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A8STRACT

methods to obtain the soil parameters needed to simulate

the dynamic response of a laterally loaded pile were developed

in this research. Instrumented model piles of various diameters

and embedded lengths were driven into stiff clay and tested

laterally under free vibration conditions. Field data of

bending moments and accelerations versus time were obtained.

In this research the dynamic response of the model piles

was predicted using an analytica'f solution. The nonlinear soil

load-displacement characteristics were modeled with a modified

Kelvin-Voight rheological model. The field data and the pre-

dictedd response of the piles were compared and correlated.

Using the correlation and laboratory triaxial tests on the soil,

the soil parameters required to achieve satisfactory agreement

between tIie field and predicted response of the pile were

evaluated.

Results of this study indicate that the two soil parameters,

the soil spring and soi I quake, which represent the nonlinear

characteristics of the soil are functions of the piIe diameter.

Together these two soi l parameters greatly influence the magni-

tude and distribution of the betiding moments with depth. The

amount of soil damping is a function of the pile ve'tocity or

frequency of vibration and is significant for the velocities

and frequencies encountered in this study.



PREFACE

In September, 1968, a research study was initiated to

investigate the dynamic response of a latera1ly loaded pile.

During the first year �968-69! of this study, a numerical method

of ana1ysis, adapted for computer usage, was successfully formu-

lated. This work was partia1ly funded by institutional grant

Gli-26, and research report TAMU-SG-70-224 which covered the

first year's work was pub1ished.

As a part of a continuing study, Texas ASM University

received support in the Sea Grant Program for 1969-70 through

institutional grant GH-59. This support was used to investigate

the dynami c response of laterally-loaded model pi 1es in clay.

Soil parameters were evaluated from field loading tests ccnducted

on instrumented moc'el piles in clay. This report presents the

results of this investigation . The field tests were conducted

during the summer of 1970 but the analysis of data and the

wri ting of this report was completed during the l970-71 year

under institutional grant GH-101.

This report was written by the senior authc> in partial

fulfi llment of the requirements f' or the Doctor of Philosophy

degree. The junior author was the major advisor and principa]

investigator on the ertire project.
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I NTRODUCTI ON

Nature of the Problem. � Many types of offshore structures

have recently evolved for many different purposes. The oil

companies are oerhaps the largest single indu try intimate/y

involved with offshore structures and their design. Drilling

p1atforms are being located in deener water as demands for oil

are ever increasing. Storage structures for oil are being built

be1ow the ocean surface. Defense installati.,ns and weather

recording devices are also constructed offshore. As structures

are built farther offshore, the design corn,.".lex; ties multiply as

a resul. o= the more severe sea conditions encountered.

i<lost cffshore structures are support. d by pi les driven

cieep into 'he ocean bottom, The oil companies already have

some dril lin.,: -,latforms in water un to 400 feet deco and it ', i' ll

b ~n'ly a matter of time before thev ..o even deeper or perha=s

use some sort of submerged drilling platform. In the design of

these structures, frequently the lateral loads imposed by wind,

waves, and ice are the critical design factors. These forces

are repetitive and are time-dependent. In some instances. such

as a breaI:ing wave these forces could be considered impulsive,



.'structures built on pi ie foundations in seismic regions are also

s.h."'e t'i t" .ev..r" -.i."nam-'c latera', 'loads. In the past, these

dvnamic effec.s have been given little consideration because of

.heir corn�.i xities and the design engineer's inabitity to cope

wi.h them. 1/ith the development of the high speed computer, it

is now f asible to consider dynamic effects in the design of

structures. Knowledge of the soil-pile interaction and water-

pile interaction in the case of offshore structures is impera-

tive if the dynamic response of the nile is to be accura+ely

predicted. 0 literature review showed that much work has been

done concerning +he soi I-pile interaction or water-pile inter-

action. Data from either full-scale tests or model tests are

a Imost nonexis ent and are badly needed if the dynamic resoonse

of a laterally loaded pile is ever to be understood,

Pres nt Status of the question. - Davisson �! has

presented a very complete survey of research on laterally

loaded pi les through 1960. Much more work on the problem from

an analytical viewpoint has been completed in the last ten years

due to tn increased versatiIity and use of the electronic

computer,,reating a laterally loaded pile as a beam on an

elastic foundation, Palmer and Thompson  'l3!, Palmer and Brown

�2!, and Gleser �! have each developed a numerical comouter

solution using,inite diff rence techniques.

Analytical description of the nonlinear soil behavior has

always be, n troub:1esome to the engineer. Even though some



attempts are being made to develop constitutive equations for

soils, a genera11y accepted method ";s to simulate the soil

behavior with some type of rheological model. NcClelland and

Focht �1! were the first to make a significant attempt to treat

th nonlinearity of the soil resistance to lateral deflection.

By making empirical correlations between laboratory tests and

field tests, they developed nonlinear load-disolacement curves.

Using the load-displacement curve approach, Natlock and Reese

�0! developed an analytical solution for the laterally loaded

pi le problem that dealt with nonlinear soil-pile interaction

using finite difference techniques. These analytica1 solutions,

however, are valid only under static loads and cannot be applied

for dynamic loads.

In the early 1960's, Smith �2! and Samson, Hirsch, and

Lowery �0! introduced a modified form of the Kelvin-Voight

model in pi',e driving analysis. Tucker �5! in 1964 made the

first attempt to handle analytically the dynamic laterally

loaded pile problem. Using a f'.nite element representation of

the pile, he treated the soil as an elastic medium and used a

finite difference technique for solution. In 1970, Ross �9!

developed an analytical solution for the dynamic response of an

of fs bore pi 1 e when subjected to 1 atera1 1 oads He uti 1 i zed

Airy or linear»ave theory for the water-pile interaction and

used a finite element representation of the pile. Ross con-

sidered a nonlinear soil load-displacement relationship by using
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ever, because of the expense of these fie1d tests, it is desir-

able to be able to determine I' from either laboratory tests ov

from plate load tests, The value of K for a laterally Ioaded

pile can be determined by multiplying the coefficient of

horizontal subgrade react~on, k>, by the loaded area of the pile

segment . Terzaghi �4! suggests determining a coefficient of

subgrade reaction, k , from vertical plate loads using one foot
s

square rig d plates. Tiie va1ue of kH and therefore K can then

be determined for a pile by dividing k by 1.5 times the pile
s

diameter according to Terzaghi  Z4!.

0esic �6! develooed a method of calculating kH from the
soil and pile properties that can be determined in laboratory

tests, He expressed k> as a function of: �! pi le width and

stiffn ss, and �! Poisson's ratio of the soil and the secant

modulus of th= soil measured at one half the ultimate load in

an undrained tri axial test. Vesi c's equation can be simplified

and ex'.ressed in terms "f the pi1e width, the vertical

coeffic ent of subgrade reaction, and a factor, ~. The factor,

u, is a function of the pile properties and soil strength and

has been found by D, oms �! to var: between 0.32 and 0 .40 for

steel piles dri ven i rto cohesi ve soi 1s .

The variation of k with depth is very important. Several

different distributions have been assumed for clays by various

investigators. Palmer and Hrown �2! expressed kH as an expo-

nential function of' depth. Davisson and Gill �! have assumed



it to be constant or a step function with depth. Reese and

Matlock �7! have assumed k to he directly oroportional to
H

depth. Gill and Oemars �! have indicated that such simplified

assumed relationships are deficient because of the nonhomogeneity

of naturally occurring soils as well as the non1inear load-

displacement characteristics of a soil, The introduction of

load-displacement curves by McCle11and and Focht �1! and the

computer solution by Natlock and Reese �0! allow for a more

rigorous approach. Their methods allow the use of any variation

of kH with depth for static analysis. The true distribution of

k depends on the type of soil, the soi l oroperties, and the

stress history of the soil.

The magnitude of the soil quake, g, is closely related to

the valu of the soi'I spring, K. By definition, g is the r axi-

mum e1astic ground deformation and can be determined from a

triaxial stress-strain curve. g can b'e calculated if he failure

load, Pf,  See Fig. 1, 'and the soil spring, K, are known.
McClel land and Focht �1!, Gill and 0 mars  S!, Broms �!, Reese

{l6!, and Matlock  9! have all presented methods which can be

used to calculate the lateral soil resistance in terms of load

per length of pi le. 'vfhen used in conjunction with the equation

for displacement of McClel land and Focht �1!, Skempton �1!,

Parker and Cox �4!, or Matlock  9!, a soil resistance-displace-

ment curve can be generated from wIiich q can be determined.

Concerning the evaluation of J, smith  ZZ! arbitrarily



vibration tes'.s on clay samoles to determine J. Taylor and

'lug!;cs �3! .-.on:luded th- t energy dissipation in soil! approxi-

.. ates is ius -.'ai..'-.~in- at low a!ipli "udes and elasto-plastic

.!.-..ra-.ter;sti;; .." hi "h mplitudes. They also noted that since

;.I-e el-.sti: s=i! modulus is strongly dependent on the strain

-..,.:l'tu,"e, di;; �..ront values will be obtained for different

echo iquestea tin;.

To .=;-t;::, "vail able field data; or ! aterally loaded piles

..=. '-n I i! i:..� . ' o s,ati c l oadi; ....,"ndI tions. Data frol

d;nami;. -,ests ~n laterally loaded piles are not available with

!;h- -.'; t c -...i.a, .h. predicted p-ile resocnse obtained from the

';i-", "e: lope.'. !." Ross. Therefore the es

o,ra . -..-.nducted in this study was consid:-. ed necessary.

;>b,".=.-v, -. -. The object' v"s of this studv are:

! ~ -.~.< ct a series of fusee-vibration dynamic tests

in;h fin'!d usin,; mode'., late, ally-loaded, instru-

;;-.nted pi les dri ven into st i ff clay.

;� ...'.-.are the measured dynamic response of the model

set J equal to 0.15. Coyle and Gibson �! modified Smi th 's

equation hy rai sing the vel oc i ty, !/, to some power, N. For the

highly plastic clays tested, they found N = 0.18 was necessary in

order to give J a relatively constant value. They then deter-

mined J values empirically from laboratory impact tests. Tucker

!25! incl ided a damping factor in his solution but. gave no value

or method to obtain it, Penzein �5! suggested conducting free



test piles with the response predicted by the

analyti cal solution developed by Ross �9! .

3. Ta determine the soi I parameters necessary to

achieve agreement between the measured and

predicted dynamic response of the model test

pile.

4, To develop theoretical and/or laboratory methods

for use in predicting the soil parameters.



FIELD TESTS

Test Site. � In 1969, a research project on the bearing

capaci ty of axi al ly 1 oaded piles was conducted at Texas A8N

University by Rehmet and Coyle   IB!. A test site consisting of

a relatively uniform stiff clay extending to a depth of ten

feet was used at the south end of the third runway at the

Texas AN Research Annex, A soil boring was made by Rehmet and

Coyle �8!, and the boring 'log developed from this boring is

shown in Fig. 2. The clay was considered to be highly plastic

as its plasticity index varied from 29 to 44. Rater content

determinations were made at the time of testing and unconsoli-

dated-undrained tri axial tests were perf'ormed on samples pro-

cured fror. the test, site. The triaxial tests were made on

1.5 in..h diameter undisturbed samples and the resultina stress-

stra~n curves are presented in Appendix III. The unconsolidated-

undrained test data were used because the loading rate due to

the pile vibration was fast enough to cause an undrained loading

condition in the clay.

p

was used in this study. The program consisted of a total of

25 tests made on piles of three different diameters. The data

for all 25 tests are tabulated in Appendix IV. An identifica-

tion number was assigned each test to simplify and shorten the
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presentation of the test results. The first number of this

identification number is the pile diameter, the second number

is the depth of pile eIiibedment, and the last number is the

number of the test made at the specified depth. Other details

concerning the tests are listed in the comments section of

Table ',. For example, Test 3-8-1 denotes the first test on the

3 inch diameter pile at an embedded depth of eight feet. It

was tested one day after it v!as driiv n.

Piles of three different diameters were tested at an

embedded depth of eight feet to check the effects of different

diameters on the response of the pile. The 2 inch pile v!as

tested at embedded depths of six, ei.ht, and ten feet to check

the e, fects ot varying the embedded lengths. The locations

o< the strain "ages below the groundline were kept the same

in all tests as was the length of the pile above the ground-

line.

..n a!1 tests except Tests 2-8-3 thru 2-8-5 and Tests 1-8-1

thru 1-8-7, a 50 pound weight was mounted at the top of the

piie in order to reduce the frequency of vibration. The 13

pound attachment useo to hold the 50 pound weight increased the

oi a' ';ei.-ht to 63 pounds. For Test 2-8-3, the 50 pound weighl

was removed and for Test 2-8-a, the l3 pound weight attachment

v!as also removed. For Test 2-8-5, a 20 inch section of the

pile was removed from the top. hese three tests which resul ted

in hi "her frequencies i!ere made to study any e feet that changing



the frequency mar have on the pile response.

Tests 2-8-6 and 2-8-7 were conducted while the pil e was

surrounded by water approximately three feet deep. These two

tests were conducted in an attempt to more closely simulate

the response of an offshore pile by accounting for the water-

pi le interaction.

Tes: Pile P~ro erties and Instromention. � The model ".est

piles were constructed of standard steel pipe. Since standard

steel pipe is ;oiled and has varying wall thicknesses, measure-

men:s of the insi d= and out~ide pile diameters were averaged

-.n.-' used ..-.. calculate the average cross-se tional area, A, and

t4-". a:.";ra " :.or.ent -.. � ; inertia, I, cf' each pi'.e. These pile

properties are oresented in Table 2. In all succeeding

dIscussions, pile diameters will b referred to according to

the noT-;.inal diameter of the pipe us

iable 2. � Piflie T ropert~es
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A t st was mado on the 3 inch pi'le to check its actual

stiffness wi.h the calculated stiffness. For a given load, the

measured deflections and those calculated, assuming an average

wal1 thickness, agreed within ten percent. However, the method

used to measure the deflections was not exact. The maximum

deviation in deflection was 0.02 inches and the deflection

measurements were accurate to +0.01 inches.

Ea=h test pile was instrumented with four full bridges of

strain gages wi red to obtain bending moments along the long-i-

tudinal axis of the pile. Each bridge consisted of four strain

gages with two gages being on each side of the pile where flexure

stresses were a maximum. The strain gage bridges were placed

so that atter the pile was dri ven to its required depth, the

gages would be located at depths below the groundline of six

in-hes, two feet, four feet, and six feet as shown in Fig, 3.

In order to install the strain gages on the inside of the pile,

it was cut i nto longitudinal segments, After the gage
1

instal'lation, the pile segments were carefully aligned so that

the strain gages would measure the moments about a common axis

c, bending, and were then welded back together. The welding

added to the nonuniforriity of the pile but was necessary for

the gage installation.

In addition to the strain gages, two acc lerometers were

attached to the pile, one at thc groundline, and one at the

p le top as shown in Fig . 3 . Strains and accelerations were
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recorded with respect to time with a Honeywell Visicorder os

light sensitive paper. Also available on several of the tests

wa" an optical tracker which allowed the displacements at the

point of the applied force to be recorded during the time of

vibration.

Test Procedure. - To more closely simulate the actual soil

conditions in the field, each pipe pile was driven into the

stiff lay with a drop hammer. The driving of the pile

disturbed and remolded the soil into some unknown condition.

A length of pipe with a 63 pound concentrated weight at the top

was added to the pile above the ground. The pile was 'loaded

horizontallv by means of a cable. R quick release mechanism

consisting of an electrically operated hoist was used to release

the pile. After release, the pile was allowed to vibrate freely

until its motion was damped out.

After analysis of the test data, several shortcomings of

the .est procedure were discovered. The piles were pulled

horizontally by a cable at a distance approximately two feet

above the groundline. This caused the pile to be bent into a

shape other than the shape oF its Fundamental mode of vibration.

Higher frequencies were introduced into the system because the

pile was not deformed into its fundamental shape. These higher

frequencies quick'Iy disappeared, usually in the first cycle.

If the pile were pulled at the top, the pile would be deformed

in its fundamental mode and these higher frequencies would not



exist. Each pile was pulled over a different distance and hence

a different force was required. It would have been much easier

to detect any deviations of the response of the pile due to

different diameters or lengths of embedment if al I the piles

had been pulled with the same force.

An instantaneous release is required for tests of the tyne

made in this study . The electrically operated hoist released

the pi'le too slowly causing the true horizontal load on the pile

at the time of release to be 1ower than the load recorded. As a

result, the moments obtained just before release are larger than

the actva'I moments that existed at time zero, Therefore, in

correlating the predicted moments with the field moments, the

moments at the time of release or time zero were not used in

this studv, Instead the correlation begins one half cycle later

at the first. dynamic moment peak.



."OIL I'ARAYETERS FOR !HE MODIFIED

KELVIN-VOIGHT YODEL

As mentioned previously, the modified Kelvin-Voight model

used by Ross �9! to describe the behavior af the soil load-

displacement characteristics for a laterally loaded pile

involves using several soil parameters. These parameters which

must be determined if the model is to be useful are �! a linear

soil sprin ., K, �! a soil quake, g, and �! a soil damping

factor, J.

Soil Sorinr K. - The determination of a correct value

of '. and its distribution with depth can be determined from

instrumented pile tests. It is desirable to be able to deter-

minee K from a simple laboratory test or a field test. The soil

spring, K, can be calculated from the coefficient of horizontal

subgrade reaction, kH. For brevity kH wil'! be referred to as

the soil modulus, and will be designated with a lower case k

wi th subscripts . The soi 1 spring wi 1 1 be designated with a non-

subscripted capital K. The soil spring, K, and soil modulus,

k , are related in equation form as follows:

K = k� LD

where; L is the length of the pile segment

D is the pile diameter

Therefore if k< is known, K can be calculated by multiplying kH
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by the horizontal projected area oi the loaded pile segment.

As a first attempt to determine a value of kH, several

different theoreti cal methods published in the literature were

investigated. Terzaghi �4! proposed a range of soil modulus

values for a one foot square plate in a stiff clay based on the

knowledge of the deformation characte~ist~cs of stiff clay.

Using the average value of soil modulus proposed by Terzaghi�g!

a k = 198 lb . per in . was determined for the 3 i nch pile .3

H

Uesic �5! developed a theoretical method by which kH could be

caiculated based on the theory of a beam on an elastic foun-

dation, Us-,n-�. Uesic's equation and the soil properties deter-

mined rom th- tri axial tests presented in Appendix II!, a

k = 193 lb. per in. was calculated. Broms �! simplified3
'H

Uesic's equation and using 8roms method, a value of k�= 261 lb.

per in..'as obtained for a 3 inch pile. As shown in Table 3,3

each of these theoretical methods yield results of the same

order of magnitude.

Table 3. - Ualues of kH for a 3 Inch Pile

In a Stiff Clay
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NcClell and and Focht �1! have presented a method of

relating empiricaIly the results of full-scale static pile tests

to triaxial laboratory test data. They suggest that the stress

on a pile in the field is 5.5 times the deviator stress obtained

from a consolidated-undrained triaxi al test for both at the

same percent strain. They also suggest that the strain in the

field, cF, is equal to the pile displacement divided by the pile

radius . Using these two suggestions to obtain a field stress

versus field displacement curve, a field modulus of horizontal

subgrade reacti on, k<, can be obtained from the tangent slope of

this curve. Parker and Cox �4! also related strain and dis-

placement, suggesting the field strain be determined by dividing

the pile displacement by the pile diameter. Based on footing

tests, Skempton �1! has suggested a third possible method to

determine the field strain. He suggests dividing the displace-

ment by twice the pile diameter. Ca'Iculating the field stresses

using HcClelland and Focht's suggestion and using the three

suggested methods to determine field strains, the values of kF

for the model piles are presented in Table 4. In each case kF

was the slope of the tangent on the field stress versus field

pile displacement curve. A typical curve used to determine k

at a four foot depth for the 3 inch pile is shown in Fig. 4.

These curves are generated by first calculating the field

strain for an assumed pile displacement, The laboratory

deviator stress, o, is then deterniined from the laboratory
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stress-strain curve for the corresponding field strain. The

field stress for that strain is then calculated as 5.5 a as

suggested by McClelland and Focht �1!.

Table 4. - Values of k at z = 4 Feet
F

All soil modulus values are extremely large as compared

to the values in Tab'le 3. Since the value of 5,5 suggested

by McClelland and Focht �1! was based on empirical data from

a 24 inch pile tested in soft clay, the validity of applying

their method to the model piles in this study is questionable.

It was found that by using the strain relationship of Parker

and Cox �4!

�!

and by assuming the field stress was equal to the triaxial

deviator stress,

a soil modulus value of the same order of magnitude as the



values in Table 3 could be obtained.

instead of using the field strain-displacement relation-

shipss which are functions of the pile diameter, it was felt that

the soil modulus should be a soil parameter which is constant

for any given soil. Therefore, a curve of the triaxial deviator

stress versus the laboratory soi] deformation, AL, was used.

This laboratory soil modulus is designated as k since it, is

determined as the tangent slope of a laboratory unconsolidated-

undrained triaxial test.

The family of curves in Fig. 5 was generated by testing

undisturbed soil samples at various depths. Using kL for each

depth as the slope of the tangent of the corresponding a

versus hL curve, a kL distribution with depth was obtained.

This d~stribution was used in the prediction of the pile

response in this study and is shown in Fig. 6. For this study,

a soil spring was placed at the location of each strain gage

as well as at the groundline and pile tip. Also shown in Fig,

6 with the kL distribution with depth is the comp'lete idea1ized

pile used in this study.

Since the lengths of the soil specimens in the tri axial

tests were greater or equal to the pile diameter, the deter-

mination of the soi l modulus from a v> - AL plot is considered

reasonable, The value of kL is independent of the pile dia-

meter and is strictlp a soil property. The values of K are

dependent on the pile diameter as indicated by Equation 4 and
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Values of kL in pounds
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increase with corresponding increases in pile diameter.

Soi 1 quake, g. � The magni tude of the soi 'I quake, g, is

closely related to the soil spring values. By definition, the

soil quake is the maximum elastic soil deformation. It seems

reasonable that g is a function of the pile diameter and should

be reduced as the pile diameter decreases. From work done by

Lowery, et.al.  8! on axially loaded piles, a 9 = 0.10 in. for a

full-scale field pile has proved to be satisfactory. Therefore

a va'lue of q = 0.10 in. was assumed to be valid f' or a full-scale

laterally loaded pile, It was noted that a g = 0.10 in. is

approx~mately one percent of a one foot diameter full-scale

pile. Therefore for the model piles used in this study, a q

was calculated for each pile using

.01 0 �!

Tne value of g for the 3 inch model pile was calculated to oe

0.035 in. and a g = 0,024 in. and g = 0.017 in. were calcurated

for the 2 inch and 1.2S inch piles respecti vely. These vaIues

were used in this study, and in most cases, produced reasonable

agreement between the predicted and measured pile response,

Fig. 7 shows how reducing g affects the ultimate soil

resistance as wel I as tne effect that the pi'le diameter in Equa-

tion 4 has on the soil spring, K, at a given depth. Equation 4

introduces the effect of the pile diameter on K. Each pi Ie has

a di fferent K depending on its diameter with the smaller diameter

piles having a smaller contact area between the pile and soil
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and hence a lower K. Consider now the effect of reducing g.

First, consider a constant g = 0.10 in. for all piles. This

case is indicated by the dashed lines in Fig. 7. Because of

the different K values resulting from the use of Equation 4,

the smaller piles have lower ultimate load values at a common g

value. By reducing g as the pile diameter decreases, as

indicated in Equation 7, the allowable ultimate load is reduced

even further. This effect is shown in Fig. 7 by the solid

fines. For example, by reducing the g for the 3 inch piles

from 0.10 in. to .035 in. by applying Equation 7, the ultimate

soil load is reduced from 1260 lb. to 445 lb. which is a

reduction of 65 percent. The 1.25 inch pile failure load is

reduced 83 percent from 600 lb. to 101 lb. by applying Equation

7. Consequently, the g value is a very important soil parameter

and greatly effects the predi ction of the pile response as it

contro1s the load at which soil failure occurs for a given nile

segment.

Soil Damoin Factor, J. - The value of the viscous damping

factor, J, was fi rst suggested to be 0.15 by Smith �2!. To

obtain a value of J for a stiff clay, Coyle and Gibson �!

conducted a series of laboratory impact tests. Since the value

of J varied with the velocity of 'loading as indicated in

Equation 1, they found that by raising the velocity to the

power N = 0.18, J would remain relatively constant for all

velocities. Therefore, in this study a value of N = 0.18 was



used. From the tests by Coyle and Gibson �!, an initial

average value of J = 0.575 was used and found to be low for

the tests in this study. Using the soi I spring values deter-

mined from Fig. 6, a g = 0.035 and a N = 0.18 for the 3 inch

pile, various J values were assumed until agreement was achieved

between the predicted and measured amount of damping. A value

of J = 2.0 was found to give the best corre1ation between the

measured and predicted responses for the 3 inch pile and was

used f' or all pi1es.



COMPARI-"ON OF FIELD AND PREDICTED PILE RESPONSE

As mentioned previously, bending moments with respect to

time were determined at four points below the groundline from

measured strains and accelerations were measured at the

groundline and at the pile top as shown in Fig. 3. All data

taken in this study are in Appendix IV. In all tests the

moments at the six foot depth, Gage 1, were very small and are

not presented or discussed in this study. Gages 2 refers to

the strain measurements made at a four foot depth; Gage 3 refers

to the strain measurements made at a two foot depth; and Gage 4

refers to the strain measurements made at a six inch depth.

Accelerometer data will be presented only for the 3 inch

diameter pile tests as these data were not used to determine

the parameters needed for the soil model. Acceleration data

were recorded on all 25 tests and are tabulated in Appendix IV.

In addition to the soi 1 parameter values of K, g, J, and

N needed for use in the Ross solution, a value for structural

damping is needed. A preliminary test was made to determine

this value. It was found that the structural damping was only

0.3'4 of critical damping and for these model piles could be

neglected. The deflected shape of the pile at the time of

release is also needed as an initial condition and is very

critical. A fi nite element computer program was used to



32

determine this deflected shape. A known force was applied to

the idealized pile above the groundline. Ualues of the soil

springs and the soil quake were assumed and an initial def Jected

shape of the pile determined for those assumed values. This

deflected shape was then used as the initial condition in the

Ross solution to predict the dynamic response of the laterally

loaded piles. On several of the tests, the displacement at the

point of force application was known and was used to verify the

initial deflected shape.

3 Inch Pile Tests. - A total of six tests were made on the

3 inch pile, al l at an eight foot, depth. The data recorded from

these tests were considered the most reliable as it was the

largest of the three piles tested and any effects of gaps between

the pile wall and the soil due to the driving were minimized.

The first three tests were conducted one day after the pile was

driven. An optical tracker was available for these three tests

allowing displacements with respect to time to be recorded. The

tracker target was located at the pull line, approximately two

feet above the groundline, allowing the displacements to be

measured at this point. Figs. 8 thru 11 present the data that

were recorded from Test 3-8-2. Also in these same figures is

the predi cted response of the computer program using a 9 = 0.035,

a J = 2.0, a N = 0.18 and K values determined fram Fig. 6.

These parameters were determined by the methods discussed in

the previous section. Only the peak values of moment and
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displacement were plotted even though the entire sinusoidal

shaped curve was recorded. 8y using only the peaks, the fre-

quency of vibration can be compared as well as the magnitude of

the moments and the rate of damping. The frequency measured was

4,5 cycles per second and the frequency predi cted was 5.05 cycles

per second, an error on the order of ten percent. The fre-

quencies measured at a11 gage locations were the same for these

three tests on the 3 inch pile.

Fig. 8 shows that the moment peaks at Gage 4 � inch

depth! were wi thin 25 foot-pounds of the field moments, an error

of less than ten percent. Since the maximum moments occur in

its vicinity, it is the most critical depth. The moments at

Gage 3  Fig. 9! showed a shift of the axis of oscillatian whi ch

should be the zero moment line. As seen in Fig 10, this shift

occurred to an even greater extent in the measurements made at

the four foot depth by Gage 2. These shifts occurred in all six

tests on the 3 inch pile as well as on the tests of the other

two diameter piles . Gage 4 always oscillated symmetrically about

the zero moment line but Gage 3 always showed a slight shift in

the direction of the applied initial force. Gage 2 usually

underwent a large enough shift so that i t oscillated completely

above or below the zero moment line. Since the values of the

moments at Gage 2 were small as compared to the moments at Gages

3 and 4, the deviations from the predicted moments were con-

sidered unimportant as they were of the same relative magnitude.
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Initially it was thought that the shift might be due to

faulty instrumentation since the computer predicted no such

shift. However, after carefully checking, this possibility was

eliminated and it was decided that this shift actually occurred.

Since the shift always occurred in the direction of the pull-

over, it is believed that during the pullover, the stresses in

the soil around the pile were relieved on the side opposite from

the direction of pull. This allowed the clay to rebound some

amount thus changing the original zero moment position of the

pile. At Gage 3 the forces due to the pile vibrating were

large enough so that the pile came close to returning to its

origina't position. However, at Gage 2 where the movements were

very small, there was not enough force to fail the rebounded

soil and allow the pile to return to its original position. It

should be noted that the displacements at Gage 2 were less than

0.001 inches.

If this is the correct explanation of this shift, then the

soi 1 properties must be changing with time as the pile vibrates

and would be different on each side of the pile. As presently

written, the computer program can handle only a soil that has

the same properties on both sides of the pile, The program

could be easily modified to handle the situation of different

soil properti es . If the pile had been pulled each di rection the

same amount before testing, these shifts would probably not have

occurred as the soil would have been in the same state of stress
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on both sides.

The displacements recorded by the optical tracker for

Test 3-8-2 are shown in Fig. 11. The measured displacements

were higher than the predicted displacements which may be due

to a small hole existing around the pile because of the pi'Ie

dri ving.

Figs. 12 and 13 show the values of accelerations measured

and predicted for Test 3-8-2. A11 of the values of the pre-

dicted accelerations at the pile top are too large but are

within 20 percent of the measured accelerations. The acceler-

ationss at the groundline predicted by the computer are difficult

to distinguish because of the many high frequencies the computer

introduces. The high frequencies are probably caused by the

pile hitting the soi 1 when vibrating or possi b ly because the

pi 1e was not displaced into its fundamentaI node shape . Some

higher frequencies were recorded but tended to damp out quickly

whereas they did not disappear in the predicted accelerations

from the computer. The predicted and measured va1ues are in

the same order of magnitude, however.

After a period of 18 days, the 3 inch pile was tested

three more times. The purpose of these additional tests was

to see if any soil set up occurred and if so, what its effect

was on the pile response. The optical tracker was not used

for these tests. The bending moment versus time graphs for

Test 3-8-5 are shown in Figs. 14 thru 16. Relative magnitudes
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of the predictedmoments and moments at Gage 4 and Gage 3 agree

to within 11 percent, Both Gages 3 and 2 again f'ailed to

oscillate symmetrica'Ily about a line of zero moment. The

predicted and measured amount of damping was very close. The

measured frequency of vibration increased to 4.7 cycles per

second from the 4.5 cycles per second frequency measured on

Test 3-8-2. The pile was pulled over farther in this test

than in Test 3-8-2 and thus reduced the predicted frequency

of vibration from the 5.05 cycles per second predi cted in

Test 3-8-2 to 4 .7 cycles per second. Fig. 17 presents the

measured and predi cted accelerations at the pile top. The

accelerations agree wi thin 20 percent at all times.

Another method of presenting the same data is shown in

Fig. 18. The bending moment curve versus depth is p'Jotted

for each positive and negative wave of propagation. The

solid lines are the predicted curves with the symbols repre-

senting the actual field moments. This method of presentation

stresses the importance of relative magnitude of' the moments

for all gages and shows that in desi gn, Gages 4 and 3 are much

more critical than the very small values of Gage 2. This

method will not be used as it is felt that the method of

bending moment versus time curves presents the data more clearly,

especially the frequency of vibration and amount of damping,

1.25 Inch Pile Tests. - A total of' seven tests were con-

ducted on the 1.25 inch pile. This was the smallest diameter
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pile used and was tested only at an eight foot embedded depth.

The first three tests were conducted one day after driving as

with the 3 inch pile. The same test procedures were used. The

acce1erations which were recorded at the groundline and pile

top are not presented here but can be found in Appendix IV.

Figs. 19 thru 21 show the bending moments with respect to time

for both the measured field data and predicted data of Test

1-8-2. Both Gage 3 and Gage 2 failed to osci',late around the

original static zero moment line as discussed previously A

gap was developed around the pile while the pile was being

driven. Therefore, it was assumed that the soil had zero

res~stance at the groundline and was accounted for accordingly

in the predicted solution. In an attempt to match the shift

at Gage 3 from the static zero moment line, it was assumed that

the soil represented by the spring at the six inch depth on the

side of the direction of pull was permanently deformed due to

the static loading whereas the opposite side was not. Conse-

quentwy, the computer solution also gave a similar type shift.

Also, there would be na way to get the shift to be complete'Iy

on one side of' the original static zero moment line as shown

in Fig. 21 unless the soil moved by rebounding. Therefore, it

is felt that the hypothesis of the soil rebounding an one side

when the pile was first loaded is a feasible exp1anation of the

moment shift. The values of the moments at Gage 2 were very

small and the deviations from the predicted moments, though
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large in percen. error, were considered unimportant with

respect to magni ude

The value af J = 2.0 was used for the soil damping con-

stant for the 1.25 inch pile tests and seemed to work adequately.

The measured frequency was 2.42 cycles per second whereas the

predicted frequency was 2.5 cycles per second, a difference of

less than five percent. In terms af percent, agreement, at Gage

3 was poor but. in terms of magnitude, agreement, at Gage 3 was

acceptable. At Gage 3, 3 = 2,0 provided good agreement on one

side but was too small for the other side. This substantiates

the belief that the soi 1 properties are indeed different on each

side of the pile.

After a 14 day period allowed for set up, the 1.25 inch

pile was tested two more times. No vain had occurred in these

14 days so any changes would be due to soil set up. No

appreciable changes were detected. After a period of 16 more

days during which it rained, the pile was tested its final

two times. Figs. 22 and 23 show the results of Test 1-8-6.

Even though the pile was pulled with a slightly larger force

than was used in Test 1-8-2, the moments in Gage 2 were too

small to be measured. Also a large shift occurred in Gage 3

but Gage 4 remained about the same as in the previous tests .

The frequency increased almost 17 percent to 2.82 cycles per

second. The soil evidently expanded upon wetting and gripped

the pile tighter. Consequently the frequency increased and the
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moments at Gage 3 decreased as might be expected in a highly

plastic stiff clay which had expanded. The effects due to the

swelling clay were less pronounced on the 3 inch pile than on

tne 1.25 inch pile mainly because the 3 incn pile was much

stiffer. Its frequency did show a 4.5 percent increase but

the predicted and measured moments showed little variance.

2 Incn Pile Tests. - A third series of tests were made on

tne 2 inch diameter pile. Tne pile was tested twice at a six

foot depth, twice at an eignt foot depth, and three times at a

ten foot depth to determine if' different embedded lengtns

affected the response of the pile. Displacements were recorded

with the optical tracker on tne two six foot depth tests only.

Accelerations were recorded but are reported only in Appendix

IY. All tests were made within one day of driving, and the

same pile was used for all tests,

As occurred in the 1,25 inch pile, a hole was developed

at the surface whil' driving the pile to a six foot depth.

Tnerefore, no soil resistance on eitner side of the pi1e at

the groundline was assumed in predicting the bending moments.

A smal1 gap was also assumed to occur at the six inch depth due

to the driving. Results of Test 1 at tne six foot depth, Test

2-6-1, are in Fi gs, 24 thru 27, . The moments at Gage 4 agree

closely with the predicted moments. Once again Gage 3 did not

oscillate symmetrically about the zero moment line. Again the

moments at Cage 2 are extremely smail and are considered
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unimportant when compared to the moments at Gages 3 and 4.

Initially the displacements agree within 13 percent but

deviate with time. The same soil damping constant, J = 2.0,

was used as in the two previous test series. However, it

appears that for this pile, which is embedded only six feet,

a larger value ot damping is needed. The frequency of vibration

was measured to be 2.15 cycles per second whereas it was pre-

dicted to be 2.0 cycles per second - a deviation of seven

percent.

After being tested at a six foot depth, tne pile was

pul'led out, Two feet of pipe were welded to the bottom, and it

was then redri ven to a depth of eight feet. Two tests were made

at this depth. The moments at Gage 4 and Gage 3 of Test 2-8-2

are shown in Figs. 28 and 29. No displacements were recorded

and tiie accelerometer data can be found in Appendix IV. Using

the same techniques to get the predicted pile response as was

used on the other tests, the moments at Gage 4 agree within

17 percent but the predicted moments at Gage 3 are extremely

high. The reason for this is not known. Only by increasing

tne soii :pring constant or soil quake could the predi cted

moment at Gage 3 be reduced. Gage 2 moments are extremely

small and not considered to be critical. A J = 2.0 was again

used and is apparently too small, making the predi cted moments

deviate more and more from those in the field tests as time

elapsed. The frequency recorded was 1.98 cycles per second
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wIiereas the predicted frequency was 2.56 cycles per second, a

difference of 22 percent.

A thi rd group of tests in this test series on the 2 inch

pile were conducted at an embedded depth of ten feet and con-

sisted of three tests. Again a two foot section was added to

the bottom of the pile so that upon redri ving to a depth of

ten f'eet, the strain gages would remain at the same depths as

in the other tests. The resulting moments at Gages 4 and 3 of

Test 2-10-2 are presented in Figs. 30 and 3I. Gage 2 data

along with the accelerometer data are presented in Appendix IV.

The predicted moment values at Gage 4 are within ten percent

near the beginning of the tes t, but the percent error increases

with time because of J being too small. The predicted Gage 3

moment va'!ues are 18 percent too nigh and remained so on one

side, On the si de of the di rection of pull, however, much more

damping occurred than predicted and the error was much greater.

The frequencies deviated by 8.0 percent with the predicted

frequency bei ng too hi gh, A gap due to the drivi ng of the pile

was assumed to exist around the pile at the groundline.

Five additional tests were made on the 2 inch pile at the

eight foot. depth. In an attempt to study the effects of

frequency, the mass at the pile top was varied three times as

discussed previously. For each test, less mass was used than

the test before and consequent'Iy the frequency of vibration

increased. Figs. 32 and 33 present the data from the first of
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the three higher freauency tests  Test 2-8-3!. As can be seen

from these two figures, the measured amount of damping increased

greatly for this higher frequency. The value of J = 2.0 did not

provide sufficient damping in the predicted response so J = 4.0

was tried. This higher J value had little effect on the

frequency and made little difference in the predicted amount of

damping at the six inch depth. At the two foot depth, the

larger 3 value did increase the predicted amount of damping for

two cycles on the side opposite of the direction of initial

loading. As was the case in Test 2-8-1, the predicted moments

are much too high at Gage 3. The predicted frequency is 4.11

cycles per second as compared to the measured frequency of 3.85

cycles per second.

The fi nal two tests which were conducted on the 2 inch

pile were made while it was surrounded by approximately three

feet of water. The purpose of these tests was to more closely

simulate the field conditions of a pile in the ocean. The

measured response and predicted response of Test 2-8-7 are

shown in Figs. 34 and 35. Once aga~n the moments at Gage 3

are lower than those predicted which is consistent for all tests

made on the 2 inch pile at the eight foot depth. The frequency

predicted was 12.7 percent too high being 2.56 cycles per

second as compared to the recorded frequency of 2.27 cycles

per second.

Due to the water environment, a drag coefficient and a
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mass coefficient were needed to describe the water-pile

interacti on . These values are dimensi onless and the values

used were the average values suggested by Ippen �!. The drag

coefficient used was 1.05 and the mass coefficient was 1.4.

The water environment increased the amount of damping as

expected. Ho~ever, as in all the tests made on the 2 inch

diameter piwe, the amount of damping was too low. Therefore,
4

the results of these two tests are considered inconclusive.
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SUMMARY QF TEST RESUt TS

The problem of predicting the dynamic response of a

laterally loaded pile is a very complex one. The complexity

of the problem is furthev increased when the i esponse of a

smal scale test pile is being predicted. As is always the

case in testing models in soils, scaling is a pvoblem. !ilhen

full-scale test data are not availab']e, model test data are

the next best thing. In this testing nrogvam it was found that

the e; feet of a gap between the Dile wall and the soil due to

the di-ivinq of the pile was significant - esnecially on the

two smaller diametev piles. It is felt that the effect of' such

a gap would not effect the response of a full-scale pile as

significantly. For this reason, the field results of the 3

inch pile tests were used in develoving the soil parameters

fov predicting the nile v'esponse. These parameters were then

applied to the two smaller diameter piles.

Effect of K. - The value of the soil spring, K, and its

distribution with depth apoears to be the main parameter that

contvo!s "he magnitude and distribution with depth of the

bending moments in laterally loaded piles. Hence, it is prob-

ably the most important of the soi 1 parameters to be evaluated.

Th« distribution of k with depth and therefore K that is shown
L

in Fig. 6 was used for the predicted response of all the tests.
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However, the exact distribution of k< below a four foot depth

is not critica1. For examlile, a uniform kL was used in the

ana1ysis of Test 3-8-2. As can be seen in Figs. 36 and 37,

there was little or no change in the predicted response when

compared to the predicted response using the k distribution in

Fig. 6. This also verified that the various lengths of embed-

ment of the 2 inch pile had little or no effect since a11 were

embedded more than six teet. For these tests, especial ly for

the two sma11er diameter pi1es, the spring located at the six

inch depth proved to be the most critical and was very sensitive

to change.

The values of K also influence the frequency. A less

stiff soil is modeled by lowering the K values which then causes

the first inflection point of the nile to be located deeper in

the ground. Tlierefore, the point of maximum moment is shifted

deeper in the ground and the frequency is reduced because of

having a greater length to vibrate,

As seen in Fig. 1, upon unloading, the soil was assumed

to rebound at the same slope K, as when it was loaded. It is

felt that the solution by Ross should be modified to handIe the

amount of rebound as a separate parameter. As a senarate

parameter, the rebound could be varied easily; and its effects

on the pile response studied,

As presently accounted for in the Ross solution, the values

of K remain constant wi th respect to time for a qi ven denth .
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However, due to cyclic loading, it is felt that the soil is

remolded and that K should become smaller with time or with the

number of loading cycles. Presently there is no way to account

for such a change in K in the Ross solution and any such modi-

fication would probably be quite complex.

� The soil quake, g, as well as the soil

spring, K, inf1uences the magnitude of' the moments in the piles,

g is related to the pile diameter as indicated in Equation 7

and decreases as the pile diameter decreases. The smaller 9

values in turn cause smaller ultimate loads for the clay as

indi cated in Fi g. 7. There fore i t. is g and K together that

determine the ultimate load and displacment the soil can undergo

before failing. For example, a K = 100 lb. per in. and a  j =

0.10 in. would allow an ultimate load of 10 lb. By reducing K

to 50 lb. per in. and increasing g to 0.2 in., the ultimate

soi I load remains 10 lb. However, in this second case the soil

is 1ess stiff as indicated by the lower K and greater displace-

ments occur with a reduced frequency of vibration.

Effect of J and N. � From all indi cati ons, the values of

J and N are closely related and are a complex function of

velocity, pile diameter, pile length, frequency of vibration,

as well as other variables based on the soil and pile properties.

It is beyond the scope of this paper to study this problem in

the detai 1 necess ary but additional work in this area, perhaps

in the form of a parameter study, could be quite revealing.
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Perhaps the modification mentioned previously of allowing K to

be reduced due to load cycling would aid in the study of

founding J. By reducing K with time, the rate of damping would

also be increased. As predicted in this study, the rate of

damping after the first cycle always seems to be linear whereas

the measured field results are nonlinear. By increasing i'I so

that the velocity of the pi le has a greater influence on the

rate of damping, such a nonlinear rate of damping could possibly

be pr dieted.

From these tests, several interesting observations were

made regarding the damping of the soil. Ross �9! indicates

that the effect of the soil damping is very small for a typical

offshore pile, This may be true in the case of wave loadings

on offshore piles where frequencies are very slow. However, in

this study with higher frequencies, a value of J = 2.0 was

necessary for the predicted pile response to match the measured

response on the 3 inch pile tests. For the 1.25 inch pile tests

a value of J = 2.0 generally produced good agreement between

the predicted and measured pile resoonse. However for t'h e 2

inch pile, the damping predicted with J = 2.0 was in all cases

too low. In the tests on both the 1.25 inch piles and 2 inch

piles the amount of damping was different on each side of the

pile. The piles damped faster on the side in the direction of

pullover.

From the test results of Test 2-8-3 which was tested at a
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higher frequency, it is evident that the rate of damping is

dependent on the frequency of vibration. Since a value of J =

2.0 was used in the prediction of the response and was found

to be much too low, a value of J = 4,0 was tried. The effect.

of raising J to 4.0 compared to the prediction using J = 2.0

is shown in Figs� . 32 and 33 . Such a large increas e in J gives

a relatively small change in the rate of damping. Also, such

a strong damp~kg value produces high accelerations and veloci ties

in the computer solution and causes permanent deformation to

occur at the pile tip. Therefore, there seems to be a definite

upper limit of J that can be used in the Ross solution if ll =

0.18. Based on this finding and the fact that the rate of

damping is greatly increased as the frequency is increased, the

effect that fl nas on J should be investigated in more detai 1.

- Tests wereEffect of Pi'le Diameter and

made on pi les of three different diameters to see what effects

changing the diameter would iiave on the pile response. How-

ever, after testing, it was felt that the effect of the pile

diameter alone could not be determined as the piles were of

different stiffnesses as well as diameters. It would have

been much more desirable to have three pi les having different

diameters but the same moment of inertia and stiffness. If

this had been done and all other variables held constant, the

only di fference in the pile response would have been due to

the different diameters. It was also felt that for these
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tests, the piles were much too stiff for their corresponding

diameters. The frequency of vibration decreased as the pi'te

stiffness and pi'Ie diameter decreased.

Tests were made on the 2 inch pile at three different

embedded depths to investigate the effect of the embedded length

of the piles. No appreciable differences could be determined.

All piles vibrated near the same frequency indicating that the

soil below the six foot. depth had little influence on the

response of the pile. The magnitude of the bending moments was

unchanged when the embedded length was increased indicating that

the extra length had no effect on th pile response. The

momerits in Gage 3 of Test 2-6-1 were higher' than those in Tests

2-8-2 and 2-]0-2. This was due to a larger gap being formed

while driving the six foot depth pile than occurred at the

other depths and not due to the difterent embedded lengths.
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CON CL US I ONS

Conclusions based on the correlation of the dynamic

response measured from the model pile tests and the response

predicted using the solution of Ross �9! are as follows:

1. The modified I'e1vin-Voight. rheo1ogical model used

by Ross �9! to describe the nonlinear soil load-

displacement relationship may be used to predict

the dynamic response of a laterally loaded pile.

2. Laboratory triaxial tests can be used to determine

the soi1 modulus. The distribution of the soil

modulus with depth can be determined by testing

soil samples from different depths. For the mode1

piles in the relatively homogeneous stiff clay used

in this study, a uniform distribution with depth of

k .is a satisfactory approximation, The k values

can then be used to calculate the soi"I spring, K,

values.

3. The soil quake, g, is a function of the pile diameter.

Based on the results from these model tests, g can

be approximated as one percent of the pi le diameter.

4. The K and g parameters govern the magnitude and

distribution of the bending moments with depth. From

this study it was found that the shallow depths were



very critical in predicting the pile response.

For these model piles, the displacements were

very small below a depth of two feet indicating

that at some depth between two and four feet the

soil had little influence on the response of the

pile. Therefore the values of K and g below this

critical depth areunimportant in predicting the

dynamic pile response of a laterally loaded pile.

5. For the tests on the 3 inch pile in this study, a

value of J = 2.0 with ll = 0.18 gives satisfactory

agreement between the predicted and measured amount

of damping.

6. The amount of damping increases as the frequency

increases and is significant at the frequencies

encountered in these tests. The frequency of

vibration of the pi le may be increased by increasing

th~ pile stiffness, by increasing K, by increasing

J, or by decreasing the amount of mass at the pile

top

In summary, the work accomplished by this research

provides possible methods by whi ch the necessary parameters for

use in the Ross solution for the dynamic response of a laterally

loaded pile can be determined. These methods are based on

model tests, however, and may need to be modified before being

applied to fu11-scale tests. The next logica1 step would be to
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conduct a similar study using full-scale pile test data.
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RE COMMEN DAT I ON 5

The following areas are recommended for further research:

1. Tests similar to those conducted in this research need

to be made on full-scale piles . The conclusions from

this study apply only to these model tests in a stiff

cfay and should be applied to fu11-scale piles only

after more study on the problem has been completed.

2 . If additional model tests are conducted, i t is

recommended that more strain gage bridges be used and

closely spaced in the critical shallow depths of the

embedded length. Piles of different diameters but

the same moment of inertia should be tested in order

to nore clearly define the eff'ects of the pile diam-

eter on the dynamic response of the pile. A11 piles

should be loaded with the same force at the pile top

and should be tested in steady state motion as well

as in free vibration. For an instantaneous release

in the free vibration tests, the pile should be

pulled by a single strand wire and cut.

3. An extensive parameter study needs to be made

using the Ross analytical solution to more fully

understand the relationship between the soil damping

factor J and the exponent N and their dependence upon
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the frequency of vibration and veIocity of the pile.

A parameter study concerning K and g and a better

understanding of their relationship could also prove

to be useful. Determining exactly how these

;ara!!ie+ers are interrelated should aid significantly

in determining methods by which they could be

«valuated.

4. The analy ica'I solution of Ross should be modified so

that the rebound and p rmanent set due to failure oF

:,'!e s oi ! can be varied. it is also desirable to be

ab e .'.o use di fferent soi 1 properties on each side of

the .;.i1e and to cnange the soi I nroperties with time

or cv ,es of loading.

Dynamic !!odel field tests should be conducted in

sand to see if the r adified Kelvin-Uoight is a valid

!iodel or cnhesionless soils. ~tudies similar to

the on s iade in this research should be made on

the sand ;arareters to,,ore f'ullv understand the

soil Ioac-displace;,>ent relationship under dynamic

loadin . onditions,
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APPENDIX I I . � NOTATION

Tiie following symbols are used in this paper:

cross-sect,ional area in square inches

pile diameter in inches

modulus of elasticity ;n pounds per square inch

gravitational acceleration

moment of inertia in inches to the fourth power

soil damping factor in seconds to the N power

per foot to the N power

soil spring constant in 1 ounds per inch

field modulus of iiorizontal s ubgrade reaction

in pounds per cubic inch

P

o,.unds oer cubic inc!i

laboratory modulus of horizontal subgrade

reacti in in pounds per cubic inch

modu!u of subgrade reaction in pounds per

.ubi c i!ich

ien;-th of pi le above the groundline in feet

.'bedCed length of pile in feet

len th of pile segment in ideali:ed model in

:n ches

'~wer which to rai~e the velocity, V

k = soil modulus of horizontal subgrade reaction in
H
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P
static

p
dynami c

psi

F

inch

o = fie]d stress in pound- per square inch

horizontal load in pounds

horizontal fai lure load in pounds

horizontal static load in pounds

horizontal dynamic load in pounds

pounds per square inch

maximum elastic deformation of the soil or quake

in inches

ve 1 oci ty i n i n ches pe r s econ d

dispracement in inches

depth in feet

constant based on pile properties

field ~tra~n in inches per inch

laboratory strain in inches per inch

deformation of triaxial specimen in inches

laboratory deviator stress in pounds per square
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APPENDIX I II. � LABORATORY SOIL TEST DATA

On the following pages are the deviator stress versus

strain curves for the stiff clay in which the model tests for

this study were made. The curves are from unconsolidated-

undrained triaxial tests conducted on 1.5 in. diameter samples.
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APPENDIX IV. - FIEI D DATA

On the fo'Ilowing pages are the field data for all 25 tests

conducted in this study. The following notation is, used:

Gage l - Bending moments determined at a depth of

six feet

Gage 2 � Bending moments determined at a depth of

four feet

Gage 3 - Bending moments determined at a depth of

two feet

Gage 4 � Bending moments determined at a depth of

0.5 feet

Gage 5 � Accelerations measured at the groundline

Gage 5 � Accelerations measured at the pile top

Gage 7 � Oisplacements measured at the point of

force appl i cati on

Disp'lacements were not recorded on all 25 tests. Bending

strains were measured by Gage l on the 3 inch jile tests only.

Gage l measured no strains at the six foot depth in the 2 inch

and l.25 inch pile tests.
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