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ABSTRACT 

The results of numerous vibratory tests on model 

piles in clay are presented in this thesis with the purpose 

of studying the behavior of piles subjected to vibratory 

loadings. The effects of pile length, time after driving, 

soil consistency, dynamic force amplitude, and free water 

surrounding the pile were investigated. The effect of con¬ 

fining walls on such tests received special attention. Tests 

were also performed on two model pile groups. The possibility 

of representing a pile subjected to vibratory excitation by 

discrete masses and springs and the soil reaction by Kelvin 

models was studied, and an attempt was made to correlate 

theoretical results with model results. Finally, a very 

simplified approach was proposed for determining the maximum 

amplitude at the natural frequency for a pile subjected to 

vibratory loading. 
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I. INTRODUCTION 

The dynamic response of structural systems founded 

near the soil surface has been studied in considerable detail. 

At the present time, it is possible to design such systems 

with some assurance of their response to dynamic excitation. 

Frequently, however, it is necessary to employ pile founda¬ 

tions, and the evaluation of the dynamic response then normally 

involves considerable uncertainty as a consequence of the 

limited state of knowledge of the dynamic behavior of piles, 

particularly those receiving their support through side 

friction. An attempt has been made in this study to clarify 

certain features of the response of vertical friction piles 

driven in saturated clay and subjected to vertical dynamic 

excitation. This has involved the performance and interpre¬ 

tation of model tests performed both in the field and in the 

laboratory. 

Many modes of dynamic excitation are encountered 

in practice, such as the single impulse imparted by a 

pile-driving hammer, the short-duration irregular disturbances 

caused by earthquakes, the long-duration irregular disturb¬ 

ances produced by winds and waves, and the prolonged regular 

impulses exerted by unbalanced rotating machinery. In this 

study, consideration has been given primarily to the behavior 

of vertical piles subjected to prolonged regular vertical 

impulses. Tests were performed on both single piles and a 

regular 3x3 pile group. 
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The dynamic behavior of a pile supported system 

is dependent upon the interrelated responses of the system 

and the soil. The principal unknowns are associated with 

the soil and the pile soil interaction. In all the tests 

performed in this study, the natural frequency of the 

pile-soil system was found to be generally on the order of 

the natural frequency of the soil, thereby establishing 

the behavior of the latter as the dominant factor in the 

overall system response. 
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II. PRELIMINARY CONSIDERATIONS 

The study reported here is particularly relevant, 

from the practical viewpoint, to the situation of an 

unbalanced mechanical unit imparting vertical impulses to 

its pile foundation, pile support is invariably provided 

in order to permit satisfactory support of the static loads; 

such as will be required where the underlying soils are weak 

and/or compressible. The evaluation of the dynamic behavior 

is, as mentioned previously, complicated by the use of the 

piles. In actual fact, it is the general procedure in 

analyzing the dynamic behavior in such situations to first 

neglect the presence of the piles, i.e. assume the pile cap 

to be a shallow foundation, and to then adjust the behavior, 

thus established, so as to account for the presence of the 

piles. This adjustment is essentially an empirical procedure 

for the case of friction piles. The data presented by 

Barkan(1) is generally employed in this connection. 

Consideration of the dynamic behavior is therefore 

of some value to the present study. The work reported by 

Richart(2) is most frequently employed in this connection 

in the United States. Richart has essentially taken the 

theoretical studies performed by Sung (3) and Arnold, Bycroft, 

and Warburton(4) in which they evaluated the vertical, 

rocking, and sliding motions of regular masses located on 

an elastic, isotropic, homogeneous half-space, and presented 

their results in a manner suitable for the analysis of 
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shallow machine foundations. There are several obvious 

deficiences in Richart's proposals but analyses performed 

on this basis have frequently shown satisfactory agreement 

with actual behavior. 

The presence of vertical friction piles generally 

adds substantial stiffness with respect to vertical motion, 

to which this present study is devoted. This added stiff¬ 

ness reduces the displacement amplitudes and increases 

the natural frequency of the whole system. The extent to 

which the natural frequency is increased is clearly dependent 

upon the comparative increase in stiffness. Certainly there 

is frequently, in practice, some doubt as to the extent of 

the restraint exerted by the soil on the foundation block, as 

the soil may well settle away from the rigidly held block, 

thereby eliminating the stiffness which would otherwise be 

present were the piles not present. 

The natural frequency of the pile foundation must 

obviously be considerably lower than the natural frequency 

of the pile in all practical situations, as a consequence 

of the much higher deformability of the soil. It must 

accordingly be considered that the frequency of the pile, 

and therefore of a pile foundation, will more closely 

approach the natural frequency of the soil. Certainly, the 

empirical values quoted by Barkon, and what limited data is 

available from observations on actual construction, appear 

to support such a possibility. 
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The behavior of a pile system will, of course, 

also be dependent upon the action of the system as well as 

the soil, and the overall behavior clearly cannot be quite 

as simple as discussed above. The behavior of a single 

pile system would appear to offer considerable simplification 

compared with systems involving pile groups. The present study 

has accordingly been principally based on an investigation of 

single pile behavior, while a few additional tests were per¬ 

formed on a single group to gain some indication of the 

deviations to be expected for more complex systems. 

It seems probable that some mass of the soil sur¬ 

rounding the vibrating pile will essentially move with the 

pile, thereby increasing the mass of the pile system. 

Such participation of the soil was clearly established in 

the case of shallow foundation systems undergoing vertical 

motion in studies performed by Lorenz ^ and his many 

co-workers. The principal complication arises in the deter¬ 

mination of the actual mass participating under any set of 

conditions. The restraint exerted by the soil surrounding 

the vibrating pile must clearly involve time dependencies, 

if only because of the limitation imposed on the energy 

dissipation by the speed of the propagation of stress waves 

in the soil. It would appear that the soil action may be 

suitably considered as visco-elastic, with viscous retarda¬ 

tion controlling the behavior. The appropriate rheological 

model representation in such circumstances is the so-called 

Kelvin unit, in which a spring and dashpot are connected 
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in parallel. Some substantial confirmation for this proposal 

is provided by Richart's most recent work(6) with shallow 

foundations, in which he has ascertained that the overall 

behavior of the system may be represented by a single Kelvin 

unit with certain specified parameter values. Further con¬ 

firmation is provided by the work of Smith(7) in which he has 

simulated the behavior of a pile during driving by a mechani¬ 

cal model in which the non-failure restraint of the soil is 

represented by a Kelvin unit acting upon each component seg¬ 

ment of the discretized pile. It was accordingly felt at the 

outset of this study that a similar mechanical model involving 

Kelvin body soil restraint would be applicable to the present 

considerations. 

The proposed representation is shown in Figure 1. 

It will be seen that the pile is divided into equal masses 

separated by springs to simulate the pile elastic behavior, 

with each unit restrained by a Kelvin unit with fixed 

parameter values. The influence of the tip of the pile on 

the overall behavior is assumed as negligible. 

The relations controlling representation of the 

vibrating pile-soil system may be readily derived from a 

consideration of Figure 2 which shows three typical pile 

masses interconnected by springs of spring constant kp and 

restrained by Kelvin units with springs and viscosity con¬ 

stants denoted by kg and cg, respectively. The parameters 

for each mass are differentiated by the subscripts n-1, 

n, and n + 1 for the purpose of this presentation. 
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Figure 1 MODEL REPRESENTATION OF PILE AND SOIL 
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As noted previously, all the parameters are actually uni¬ 

form with depth. 

The total displacement Dn of the mass mn from its 

equilibrium position at time t + At is given by the equation 

Dn - an + vn 4t (1) 

where dn is the displacement at time t and Vn the velocity 

of the mass mn during the interval t - % A t. 

At time of t + A t the force acting on the mass,mn, 

is clearly the algebraic sum of the resultant force Fn in the 

adjoining springs and the force Rn exerted by the Kelvin 

unit, where 

pn “ kp<Dn+l - V (2) 

and R,, - ksDn + csVn (3) 

The velocity Vn of the mass mn for the time interval 

t + 3/2 At is then obtainable from the relation 

vn = vn +<*„-! ' Fn " Rn> <-*£-> <4> 
mr 

The repeated utilization of equations (1) through (4) 

for all of the pile masses at successive time intervals 

permits the evaluation of the response of the proposed 

representation to any specific imposed initial or time- 

dependent forces on displacements. 
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The solutions required in this study were obtained 

with an IBM 7040 Computer. 
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III. ELEMENTARY DYNAMICS THEORY 

A full understanding of the content of this paper 

is facilitated by an acquaintance with certain facets of 

elementary dynamics theory. To this end, brief consideration 

is now given to the vibration behavior of the damped single- 

degree-of-freedom model shown in Figure 3 as this may be 

considered to approximate, albeit in a drastically simplified 

manner, the pile system. The reader seeking further explana¬ 

tion or clarification of the concepts considered herein should 

refer to the excellent text on elementary dynamics authored 

by Biggs. (8) 

In the model shown in Figure 3a, the mass, m, is con¬ 

sidered to represent the pile system, while the spring, of 

constant k, and dashpot, of damping constant c, represent the 

soil reaction. The parallel arrangement of the spring and dash- 

pot clearly implies simultaneous elastic and viscous restraints 

to any motion of the mass. It may be readily shown that for 

the particular value of c =2 (mk) the mass will not oscillate 

when displaced from the equilibrium position but will, instead, 

exhibit only a slow creep back to that position. This value 

of the viscous damping is referred to as critical damping c . 
c 

Where c < cc oscillations will occur but are gradually damped 

out, as shown in Figure 3b, in accordance with the relation 

-ct 
z = z

0
e ~2m~ cos (5) 

where zQ denotes the initial displacement and w the damped 
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Figure 3a DAMPED SINGLE DEGREE OF FREEDOM SYSTEM 

Figure 3b RESPONSE OF DAMPED S.D.F. SYSTEM 
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circular frequency. The difference in the logarithms of any 

two successive amplitudes of the damped motion may be shown to 

equal the term 1T—c which is accordingly referred to as 
m u) 

the logarithmic decrement. It will be apparent that the larger 

the damping ratio —— the more rapidly will the amplitude 
cc 

approach zero. 

When the motion of the model shown in Figure 3a is 

faced by a periodic force P = PQ sin at in the direction of the 

free vibrations, the amplitude z0 of the resulting motion 

equals the displacement po that would be produced by a static 
k 

force of magnitude PQ times the dynamic amplification factor. 

D.A.F. =  l  (6) 

-VTT ~ t°2 ) 2+ (2cM ■ ) 2 
a)r2 

cca)r 

in which a)r is the circular natural frequency for free undamped 

motion. The variation of the dynamic amplification factor 

with frequency ratio for various damping ratios is shown 
cor 

on Figure 4a. This figure shows plainly that large displacements 

are produced where the frequency a of the forced motion 

approaches the frequency ar of free undamped motion, the 

so-called resonance condition. It is also seen that an increase 

in damping lowers both the amplitude at resonance and the value 

of the frequency ratio corresponding to peak amplitude. 

In practice, the exciting force is generally fre¬ 

quency dependent. Thus, the exciting force for an unbalanced 

rotating component of mass m, with center of gravity at a 
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0 0.5 1.0 1.5 2.0 

Frequency Ratio 

Figure 4a RESPONSE OF FREQUENCY INDEPENDENT FORCE SYSTEM 

0 0.5 1.0 1.5 2.0 
Frequency Ratio 

Figure 4b RESPONSE OF FREQUENCY DEPENDENT FORCE SYSTEM 
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distance £ from the center of rotation is given by the 

expression - 

p = m£to^ 

The amplitude-frequency curves for this motion are presented 

in Figure 4b; the ordinate in this figure is equal to that in 

Figure 4a multiplied by ( to ) ^ . It is seen that in this 
GOj. 

instance an increase in damping lowers the amplitude reso¬ 

nance, as in Figure 4a, but raises the frequency ratio value 

corresponding to peak amplitude. 

In the context of the above consideration, the 

present study has essentially comprised the determination and 

evaluation of the amplitude-frequency response of the vibrating 

multi-degree-of-freedom pile system under various conditions. 

With apparatus employed in the tests to produce the forced 

motion, the force amplitude and frequency could be varied 

independently, thereby permitting the simulation of pile 

response to both frequency-dependent and independent forces. 
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IV. SCOPE OF STUDY 

This study was undertaken principally to gain 

some perspective into the response of dynamically vertically 

excited piles in saturated clay. Since very little test 

data on full size piles exists, and due to the considerable 

expense which would be involved in obtaining such data, 

model pile tests were the only remaining means of obtaining 

the needed experimental data. Such tests were accordingly 

performed both in the field and in a large laboratory tank. 

Measurements were made of the response of the model piles 

to prolonged forced motion. Impact tests were occasionally 

run to be certain of the range of frequency in which the 

maximum amplitude occurred. The data was interpreted on the 

basis of an assumed viscoelastic model representation of the 

pile-soil system in which a series of Kelvin units is employed 

to simulate the restraint exerted by the soil on the pile. 

Static load and pull-out tests were performed upon completion 

of the dynamic tests in order to ascertain the validity of 

statically determined parameter values in the dynamic 

considerations. 

The following section presents a detailed description 

of the equipment and procedures employed in the experimental 

work. The test results are then presented and correlated with 

the theoretical proposals. 
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V. EXPERIMENTATION 

5.1 General Program: 

The objective of the test program was to determine 

the displacement amplitude-frequency response and its depend¬ 

ence upon the following factors: (a) the presence and absence 

of free water surrounding the pile, (b) time after driving, 

and (c) clay consistency. In order to reasonably simulate 

prototype conditions, it was necessary to test the model piles 

in very soft homogeneous clay. Since no natural deposits of 

such a material existed within a reasonable distance, it was 

decided that the tests be performed in the laboratory in a 

tank filled with soft remolded clay. However, it was necessary 

to establish that the wall effects of such a tank would not be 

excessive. Accordingly, tests on single model piles were run 

in the field in a reasonably homogeneous deposit of the Beaumont 

Clay, the predominant near-surface soil in the Houston, Texas 

area. After initial tests with no obstructions present, the 

soil some distance away from each pile was carefully removed 

in order to permit cylinders of decreasing diameter to be placed 

around the pile. These cylinders acted as obstructions similar 

to the tank employed in the laboratory. The results of these 

tests established that it was satisfactory to perform tests in 

a tank in the laboratory. 

Remolded Beaumont Clay was placed in the laboratory 

tank at two water contents corresponding to a soft and firm 

prototype consistency, and exactly similar tests were performed 

in each with both single piles and a 3 x 3 group. 
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5.2 Similitude Considerations: 

The characteristics of the tests performed in the labo¬ 

ratory were ascertained from similitude considerations relating 

the model behavior to that of an assumed representative proto¬ 

type pile. It is accordingly reasonable to presume that the 

model occurrences in these tests provide, at least, some quali¬ 

tative indication of prototype behavior. Satisfactory simulation 

in the field tests was precluded by the high natural strength of 

the soil. 

The necessary similitude relationships were derived 

on the basis of the Bucklingham Pi Theorem which states that 

n dimensionless on tr terms are needed to relate model pro¬ 

totype behavior where behavior is dependent upon n + m vari¬ 

ables involving m fundamental dimensions. The selection of 

the n controlling on similitude relations is based solely on 

considerations of convenience in utilization. 

Careful consideration was given to all the factors 

that could conceivably influence the behavior of the pile-soil 

system as interpreted according to the preceding theoretical 

considerations. It was concluded that the behavior was essen¬ 

tially dependent upon the 14 variables listed on Table I. These 

variables involve 3 fundamental dimensions, and, hence from 

Pi Theorem, 11 dimensionless or ir terms are necessary to relate 

the behavior of the model and prototype. The following terms 

were accordingly reduced, 

£P 
d, 

,d_P 
^ P s 

W d k 
E P' E_E' 
P P s s 

.MPdP* A . gt2\ _ 
gt dp dp ) 
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TABLE I 

SIMILITUDE PARAMETERS 

Model Prototype 

ps = • static load on pile ps (32)3 ps 

pd = dynamic load on pile pd (32)3 Pd 

t = time t (32)t 

dp 
= pile diameter 3/4" 24" 

£ = pile length 18" 48' 

wp = weight/unit lgt. of pile plexiglas steel 

kP 
= Sp. constant of pile plexiglas steel 

y = unit weight of soil 100 pcf 100 pcf 

ks = Sp. constant of soil ks (32)2 ks 

c = viscosity of soil c (32)% s 

(1) = frequency of loading 0J (32) ^OJ 

0) 
p 

= frequency of pile 
“P 

(32) ^oj 
P 

g = accel. of gravity g g 

A = amplitude of displacement 
of top of pile 

A 32A 
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and the following similitude relations derived from the 

necessary equality of each item for model and prototype, 

which are respectively denoted by the subscripts m and p 

The numerical values of the variables for both model and 

prototype are included on Table I. 

19 



5.3 Apparatus: 

A description of the major items of equipment 

employed in the model tests follows: 

Tanks - In the laboratory, the tests were performed in 

a steel-lined concrete tank of 34-inch inside diameter and 

3 feet and 6 inches inside height. This tank appears to the 

left of Figure 5, which illustrates the general test layout. 

In the field, two steel cylinders of 2 feet height 

and 12 inches and 30 inches inside diameter were employed to 

provide boundaries of varying diameter. 

Model Piles - All the model piles were machined from 

plexiglas tubing of 3/4-inch outside diameter and 1/8-inch 

wall thickness, fitted with a conical shoe at the lower end 

and threaded over the uppermost 2 inches of length to permit 

attachment of the static load and vibratory exciting apparatus 

as shown in Figure 6a and Figure 6b. The most commonly tested 

piles were of 18-inch length from shoe to beginning of threads. 

The others were of 10-inch and 24-inch lengths. 

Excitation Equipment - The model piles were subjected to 

^single impact and prolonged periodic vertical impulses imposed 

by the moving coil-stationery magnet arrangement shown in 

Figure 6a and Figure 6b. The coil comprises 100 turns of 

Number 30 magnet wire wrapped on the outside face of a plexi¬ 

glas cylinder. This cylinder has a cylindrical extension at 

its lower end that is held by screws onto the pile head, 

thereby rigidly attaching the coil to the pile. 

20 



Figure 5 - PHOTOGRAPH OF APPARATUS IN LABORATORY 
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In the forced motion tests, the coil was fed alter¬ 

nating current through an oscillator-amplifier circuit, 

shown in Figure 7a, that permitted continuous and independent 

variation of the forcing frequency from 5 cps to 300 cps and 

the force amplitude from 0 pounds to 7 pounds. The force 

amplitudes were determined from calibration tests on simple 

beams of known characteristics. Impact impulses were obtained 

by a momentary application of direct current to the coil. 

Response Measuring Equipment - The response of the model 

piles was determined by measurements with a calibrated 

Geospace vertical motion geophone bearing on a rod rigidly 

connected to the pile and passing through a central clearance 

hole in the magnet, as shown in Figure 6a and Figure 6b. 

The output from the geophone was taken directly to a 

Honeywell Visicorder 1508 as shown in Figure 7b. Frequent 

check measurements were made with an Alcotran differential 

transformer employing the circuit shown in Figure 7b. 
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Oscillator Amplifier Forcing 
I I I Coil 

Figure 7a DIAGRAM OF COIL CIRCUIT 

Differential 

Figure 7b DIAGRAM OF DIFFERENTIAL TRANSFORMER CIRCUIT 
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5.4 Soil Characteristics: 

The soil employed in the model tests was a sandy clay 

taken from an excavation in the Beaumont Clay formation on the 

Campus of Rice University in Houston, Texas. 

The Beaumont Clay formation was laid down as a deltaic, 

alluvial and lagoonal deposits during the recession of the ice 

sheets during interglacial periods of the Pleistocene epoch. 

The foundation typically comprises the following soils: stiff 

clay and silty clay, firm to stiff sandy clay, and dense fine 

sand, silty sand, and clayey sand. Gradual gradation from one 

stratum to another is typical, particularly with sandy deposits, 

this being a consequence of their deposition by water; abrupt 

transitions in stratification indicate deposition of the more 

recent stratum on an eroded older stratum. 

The soil profile for the location at which the sandy 

clay was taken is shown on Figure 9; this profile was deduced 

from the logs of adjacent borings, and observation of the 

exposed face of the excavation. Included on this profile are 

the range of values and average values of the water content, 

liquid and plastic limits, and cohesive shear strengths as 

ascertained from laboratory tests performed in connection with 

previous borings. This profile is seen to bear a close resem¬ 

blance to the typical characteristics as described above. 

The soil used in the tests was taken from the upper 

surface of the sandy clays at a depth of 10 feet to 12 feet. 
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The wide range of the water content and liquid limit values 

for this layer is a consequence of the wide variation in the 

sand content. It is clear, however, from the liquid limit 

value for the clay used in the tests that the sand content 

was comparatively low for this layer. The results of classi¬ 

fication tests indicate that the clay used in the tests had 

a liquid limit of 50 and a plasticity index of 34. 

The variation of the cohesive shear strength for 

the remolded sandy clay with water content was determined by 

a series of tests with a miniature vane shear apparatus; the 

results are presented on Figure 8. The selection of the various 

water contents to which the remolded soil was raised for the 

model tests was based on a consideration of Figure 8 and the 

similitude requirements. 
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Depth Soil Description Soil Tests 
0__ 

Stiff gray & tan clay w/ w/c 21-25 pen. 0.7-1.2 
fine gravel, fill Avg. 2 3 Avg. 0.93 

P.L. 15-17 pen. 0.52-1.0 
Avg. 16 Avg. 0.76 

5 - Stiff gray and tan clay 

with sand pockets & seams 
w/c 22-28 
Avg. 2 5 

u/c: 0.46-0.82 
L.L. 53-59 
Avg. 5 6 

Avg. 0.66 

10 _ 

Gray and tan sandy clay 
P.L. 11-15 with layers of silty sand pen. 0.9-1.6 
Avg. 14 Avg. >1.4 

15 _ w/c 13-31 u/c 0.66-1.4 
Avg. 19 Avg. 1.01 

L.L. 19-51 
Avg. 31 

20 

25 

Tan and gray silty w/c 15-24 pen. >1.6 

sand/ clayey sand Avg. 2 0 

30 - 

Figure 9 SOIL PROFILE 
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5.5 Test Procedures: 

Attention is now given, in turn, to the procedures 

employed in the laboratory and field tests. 

Laboratory Tests: 

Clay Preparation and Placement - The clay was 

raised to the desired water content by adding distilled 

water to the clay while being thoroughly remolded in a 

concrete mixer. The attainment of the desired water con¬ 

tent was verified by miniature vane shear tests utilizing 

the previously derived water content - vane shear strength 

relationship. 

The prepared clay was carefully placed by trowel 

in the test tanks in layers not exceeding 3 inches in 

thickness. The absence of significant air voids and the 

uniformity of the water content were confirmed during 

removal following tests. The surface of the clay was 

covered by water at all times in order to preclude any 

drying and cracking of the surface. 

Pile Installation - The model piles were driven 

into the clay by blows imparted by a weight of 1.56 pounds 

falling a distance of 1-inch, which corresponds to a pro¬ 

totype impact energy of 133,000 feet-pound blow. This is a 

reasonable simulation of the energy expended by a typical 

prototype hammer. The number of blows required for the 

final inch of penetration of each pile is included in the 

subsequent presentation for the test data in Table II. 

The piles were maintained at the vertical during driving 

by a rigid guide. 
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TABLE II 

PILE DRIVING TESTS 

Pile Length #Blows/Final Inch 
Penetration 

Soft Clay 

Large Tank 18" 13 

Small Tank 15" 10 

Medium Soft Clay 

Large Tank 10" 13 

18" 27 

24" 35 
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The free surface water needed to prevent drying of 

the surface clay was generally not permitted in the area of 

the piles during driving and testing. This was conveniently 

accomplished in the case of the single piles by simply push¬ 

ing a short length of tubing a distance of h inch into the 

clay around each pile, as shown in Figure 6b; in the case of 

the pile groups, the surface water was drained off before 

driving and testing. In a few single pile tests, free sur¬ 

face water was deliberately maintained around the pile heads 

in order that its influence might be ascertained. 

Dynamic Pile Tests - In preparing for a dynamic 

test on a single pile, the screw piece, disc, and collar 

were screwed onto the threaded portion of the pile, as shown 

in Figure 6a and Figure 6b, and the cylindrical projection 

of the coil holder seated in the recess in the upper end of 

the collar and clamped by four screws. The magnet was then 

carefully lowered over the coil and held rigidly in position 

from the frame shown in Figure 5. The geophane, or differ¬ 

ential transformer, was positioned above the magnet, as shown 

in Figure 6b, and arranged to measure the movements of the 

rod screwed to the coil holders and accordingly rigid with 

the upper end of the pile. It was determined by direct test¬ 

ing with the geophane hand-held that the tanks exhibited 

negligible motion during the tests and hence that it was 

satisfactory to support the geophane and differential 

transformer from the tank wall. 
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In the forced motion tests, the coil was actuated at 

varying amplitudes and frequencies utilizing the circuit shown 

in Figure 7a, and in the impact tests the single exciting 

impulse was exerted by a momentary application of direct current 

to the coil. The response of the pile to each imposed excitation 

was determined by the geophane or differential transformer 

employing the circuits shown in Figure 7b. The normal force 

amplitude used in these tests was 3.6 pounds. 

In the tests on the 3x3 pile group, the procedure 

was exactly as with the single piles except that the disc added 

to the latter to simulate a static loading was replaced by a 

plate rigidly attached to all the piles comprising the group as 

shown in Figure 5. The input force amplitude for the pile 

groups was 7.5 pounds. 

Static Compression and Tension Tests - Upon termi¬ 

nation of the dynamic tests, the majority of the piles were 

subjected to either or both a static compression and a static 

tension test (see Table 3 and Table 4) in order to ascertain 

the axial load-displacement behavior for static loading con¬ 

ditions, The compression tests were accomplished by adding 

weights to a plate screwed to the top of the pile, while in 

the tension tests, loads were added to a hanger suspended on 

a wire passing over an overhead pulley and attached to the pile. 

A loading rate of 1 kg./min./pile was employed in all these 

tests. The pile displacements were determined directly with 

a dial gage. 
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TABLE III 

PILE STATIC LOAD TESTS 

Pile Length(in.) 
*i = ki 
(#/in.) 

Failure Load 
(#) 

Large Tank 

Soft Clay B-18" 2575 12# 

C-18" 2575 

E-18" 2700 

Single Piles K-18" 1900 

L-18" 2275 

M-18" 1750 

Pile Group 18" 16900 70# 

Medium Soft Clay A-18" 8000 16# 

C-18" 8000 
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TABLE IV 

PILE TENSION TESTS 

Pile Length 
(inches) 

( p
. ). - ki A l x 

(#/in.) 
Failure 

(#) 

Large Tank 

Soft Clay 
00 
i—1 1 < 2600 20 

00 
1—1 1 U 2600 18 

00 
1—1 1 W 2000 16 

Single Piles 

00 
1—1 1 W 2850 18 

00 
1—1 1 2500 17 

00 
1—1 1 a 3900 17 

Pile Group 18" 8700 

Medium Soft Clay B-10 " 50000 13 

LP-24" 13100 35 

C-18" 2000 28 

00 
1—1 1 Q 29 
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Field Tests - The piles were installed in the 

Beaumont Clay by static rather than impact loading. The 

test procedures were exactly as described previously with the 

exception that the excitation equipment was suspended from 

two steel beams laid across the top of the hole, as shown in 

Figure 10, while the geophane was attached directly to the 

center rod screwed to the coil. The force amplitude in all 

the field tests was 5.0 pounds. 

As previously mentioned, after performing a test 

with no obstructions present, two cylinders, of 12 inch 

and 30 inch diameter, were placed around the piles. This 

was accomplished by alternately digging away soil from the 

outside of the cylinder and then forcing the cylinder down 

with a heavy weight. 
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VI. EXPERIMENTAL RESULTS 

This chapter presents the results obtained in the 

tests performed in this study. Consideration is first given 

to the tests performed in the field. 

6.1 Field Test Results 

As will be recalled, the principal function of the 

field tests was to establish the influence of confining walls 

at various distances from the pile, and thereby permit some 

definite confirmation of the validity of the extensive tests 

performed in the laboratory in a large tank. The amplitude- 

frequency response first was determined without a confining 

wall, then the walls at 15 inches and then 6 inches from each 

pile was tested. The response was surprisingly similar for 

these three sets of conditions, the peak amplitudes being 

respectively 0.00027 inch, 0.00031 inch, and 0.00029 inch at 

frequencies of 32 cps, 38 cps, and 43 cps. The implications 

of this data with respect to the influence of the confining 

wall are most appropriately presented graphically to the 

coordinates frequency at maximum amplitude vs. the inverse of 

the tank diameter, as shown in Figure 11 for a typical set of 

data. It was concluded on the basis of these tests that a tank 

of about 3 feet in diameter would probably yield an amplitude- 

frequency response having characteristic values deviating on 

the order of only 10% from those corresponding to a condition 

of infinite lateral soil extent. 
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6.2 Laboratory Test Results 

A comprehensive series of tests was run in the 

laboratory employing the previously described 34-inch diameter 

tank. The tests were run with the remolded clay at two con¬ 

sistencies corresponding to firm and stiff prototype states. 

In the following presentation, the respective remolded soil 

states are referred to as soft and medium. 

Tests were performed after periods of approximately 

one day and two weeks in order to establish the influence of 

the time after driving of the pile upon the dynamic behavior. 

It has been found in practice that the static load capacity 

of friction piles in clay, and particularly in soft clay, 

varies appreciably just after driving, and it must be 

accordingly presumed that similar variations may occur with 

respect to dynamic loading. It has generally been found that 

piles in clay in the field attain an essentially equilibrium 

condition within about two weeks, hence, the use of this 

interval in the present tests. 

Typical amplitude-frequency responses exhibited by 

single piles of the standard length in both the soft and 

medium clays are shown in Figure 12 and Figure 13. Each plot 

includes the behavior at both one day and two weeks. It is 

seen that the time after driving has only a minor effect on 

the dynamic response. However, the change in consistency is 

seen to have a substantial effect. Thus, the response exhibited 

by the pile in the soft clay is seen to involve considerably 
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higher amplitudes, particularly at the lower frequencies. 

The peak amplitude occurs at a frequency of about 23 cps. 

compared to about 34 cps. for the medium clay. The irregu¬ 

larities of the results are due to several factors princi¬ 

pally associated with the human element. Further discussion 

of the shapes of these curves is presented in the following 

chapter. 

The influence of pile length was studied by perform¬ 

ing tests on piles of 10-inch, the standard 18-inch, and 

24-inch lengths. The form of the amplitude-frequency response 

was, for each length, similar to that shown in Figure 12 and 

Figure 13. It was found that the time after driving had only 

a minor effect upon the frequency corresponding to maximum 

amplitude, i.e., the natural frequency. This frequency also 

was found to be uneffected essentially by the variations in 

the pile length, as shown in Figure 14. This figure presents 

typical results from tests performed in medium clay plotted 

to the coordinates maximum amplitude vs, the inverse of the 

pile length. It is seen that the amplitude decreases signifi¬ 

cantly with increasing length, as expected, with the extent 

of the decrease being considerably greater at two weeks follow¬ 

ing driving than at one day. This stiffening must be con¬ 

sidered to be attributable to an increase in the shear strength 

of the surrounding clay as a consequence of dissipation of the 

pore water pressures set up during driving. Converse behavior 

was, however, exhibited in the tests performed in soft clay, 
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the amplitudes in this case being found to increase somewhat 

with time. This may possibly be attributable to a work¬ 

softening effect of the soil. Extrapolation of the data on 

Figure 14 to the case of the piles of great length indicates 

that these would exhibit also substantial amplitudes. This 

must be considered a valid consideration inasmuch as the 

deformations of the pile itself then become significant. 

The presence of free water at the soil surface 

both during and after driving was found not to alter the 

natural frequency but, unexpectedly, gave a slight reduction 

in the maximum amplitude, as shown by Figure 15. No definite 

explanation can be provided for this peculiarity. 

Further tests were run on single piles to determine 

the influence of the dynamic force amplitude on the dis¬ 

placement amplitude. Several tests were run on a single pile 

with various constant force amplitudes. The displacement 

amplitudes were found to be approximately directly pro¬ 

portional to the force amplitude, as shown in Figure 16, in 

which the data is presented in terms of Displacement Amplitude 

per unit Force Amplitude vs. Frequency. It will be recalled 

that all the other tests on single piles employed a force 

amplitude of 3.5 pounds. The displacement amplitudes that 

would be obtained for other force inputs may accordingly be 

determined by direct proportion. 

It will be recalled from the elementary consider¬ 

ations of dynamic theory presented earlier that the amplitude- 

frequency response of surface masses depends upon whether the 
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force is dependent or independent of frequency. It must be 

accordingly presumed that similar behavior will be exhibited 

by piles. This was confirmed by tests performed on single 

piles in which the force amplitude was varied in proportion 

to the square of the frequency, thereby simulating the forces 

exerted by rotating machinery. The typical response obtained 

is shown in Figure 17, in comparison with the behavior in a 

corresponding test with constant force amplitude. 

The pile group tests yielded pronounced resonance 

conditions at frequencies considerably higher than exhibited 

in the corresponding single pile tests. In order to permit 

valid comparison of the amplitude-frequency responses 

exhibited by the groups and single piles, the amplitudes have 

been expressed as displacement amplitude per unit force 

amplitude per pile. A typical comparison for tests performed 

in the soft clay is presented in Figure 18. It is seen that 

the peak amplitude exhibited by the group is considerably 

higher than for the single pile, indicating a significantly 

lower viscous restraint of the soil on the piles of the 

group. 
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VII. DISCUSSION OF RESULTS 

The data from the preceding tests have permitted 

the formation of several significant conclusions concerning 

the dynamic behavior of vertical model piles subjected to 

vertical dynamic excitation. These conclusions are now 

developed. It must be presumed that the tests performed in 

the laboratory do not simulate prototype behavior to an 

extent sufficient to permit the direct quantitative extrapo¬ 

lation of the test behavior to field conditions, but it 

would appear reasonable to presume that close qualitative 

relationships exist. 

7.1 Field Tests 

The results of the field tests permitted the con¬ 

clusion that wall effects do not seriously influence the 

dynamic behavior of single piles, as will be discussed 

further in the following sub-section. 

The amplitudes obtained in the field were con¬ 

siderably smaller than those exhibited in the laboratory, 

as a consequence of the much higher strength of the field 

soils. This is clearly shown in Figure 19 in which the peak 

amplitudes attained in comparable tests in the field and 

laboratory are plotted to the coordinates displacement 

amplitude per unit force amplitude vs. water content. 

A single curve has been drawn through the data, although it 

must be presumed that the dynamic behavior in undisturbed and 

remolded soils at the same water content will be somewhat 
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dissimilar* It must be anticipated that the amplitude will 

increase very rapidly with increasing water content above the 

liquid limit, as the soil is then essentially behaving like 

a highly viscous fluid and has little ability to resist 

static loads for any period of time. 

Wall Effects - This factor has been given detailed con¬ 

sideration in this study in an attempt to affirm the validity 

of the tests performed in the laboratory tank. The single 

most significant confirmation is undoubtedly provided by the 

field test results, which indicated that the characteristic 

features of the amplitude frequency response were not changed 

by more than 10% by the introduction of a confining wall 

17 inches from the pile. It is not possible to surmise how 

this conclusion could vary significantly with a change in the 

water content of the soil, as the wave length in all instances 

considerably exceeds 17 inches and the mode of energy reflec¬ 

tion and dissipation must accordingly be essentially the same 

in all instances. Moreover, preliminary quantitative studies 

considering waves having length on the order of those occur¬ 

ring in the tests have pointed to the conclusion that reflec¬ 

tion from the wall does not yield wave amplitudes different 

from those that would occur with no reflection. 

It is concluded therefore, that no attempt should 

be made to correct the data obtained from the laboratory 

tests, and that this might be presumed to bear some close 

agreement with that behavior corresponding to the prototype 

condition. 
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1.2 Single Pile Tests in Laboratory 

The amplitude-frequency responses exhibited by the 

single piles tested in the laboratory bear a close resemblance 

to the amplification factor-frequency ratio curves for surface 

masses subjected to frequency-independent forces for relatively 

high values of damping as shown in Figure 4a. This obviously 

implies the existence of considerable damping in the pile tests. 

However, it must be concluded that the linear relationship 

found between force amplitude and displacement amplitude, 

shown in Figure 16, is indicative of a predominantly elastic 

restraint on the pile surface. Hence it is considered that 

the damping on viscous action involved in the dynamic behavior 

must be attributable to the dissipation of energy occurring 

with the stress wave radiation from the vibrating pile, rather 

than to a manifestation of the inherent viscous nature of the 

soil itself. It is apparent, therefore, that, although static 

tests may be performed to determine a value for the soil spring 

constant, the proper value of viscous damping cannot be obtained 

from static tests. 

Kelvin model representation of soil action on a pile 

is not invalidated by the previous discussion. The model 

shown in Figure 1 may still be used to represent the pile-soil 

system. The spring constant may be determined by static load 

and/or pull-out tests . Static determinations of the dashpot 

constant by means of deflection-time plots or some other method 

were shown to be invalid previously, However, direct determina¬ 

tion of damping, for example, by impact tests from which rate 
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of decay and, hence, damping may be determined, may provide 

a suitable value of the dashpot constant. 

Utilizing the spring constant values from the load 

and pullout tests, and assuming various values of damping, a 

series of maximum displacement amplitude vs. input frequency 

curves were calculated by use of Equations (1) through (4). 

Comparisons were made only for the single pile, soft clay 

model pile tests. Unfortunately, this series of curves 

yielded no curve which came close to comparing to the curves 

obtained from the model pile tests. Two main factors possibly 

contributing to this large deviation were: a) the spring 

constant for the soil derived from static tests might not 

be applicable to the dynamic conditions, or b) some mass of 

the soil might act with the pile,thus increasing the mass per 

unit length of each pile segment. Although the first factor 

was considered briefly and some results were tabulated, it 

seems improbable that this could really be a valid discrepancy. 

In order to approximate a curve of the same shape and values 

as those obtained in model tests, the value of the spring con¬ 

stant would necessarily have to be reduced to ridiculously low 

values. Furthermore, no valid reason exists for using some 

value other than the static spring constant value in the Kelvin 

model representation, as that value exactly satisfies the static 

load condition as represented by the model. 
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The other factor which could have an effect on the 

shape and magnitude of values of an amplitude-frequency curve 

is the participating mass of soil. In actuality, all the soil 

acts with the pile, however, even with no damping, the energy 

input to the soil dissipates as the square of the radius, so 

the effect on the soil rapidly decreases with increasing 

radius. Therefore, some arbitrary boundary may be chosen as 

the volume of soil acting with the pile. The function of this 

soil volume in the model representation is to increase the 

mass of each segment. Fair agreement existed between theoret¬ 

ical and experimental results when a cylindrical volume of 

soil surrounding the pile with a radius equal to 3 inches was 

used. (See Figure 20) Since it seems entirely reasonable to 

believe that such volume of the soil does indeed act with the 

pile, the pile model shown in Figure 1, with some arbitrary 

mass of soil added to the segment mass appears to be a valid 

dynamic representation. 

Since only two materials (soil and plexiglas) are 

present in the model tests, the natural frequency of the 

pile-soil system has a lower bound to its possible natural 

frequency equal to that of the material with the lower natural 

frequency. Furthermore, an upper bound must exist close to 

the frequency of the material with the higher natural frequency. 

It can be shown that for a plexiglas cylinder 18 inches in 

length the fundamental natural frequency is about 1,000 cps. 

It has further been shown that the natural frequency of most 
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general types of soil averages about 25 cps to 30 cps. It 

may be concluded therefore that, since the natural frequency 

of the pile-soil system is very close to that of the soil, 

the pile acts as a rigid body and the natural frequency of 

the pile-soil system is nearly that of the soil. 

Therefore, for design purposes, it seems sufficient 

to assume that single pile-soil systems vibrate as s.d.f. 

systems with the same natural frequency as the soil. The 

natural frequency of the soil, therefore, should be found by 

tests on the in situ deposit under consideration, by means 

of impact, vibratory, or other tests. The corresponding 

amplitude may be found by multiplying the static deflection 

of the system due to the dynamic load by the (D.A.F.) Dynamic 

Amplification Factor which at the natural frequency reduces to: 

D.A.F. =  i  ' where 6 = c 

(2 B) 2 cc 

Using this expression and a large value of the damping ratio, 

say 65%, it was found that the peak steady state vibration 

for a single pile in soft clay was 0.00142-inch which compares 

very closely with the same value found in the model tests. 

Using the same method for the stiff clay, the amplitude at the 

natural frequency was found to be 0.00053, also quite close to 

the value found in the model tests. It is seen that this simpli 

fied approach approximates the model test results quite closely 
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It is felt at this time therefore, that, despite the 

apparent feasibility of representing a pile-soil system with 

model shown in Figure 1, such elaborate measures are not required 

in design. However, as a means of studying more exactly the 

actual behavior of a pile-soil system on the behavior of any 

point within the system, this representation may prove valuable. 

Some means of determining the dashpot constants and the mass 

of soil acting with each segment, however, must be established 

first. 

7.3 Group Tests In the Laboratory 

A similar simplified analysis for the group behavior 

may be performed. Using the spring constant value found from 

static tension tests, the maximum amplitude of vibration at 

steady state was found to be 0.00116 as compared to a value 

of 0.00134 as found in the model tests. It was assumed that 

the natural frequency is that of the soil on about 25 cps. 

Accuracy of this degree is certainly sufficient for design 

purposes. 

7.4 Prototype Behavior 

Although the previous discussion of similitude 

requirements for this study indicated that the natural fre¬ 

quency of the pile-soil system would be scaled down by a 

factor of Sm from the prototype to the model, it is obvious 

from more recent discussion that this is one factor which is 

not scaled in this manner. Due to the rigid action of the 
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pile itself, the natural frequency of the system is directly 

related to the natural frequency of the soil, whether it be 

model or prototype behavior<■ 

The other factors mentioned should be scaled in 

the manner shown„ This would indicate that all the behavior 

shown for the model piles from the model tests could be 

directly applied to the prototype pile by simply multiplying 

the amplitudes by their scale factor of 32► 
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VIII. CONCLUSIONS 

In conclusion, a short summary of the important 

points in this study are now presented. 

It was found that dynamic model pile tests could 

be performed profitably in a tank of reasonable dimensions. 

Such tests indicate that a pile vibrates as a rigid body in 

a soil with approximately the same natural frequency as the 

soil. Tests showed that only a negligible change in maximum 

displacement amplitude or in natural frequency occurred 

either with time after driving or when free water was allowed 

around the pile during driving and testing. Only slightly 

more effect was observed in the variation of maximum amplitude 

with pile length. It was found that an increase in the water 

content of the clay increased the maximum amplitude and 

decreased the natural frequency. A linear relationship was 

found to exist between force amplitude and displacement 

amplitude. 

In order to obtain theoretical results from the 

model in Figure 1 comparable with results from the tests in 

the laboratory, it was necessary to assume a participating 

mass of soil. It is believed that future study should be 

concerned either with determining, in some manner, this 

participating mass, or with revision of the pile model to 

account for the soil mass indirectly. 
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