0879 260 062900 0,27072 0.1860
1600 0.0879 1800 0,298 0.50760 0.1915
1600 0.,0879 2880 0,3056 0,82160 0,1960
- 1600 0.0879 4320 03220 1.21840 0.2065



TABLE XI (Continued)
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Load T4 Time Defleetion Tg s
P B t _kt d
Grams H35’ Minutes Inches D D
2000 0,1099 0.50 0.3320 0.00014 0.2129
2000 0,1099 1 0.3710 0,00028 0.2379
2000 0.1099 2 04062 0,00056 0.2605
2000 0.1099 4 0.4630 0,00113 0.2970
2000 0.1099 8 0.4840 0.00226 0.3104
2000 00,1099 16 0,5112 0,00451 0,3278
2000 0,1099 30 0,530 0.,00856 0.3412
2000 0.,1099 60 0,5670 0,01692 0,3636
2000 0.,1099 120 0,5820 0,03384 0.3733
2000 0,1099 - 240 00,6020 0,06768 0,381
2000 0.1099 4,80 0.,6191 0,13536 0.3971
2000 0.1099 950 0,.6360 0.27072 0,4079
2000 0.1099 1800 0.6508 0.50760 04174
2000 0.,1099 2880 00,6670 0.81216 0.4278
2000 0,1099 4320 0.7070 1.21840 004535
2400 0.1319 0,50 0.,6510 0.00014 04175
24,00 0.1319 1 0.7190 0.00028 0.4785
2400 00,1319 2 0,7860 0,00056 0.5041
2400 0,1319 4 0.8380 0,00113 05375
2400 0,1319 8 0.9015 0.00226 0.5782
2400 0.1319 16 09920 0.00451 0.6363
24,00 0,1319 30 1.0610 0.00856 0.,6805
2400 0.1319 60 1.1250 0,01692 0,7215
2400 O o 13 19 120 1 01790 O 003384 O 07561
2400 0,1319 240 1.2220 0.06768 0.7837
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THE DEVELOPMENT OF EXPRESSIONS FOR
SETTING CONFIDENCE INTERVALS ON
THE DIFFERENCE BETWEEN :

|. THE SLOPES OF TWO LINES.

2. VALUES OF Y ON THE 2 LINES AT ONE
VALUE OF X. |

Given: Estimates of 2 Lines.
Y =a + bX |

' Y=02+b2X

Problem : Esfimufev_ the difference (B,-8,).

2 2
b,NN(B,,-i-—-xi,_ ) I byvN (Bz,—;—?)
- "2

|' | |

| 2
Pooled error Sum of squares ~s x
2

T
—f:.—,_‘/'v X (ny+n,-4)

|

‘ ~ N(0O,I)
0'[|2+ '2]?
=X] =X




93.

So.
b, —b, — (B,— By} | Vi, +n,- 4 |
b zl 2]| U t(n+n,-4)
ﬁ[—'ﬂ-—'-é]? |

=X, =X,

E =zy,2 -b,=yx, +-2y:-b22yx2

[b,-b,— (b, +b,)] Vi, +n,~4

<'|

VE [ l2+ |2]%

EX| EXz

by ~b hVE L+ it <B-8,< bb
| 2\/;,'.,7,,_:'2,‘?2_,(?2 1" %2 = 2 ¥

|
tvVE Lo 1]
Vigtnga | = Tl |

Problem : Estimate the difference between 2 values

of Y at one value of X.

2
= (X,-X,)
o, +b, X vN| A +B X,, ¢

| 1 20 - i I 20 ,ﬂ|2x|2 |
21

a, +b, X N] A,+B,X o_as(Xz-Xo)

v

2 2 ™0 L 2 2 %0 nazx: -
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0,+b, Xg=0, =D, Xo v N < A, +B,X,~ (A, +B,X,),

i [ =gl | =K xo)zJ

n =x ny =5
So |
0,+b, Xo= (0, b, Xo)=[A,+B, Xo= (A, + B, X,)]
= ~ N(O,I)
[z(x.-xo)2 =X, =%, Jz
o 2 T ?
nl = X| "2 EXZ
Let
2 2
¢t | =/ + —
Then

{ay+by Xo) = (a4 by Xo) = (Y, =Y ) -
| - - Y

VE ©

a,+ b, Xo—0o=byXo— $,CVE = Y,-Yp, < 0;+b; Xo-

This will reduce to



It Y, = Log Ty and Y, = Log Ty,

ky = Log T — Log TTgp =< ko

Symbols :

Symbols not defined in chapter IX are those
by Smedecor (I5).
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