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PRETFACE

The pile driving formula included in the Swedish Building Code
takes into account the damping caused by friction or adhesion
along the pile shaft. Little is, however, known about the effect
of the roughness of the pile surface on the damping in different
soils, To improve the knowledge in this respect the investigation

presented in this report has been performed.

The work is part of the program within the Pile Research
Commission of the Swedish Academy of Engineering Sciences
(IVA). It has mainly been carried out at the Swedish Geotechnical
Institute with financial support of the Swedish Board for Building
Research (Grant No. C 497) and of the Swedish Commission for

Pile Research.

Stockholm, December 1972

SWEDISH GEOTECHNICAL INSTITUTE



CONTENTS

Summary

1, INTRODUCTION

2, THEORY

3. TEST EQUIPMENT

Test piles
Instrumentation
Calibration

Pile driving rig

Cap block and cushion

TEST SITES
TEST PROCEDURE
Driving of test piles
Driving diagrams
Stress wave measurement
TEST RESULTS
Amplitude damping
Computer-caleulated damping

Pulling tests
CONCLUSIONS
ACKNOWLEDGEMENTS

REFERENCES

Page

10
12
15

16

19
19
19
20

27
a7
34
39

41
42

42



DAMPING OF STRESS WAVES IN PILES DURING DRIVING
by Gunnar W. Fjelkner and Bengt B. Broms

SUMMARY

The decrease of the amplitude (the damping) of the stress wave as it travels down
a pile during driving, has been investigated. The damping has been measured by
strain gauges attached to the inside surface of four steel pipe piles with 89 mm
(3.5 in) outside diameter, One of the test piles was tested unsupported in an open
shaft in order to investigate the damping in the pile material and in the welded
joints. Two test piles were driven through sand; one of these had a rough surface
while the surface of the second pile was smooth, The fourth test pile which had a

smooth surface was driven through soft clay.

Measurements show that the damping in the steel material and in the welded
joints is small and negligible in comparison with the damping caused by friction
or adhesion along the pile surface. The damping in the piles with a smooth sur-
face was found to be about the same for sand as for clay. The amplitude de-
creased by about 1 percent/meter length of pile while the damping for the pile
with the rough surface which was driven through sand was 2 to 3 percent/meter.
The same amount of damping was also observed for the fourth test pile with a
smooth surface surrounded by clay, when the pile was redriven a few months

after the initial driving.

The observed damping was found to be proportional to the particle velocity in the
pile. On the basis of this observation an eguation has been derived which relates
the damping with the pile material, the pile diameter, the cross-sectional area
and the pile length.



1. INTRODUCTION

Driven precast piles are commonly used in Sweden. According to a survey by the
Swedish Commission on Pile Research 65 percent of all piles installed in Sweden
are of this type. Precast concrete piles are generally driven by a2 3 to 4 tons drop

hammer. The height of fall is normally 30to 60 cm (1 to 2 ft).

A stress wave is generated when the ram strikes the head of a pile during the
driving. This stress wave travels down the pile with the velocity of sound which
for a steel pile is 5 100 meter/sec (16 700 ft/sec), The maximum amplitude of
the stress wave decreases as the wave travels down the pile due to friction or
adhesion of the soil along the pile shaft. Also the shape of the stress wave is
changed. Due to the decrease the force and the displacement at the pile point can
be small if the pile is long and a light ram is used during the driving. This is
often a problem for the very long end-bearing piles which are commonly used in

the southwestern parts of Sweden.

Few direct measurements of the damping during the driving have been reported in
the literature. Glanville et al. (1938) have measured the damping in full-seale
reinforced concrete piles. Test data indicate that the damping in such piles can
be very high. In a series of tests carried out by the Commission on Pile Research
of the Swedish Academy of Engineering Sciences (1964) with reinforced concrete
piles which were driven into a deep layer of soft clay at Gubhero, located in
Gothenburg in the southwestern part of Sweden, the damping with respect to the

peak stress (the amplitude) was 0.6 percent/meter length of pile,

Smith (19260) has calculated the stress distribution during driving of a pile from
the assumption that the friction resistance along the pile shaft is proportional to
the particle velocity. This assumption has been substantiated by this investi-
gation. However, Gibson and Coyle (1968) have found from laboratory tests that
the dynamic friction resistance in their case is not quite proportional to the par-

ticle velocity.

The bearing capacity of driven piles is often calculated from the driving resist-
ance., SovinC (1969) has reported for a steel pile which was driven into sand and
gravel that the dynamic skin friction resistance along the pile surface during the

driving was about 80 percent of the static resistance determined afterwards from



a pile load test. These results thus indicate.that the skin friction resistance
during driving can deviate considerably from the static resistance also for co-

hesionless soils.,

In this article is described the results from driving tests on four steel pipe piles.
One pile was tested unsupported in an open shaft, two piles were driven through a

deposit of sand and one pile through a layer of clay.

2, THEORY

There are several different definitions of the term damping as illustrated in
Fig. 1. The ratio (A1 - Az)/A1 represent the damping hetween two adjacent levels
1" Bz)/B1 is the damp-

ing at a given time t after the arrival of the stress wave, The ratio (E1 - EZ)/El

with respect to the maximum amplitude, while the ratio (B

represents the energy damping hetween two adjacent levels.
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Fig. 1. Different ways to define damping. The figure shows
the stress wave in a pile on level 1 and 2.



Damping is defined in this report as the ratio (Al - Az)/Al. This definition of
damping can, for example, be used in connection with pile driving formulag of
the stress wave type. The equation proposed by Fjellkmer (1971) is an example of
such a formula which takes into account the amplitude damping. It is also poss~
ible to consider damping in pile driving formulas of the energy type since the
energy is proportional to the integral szdt, where P is the axial dynamic force
in the pile, If the damping at each interval of the stress wave is proportional to

2
the force P, the energy damping will be proportional to (Al - Ag)/A?{.

The decrease of the amplitude between two adjacent levels is dependent on the
properties of the soil around the pile {shear strength, sensitivity, angle of
internal friction, ete.), the roughness of the pile surface, the lateral earth
pressure acting on the pile shaft, the shaft area and the particle veloeity in the

pile material,

The effect of soil properties, surface roughness, and lateral earth pressure has

in this investigation been taken into account through a coefficient Cl' It has been
assumed in the following that the damping is directly proportional to the surface

area of the pile as expressed by the proportionality coefficient C2 and to the par-
ticle velocity as expressed by the proportionality coefficient C3.

The relationship between the particle velocity vp(z) at a distance z from the pile
head, the propagation velocity of the stress wave (cp), the modulus of elasticity
of the pile material (Ep), the cross-sectional area of the pile (Ap) and the axial
force Pi(z) at the distance z can be expressed by the following equation

c
v,@ = 55 P @) (1)
PP

However, the axial force in the pile Pl(z) is decreased by dPi(z) as the wave

travels the distance from (z) to (z + dz) as shown in Fig. 2.

With-the assumptions made above the change dPi (2z) of the axial force can be

calculated from

dP, (z) = - clczcsopvp(z) dz 2)
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Fig. 2. Amplitudes at adjacent levels in a pile,

where Op is the circumference of the pile. The product (C CS) has in this

1nvest1gat10n been substituted by the coefficient C d (force x time /length3 e.g.

st/m ) which in this report is called the damping coefficient. Then from
Egs. (1) and (2)

dp, (z) X C40,%,P;(2)

d E A
z PP

=0 (3)

One solution to this differential equation is

CdOcz

P.(2)=P(0)-e pp @

where P.(0) is the force at level 0, e.g. at the pile head. This equation indicates
that the maximum amplitude of the stress wave will decrease exponentially with
depth,



3. TEST EQUIPMENT

Test piles, The damping as the stress wave travels down a pile has been investi-
gated in four steel test piles of about half the normal size (Table I). The test
piles had an outside and an inside diameter of 89 mm (3.5 in) and 79 mm (3.1 in),
respectively. The cross-sectional area was 13 cm2 (2.0 sq in) and the circuam-
ference 0.28 meter (11 in). Each test pile was composed of a number of 1.5 m

(5 ft) long segments which were welded together (Fig. 3). Each test pile was

provided with a solid steel point with the dimensions shown in Fig. 4.

TABLE I. Test piles A, C, Fand R

Pile No Pile surface Soil Test site
Pile A Smooth None

Pile C Smooth Clay Ultuna
Pile F Smooth Sand Fittja
Pile R Rough Sand Fittja

Three of the test piles had an untreated smooth surface which was somewhat oily
and without any rust. Sand was glued to the surface of the fourth test pile to
create a rough surface. The pile segments of this pile were first brushed with
epoxy resin which had been diluted with aceton. The segments were then rolled
in G 12 sand, which is a beach sand of marine origin with rounded particles and
an average grain size (D50) of 0.24 mm,. The G 12 sand has been used in numer-
ous investigations at the Danish Geotechnical Institute and at the Swedish Geo-
technical Institute, This sand has been described in detail e.g. by Orrje (1968).

Instrumentation, The stresses in the test piles which developed during the driv-

ing were measured by strain gauges glued to the inside surface of the test piles
to protect the gauges from damage during the driving. The gauges were placed
at some distance from the joints to avoid damage of the gauges during the weld-
ing. The cables which were attached to the strain gauges inside the tube were
protected during the welding by a short brass tube which was lowered down to the

welding level. This tube was covered by asbestos,



Fig. 3. The investigations were made on steel piles with
89 mm outside and 79 mm inside diameter. The
pile segments before welding are shown above,

@ 89 JOINT
Z 79 -

N

s
Weld

/J / "
|4~ Steel tube "Uddeholm
4 -5151233-05"

!
-
o
=
=

|

SO,

on

Weld

Dimensions in mm

/;u
0
"~
[=]

Q
[os]
e
n

Fig. 4. Pile joint and pile point.



10

The inside diameter of the pile segments was however too small to allow the
placement of the strain gauges by hand. Each gauge and the corresponding cable
were therefore first attached to a strip of plastic tape. The tape and the gauge
were then placed upside down in the 0.65 meter long pile segment after glue had
been brushed on the gauge. The segments were thoroughly cleaned in advance.
The gauge was pressed down by a roller which was inserted into the tube as

shown in Fig, 5.

Fig. 5. During gluing,strain gauges were pressed down with
a roller.

Four strain gauges were placed at each measuring level. All gauges were pro-
vided with separate cables, so that each gauge could be read separately in case a
gauge would fail, Two diametrically placed strain gauges were used as active
gauges as shown in Fig, 6. The cables were shielded by aluminium foil which was
wound around the cables as can be seen in Fig, 7. The measured stress waves
were displayed on an oscilloscope screen and photographed by a polaroid camera.

Two oscilloscopes, Tektronix 564 with amplifier 3A3, were used during the tests.,

Calibration. The strain gauges were calibrated by loading each segment axially in
increments up to 50 metric tons (500 kN). The applied axial force was measured
by a load cell, All strain gauges were recalibrated after the piles had been pulled.
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Fig. 7. Arrangement for the driving tests. The cables from
the strain gauges were shielded with aluminium foil.
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Fig. 8. Pile driving rig.

The strain gauge readings should theoretically not be affected by a bending mo-
ment since the active gauges were placed diametrically opposite in the tube. The
calibrations indicated, however, that an eccentricity of the applied load had a
slight effect on the readings. The calibrations were therefore made with care to
keep the eccentricity of the applied load as small as possible.

The striking velocity of the ram was measured by a velocity meter as described
by Sundstrom (1970). The measured velocity values were used to calculate the
friction losses in the pile driving rig which was used for the driving tests in sand
and clay. The measured average striking velocity corresponded to a ecalculated
equivalent height of free fall which was 0.015, 0,02, and 0. 02 meter less than the
nominal heights of 0.37, 0.46, and 0,56 meter, respectively. Thus about 4 per-
cent of the total energy was lost during the fall due to friction and inertia effects.

Pile driving rig. Three. of the test piles were driven by the pile driving rig
shown schematically in Fig. 8. The 200 kg (440 1bs) ram was lifted by a steel
wire which passed over two pulleys. The wire was gripped by a ball-clamp

attached to a imeumatic piston. The pile driver was driven by compressed air
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Ram

Velocity —---»——-—%
gauge '

Cap block

Pile

Fig. 9. Ram, capblock and pile. The striking velocity of the
ram is measured by the gaupe attached to the cap-
block.

from an air compressor with a maximum capacity of about 2 ms/minute. The
driving was regulated automatically (30 blows/minute) or manually. The height of
fall could be varied continuously between 0 and 1.5 meter. The ram, the cap

block of the pile driver and the head of the test pile are shown in Fig. 9.

The pile driving rig described above could not be used for the tests which were
carried out in an open shaft due to lack of head room. A special driving rig,
shown in Fig. 10, was therefore constructed, where the 200 kg ram was lifted by

a winch. The ram was released by cutting the wire holding the ram.
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Fig. 10. Pile driving rig for investigation on the unsupported
pile.

Fig. 11. ¥ront wiew of ram, capblock and pile. The ram and
the upper part of the capblock is lifted to show the
lower part (the piston) of the capblock.
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Cap block and cushion, The cap block consists of two parts, a piston and a
cylinder (Fig. 11). The shape of the stress wave could be changed by changing

the thickness and the properties of the 50 mm diameter cushion which was placed

between the piston and the cylinder. Different cushion materials were investi-
gated in order to reproduce the shape and the intensity of the stress waves in

full size piles as closely as possible. First, wooden cushions and relatively

stiff cushions of leather and of other similar materials were investigated. There-

after, successively softer rubber cushions were tested.

A rubber cushion with a total thickness of 20 mm (0,8 in) was finally chosen for
the main experiments. The quality of the rubber was about the same as that of an
inner tube for a car. This type of cushion was found to withstand several thousand
blows without a change of the properties of the stress wave. The shape of the
stress wave when a 200 kg ram struck a 7 meter long steel pile with 89 mm out-
side and 79 mm inside diameter without a cushion in the capblock is shown in

Fig. 12. The corresponding stress wave when a 20 mm thick rubber cushion was
used can be seen in Fig. 13. This stress wave is much smoother than that shown

in Fig, 12.
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Fig. 12. Stress wave record from a 7 m long testpile. No
cushion in the capblock, The wave which is reflected
at the pile point arrives about 3 milliseconds after
the initial wave,
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Fig. 13. Stress wave record for the same conditions as in
fig. 12 except for a 20 mm rubber cushion which was
placed inside the capblock. The high peaks observed
in fig. 12 have dissappeared.

4, TEST BITES

One of the test piles was investigated in a 23 meter high open shaft at Teknikum
at the University of Uppsala in Sweden, These tests were carried out in order to
investigate the damping caused by the pile material and by the welded joints. The
pile was supported laterally at three levels to prevent buckling of the pile, The

pile point rested on a steel plate placed on a heavy concrete block,

A test site at Ultuna, located 60 km north of Stockholm, was chosen for the tests
in clay. This test site has been described in detail by Kallstenius (1963). A typi-
cal soil profile is shown in Fig. 14. Tt can be seen that the clay at this test site is
relatively uniform with an undrained shear strength which varies between 20 and
30 kN/m2 (2.8 and 4, 2 psi). The water content of the clay decreases from 100
percent at a depth of 5 meter to about 60 percent at a depth of 15 to 20 meter

below the ground surface,
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The test in sand was carried out at Fittja, located 15 km south-west of Stockholm.
The soil conditions at this test site are uniform as indicated by borings and soundings
(Fig. 15). The penetration resistance of the soil as measured by ram or weight
soundings was found te increase with depth. The increase was, however, not as
pronounced with the "Borro'' static penetrometer which also was used. The shape
and the diameter of the "Borro" penetrometer point is the same as that of the
Dutch cone penetrometer, (The cross-sectional area is 10 cm‘2 and the apex
angle 60 degrees.) The force at the penetrometer point for the "Borro" penetro-
meter is measured with strain gauges. Thus friction along the penetrometer rod
will not affect the test results in contrast to the ram or the Swedish weight pen-
etrometer, The penetration resistance of the "Borro" penetrometer is thus ex-

pected to be about the same as for the Dutch cone penetrometer,

5. TEST PROCEDURE

Driving of test piles. The steel piles were driven by a 200 kg ram using the pile

driving rig shown in Fig. 8. The cushion in the capblock was replaced before each
test. The height of fall of the ram was 0.5 m (1.6 ft) when the penetration resist-

ance was low. The height was increased to 0.8 (2,7 ff) or 1.2 (4.0 ft) meter when

the resistance increased. The number of blows required to drive the pile was

recorded.,

Driving diagrams, The driving resistance of pile C, which was driven in clay,

is shown in Fig. 17 as a function of depth, It can be seen that 2 700 blows were
required to drive the pile to a total depth of 31.6 meter (104 ft). The height of fall
of the 200 kg ram was 0.5 meter, It is interesting to note how the penetration
resistance increased with time. When the pile wag redriven 50 days after the

initial driving the penetration resistance had increased seven times.

The driving diagram of Pile F, which was driven in sand to a total depth of 28,0
meter (92 ft), is shown in Fig. 18. The height of fall was 0.5 meter until the pile
had been driven to a depth of 24 meter (79 ft) below the ground surface. Below
this depth the height of fall was increased to 0.8 meter. About 5 000 blows were
required to reach the final depth.
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Fig. 16. Location of strain gauges in Pile A which was
standing free in an open shaft,

The measured driving resistance of Pile R, which had a rough surface, is shown
in Fig. 19. The pile was driven through sand down to a total depth of 13.5 meter
(44 ft) below the ground surface, About 1 600 blows were required. The height of
fall was 0.8 meter until the pile had reached a depth of 12.5 meter (41 ft), Below
this depth the height was increased to 1.2 meter. At 13,5 meter the penetration
of the pile for each blow was almost zero. About the same total numer of blows
was required to drive Pile F and Pile R down to a depth of 10 meter (33 ft) even
though the height of fall and therefore the delivered energy was 60 percent higher
for Pile R than for Pile F, This difference in behaviour is attributed to the dif~

ference in surface roughness between the two piles.

Sitress wave measurements. The intensity and the shape of the stress waves

which developed during the driving were measured at nine different occasions.
One series of measurements was made on Pile A, four on Pile C, three on
Pile F, and one on Pile R. The relative position of the piles during the nine test

series are shown in Figs. 16 through 19.
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Fig. 19, Driving diagram and location of strain gauges at
the measurement on Pile R which had a rough
surface and was driven in sand,

The heights of fall for each test series were 0.2, 0.5 and 0.8 meter. Several
separate measurements were made for each height, Typical stress wave records
are shown in Figs. 20 to 23 when the height of fall was 0.8 meter. The individual
records have been placed in order with respect to the different measuring levels.
Since the oscilloscope sweeps were started at the same time it is possible to fol-
low the propagation and the resulting changes of the stress wave as it travels

down the pile and is reflected at the pile point.

The stress wave records shown in Figs., 20 to 23 at the four different measuring
levels indicate thaﬁ the maximum amplitude of the initial wave is reached about
1 millisecond after the wave front arrived to a particular location. Almost the
same amplitude was obtained at the upper measuring level, indicating that the
height of fall and the properties of the cushion have almost been the same at the
four different test series (Figs. 20, 21, 22 and 23),

For Pile A the maximum amplitude was almost the same at the three measuring
levels. For the other three piles the maximum amplitude decredased with increas-

ing depth,
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Fig. 20. Stress wave records from Pile A which was standing
in an open shaft, The three measuring levels are
shown in fig. 16,
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Fig. 21. Stress wave records from Pile C. The three measur-~
ing levels are shown in fig, 17 (measurement 4),
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Fig. 22, Stress wave records from Pile I, The three measur-
ing levels are shown in fig, 18 (measurement 3).
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Fig, 23. Stress wave records from Pile R. The two measuring
levels are shown in fig, 19.

§. TEST RESULTS

Amplitude damping. In Figs. 24 to 32 are shown the change of the maximum

amplitude of the initial stress wave as it travelled down the pile. The amplitudes

were measured when the heights of fall were 0.2, 0.5 and 0.8 meter, No signifi-

cant damping was found for Pile A, which was standing free in an open shaff (Fig. 24).
These results indicate that the damping in the steel material or in the welded

joints was negligible. For Pile C, which was driven through a layer of clay

(Figs. 25, 26, 27) the damping was about constant and independent of depth. The
damping increased, however, with time. When the pile was redriven 50 days

after the initial driving the damping was about twice that when the pile first was

driven (Fig. 28). The amplitude damping for Pile F, which was driven through sand,
was about the same as that for Pile C,which was driven through clay. The surface of



28

AMPLITUDE OF INITIAL STRESS WAVE, kN

. [
o2 50 100 150 -
og L ogo §
5 i
E /Joint
5[; I
w Gauge tube
T ~
w ogo o B g
: \
o 10 I
z
=}
-
w H
m
LLI -
2
<[
0 45
z 88 T §e E
20 -
Height of foll: 0.2m 0.5m 0.8m
Fig. 24. Amplitudes of the initial stress waves at different
heights of fall in Pile A,
AMPLITUDE OF INITIAL STRESS WAVE, kN
0 50 100 150
0 5§ oy e e T RS
€ i
o
& H
i
e
2 5 i
(=]
=z H
=2
[=]
o
o L
=
(o}
o k
% 10 /JOiI‘It
< |
@
] Gauge tube
a o8 e+ g oo E/
+
15 I
Height of fall: 0.2m 0.5m 0am 1
5
Fig. 25. Amplitudes of the initial stress waves at different

heights of fall in Pile C (measurement, 1).



29

AMPLITUDE OF INITIAL STRESS WAVE, kN

0 50 100 150 )
a & Pz o rd

Joint

4

Gauge tube
o

+ 3+t a @ 2 L)

oo

DEPTH BELOW GROUND SURFACE, m
=)

—
n

SZ ;

rl++ 1T
20
Height of fali: 0.2m 0.5m 0.8m Il

A

Fig. 26. Amplitudes of the initial stress waves at different
heights of fall in Pile C (measurement 2).



30

AMPLITUDE OF INITIAL STRESS WAVE, kN
0 50 190 150

0 828 st Lo = o

5
E
w ,
9o Joint
-
2 /Guuge tube
o ogg L+ 1-§++ g :
S
o
v
u /
z 15
=
i
|
m
T
=
o
L
a

20 /

R y.. 1
Height of fall: 0.2 m 0.5m 0.8m
¥

Fig. 27. Anmplitudes of the initial stress waves at different
heights of fall in Pile C (measurement 3).



31

AMPLITUDE OF INITIAL STRESS WAVE, kN

0 50 100 150,

0 %g %"3‘%‘““"" FETHARY

g /
E
o]
v
[s4
2 10
w
o Z /
=2
2 g oo Tt oe=Be e I
o
3 /
o
L
m
I
-
0
w
]

20

25 s f i .

Height g f-H
of foll: 0.2m 05m  0.8m
|

Fig. 28. Amplitudes of the initial stress waves at different

heights of fall in Pile C (measurement 4),

-/Jﬂint

Gauge tube



32

AMPLITUDE OF INITIAL STRESS .WAVE, KN

e

v

—/Jornt

/ Gauge tube

-/ Joint

/Guuge tube

U

o 50 1 150
ofp gee

E
u
L 5
ks
=2
w
Qa
=z
3
o
]
3
S 10
(113
m
I
Y
a ko 4 oelg

15"

Height of fall; 02m 0.5m 08Bm
Fig. 29. Amplitudes of the inifial stress waves at different
heights of fall in Pile F (measurement 1).
AMPLITUDE OF INITIAL STRESS WAVE, kN
[ [ =

0 0 100 150 -~
E g
ul
O
£ ? i ° 8
o
2
w
[=]
=z
3
O
z
o
-
il
o
T
-
u

é‘ i ge o
20
Height of fall: 0.2m 0.5m 0.8m

Fig. 30. Amplitudes of the initial stress waves at different

heights of fall in Pile F (measurement 2),



AMPLITUDE OF

33

INITIAL STRESS WAVE, kN

7757

e,

gy

Joint
_/

Gauge tube
L~ 9

v

El

Joint

—
/Gnuge tube

W

0 50 100 150
i £ 8g8e—
5
E
u
&)
i
T 10 : / /
o off Py ofs00
=]
=
>
o
[+ 4
o
=
o
2 15
a
X
[
o
L
]
20
888 W+ 00 %
25
Height of fall: 0.2m 0.5m 0.8m
Fig. 31. Amplitudes of the initial stress waves at different
heights of fall in Pile T (measurement 3).
AMPLITUDE OF INITIAL STRESS WAVE, kN
5 100 15
E © : 2 8o v Oe§
o !
[&]
i
o
=
wn
o
=z
>
S 5
44
o
=
[ ]
—
L
[as]
= O
i
w10
Height of fall 0.2m 05 m 0.9m
Fig. 32, Amplitudes of the initial stress waves at different

heights of fall in Pile R.



34

the two piles was smooth, The relative damping for Pile F decreased however
somewhat with depth, Pile R, which had a rough surface and was driven through

sand, had an amplitude damping which was about twice that of Pile F,

The test results from the four test piles are summarized in Table II. The damp-
ing coefficient C d in this table has been evaluated from Eq. (4). The relationship
between damping and particle velocity can be evaluated by comparing the calcu-
lated values of the damping coefficient C d for different heights of fall when all
other factors were kept constant, It can be seen that the damping coefficient was
approximately independent of the height of fall. According to Table II the ratio
Cd/cd, average was equal to 1,04, 0.95 and 1. 01 when the height of fall was 0.2,
0.5 and 0.8 meter, respectively. It was therefore concluded thatthe amplitude
damping for the investigated piles was approximately proportional to the particle

velocity as was assumed in the derivation of the damping equation,

The average value of C; was 2. 16 st/m3 (20.01b sec/ft3) for Pile C during the
initial driving, and 5.34 kNs /m (49,5 1b sec /ft3) when the pile wa.s redriven 50
days later. For Pile F the average value of C; was 1 83 st/m (17 01b sec/ft )
while for Pile R the average value was 4,48 st/m (41.8 1b sec/ft ).

Computer-calculated damping, The shape and intensity of the stress wave at the

pile head can be calculated from the strain gauge readings using the computer
program which has been described by Vilander (1969). Different distributions of
the friction forces has been assumed until the calculated intensity and the shape

of the stress wave at a particular location agreed with the measured ones.

The stepped curves shown in Figs. 34 through 37 are results from computer
calculations. The best fits are given using the assumed skin [riction distribution
indicated in Fig. 33. The dashed curves are measured values which correspond

to the recorded stress waves shown in Figs. 20 through 23.

The measured and calculated relationships for Pile A which was standing free in
an open shaft, are shown in Fig. 34. The agreement is satisfactory except for
the first part of the curve. This part is, however, influenced to a large extent by

the properties of the cushion in the cap block.
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TABLE II. Evaluation of the damping coefficient C d

Pile Soil Measure- Damping Height Damping coefficient
ment measured of fall c
between c c d
depths d 5 d, aver Cd, aver
m m kNs/m st/m3
C clay - 1 0.2 0,2 1.35 0.94
Smooth and 0.5 1.47 1.03
steel 12.7 0.8 1.47 1.43 1.03
surface
2 6.4 0.2 3.09 1.15
and 0.5 2.63 0.98
19.1 0.8 2,34 2.69 0.87
3 0.0 0.2 2.11 0.99
and 0.5 . 2,22 1.04
12.5 0.8 2,10 2,14 0.98
12.5 0.2 2.84 1.18
and 0.5 2,40 1.00
25.2 0.8 1.95 2.40 0.81
4 0.0 0.2 4.50 1.01
and 0.5 5.30 1.19
12.5 0.8 3.59 4,46 0.80
12.5 0.2 8.17 1.31
and 0.5 6.02 0.97
25.2 0.8 4,47 6,22 0,72
F sand - 1 0.5 0.2 1.08 0.60
smooth and 0.5 1.88 1.05
steel 13.1 0.8 2,40 1.79 1.34
surface
2 6.5 0.2 0.75 0.49
and 0.5 1.39 0.91
19,2 0.8 2,43 1.52 1.60
3 0.0 0.2 2.77 1.00
and 0.5 3.00 1.08
10.5 0.8 2.55 2.77 0.92
10.5 0.2 1.42 1.15
and 0.5 1.18 0.97
23,2 0.8 1.09 1.23 0.89
R sand - 0.0 0.2 3.88 0.87
rough and 0.5 4,92 1.10
steel 8.7 0.8 4.64 4,48 1.04

surface
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The agreement between measured and calculated waves is satisfactory for Piles
C and F. The assumed friction resistance along the pile surface is 10 kN/m
(670 lb/ft). This corresponds to a damping coefficient of 12 k.Ns/m3 (113 1b
sec/ft3) which is about six times higher than the measured amplitude damping.
For Pile R is the agreement between measured and calculated waves not satis-

factory even with a very high assumed friction force,
It should, however, be noted that the computer program has been developed for

heavy concrete piles and the program has worked well for this particular case.

The program does apparently not work equally well for light steel piles.

Fig. 38. Arrangement for pulling tests.

Pulling tests. The two test piles (F and R) which had been driven in sand at
Fittja were pulled a few weeks after the driving. The extractor is shown in

Fig. 38, and a 30 ton jack operated by a hand pump were used. The resulting
force-displacement relationships from the two pulling tests are shown in Fig. 39.
The maximum pull-out resistance for the 28 meter long pile F, with a smooth

surface, was 85 kN (8.5 metric tons) which corresponds to an average unit
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resistance of 10,8 kN/mz (1.53 psi). The pull-out resistance of the 13.5 meter
long Pile R, which had a rough surface, was 51 kN (5,1 metric tons), correspond-
ing to an average unit resistance of 13.5 kN/m2 (1.92 psi). Both the total pull-out
resistance and the difference in pull-out resistance between the two piles were

small.
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CONCLUSIONS

An equation has been developed for the calculation of the damping as the stress

wave travels down a pile during the driving. It has been assumed in the derivation
of this equation that the damping coefficient C d is proportional to the particle
velocity of the pile material as indicated by the test results, The test data indicate

furthermore that

The damping in the steel material and in the welded joints was negligible.

The coefficient Cd was approximately 3 st/m3 (20 1b sec/ft3) for the stkel
pile in soft clay with a shear strength of 20 to 30 kN/m?" (2.8 to 4,2 psi) and

a sensitivity of about 10,

The coefficient Cq was approximately the same for sand as for soft clay
(Cq=2 st/mB).

The coefficient C d inereased with depth for the investigated clay probably
due to the increase of the shear strength with depth. For the tests in sand
the coefficient C q decreased slightly with depth in contrast to the penetration

resistance which increased with depth.

The damping coefficient increased 2 to 3 times (to 4 - 6 kNs /m3) for the pile
which had been driven through clay, when the pile was redriven 50 days after

the initial driving.

The damping coefficient was 2 to 3 times higher (4 - 6 kNs /m3) for the pile
with rough surface than for the pile with a smooth surface.

The shape and intensity of the stress wave has been back calculated by a method

proposed by Vilander (1969), assuming different distributions of the friction force

along the pile surface. It was not possible to obtain a satisfactory agreement bet-

ween calculated and measured values with this method.
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