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INTRODICTICN

In the design of »ile foundaticn the most irmortant con-
8! P ; L

[Py

sideration is the evaluation of the bearino capacity of piles,

I8

Once the bearing c: m201tv of a single pile is determined.
either by dynamic formula or hy static loading test, the
englneer can then decide the numbar and lencth of piles needed
for the foundation of structure and the effects of group
reaction,

The evaluvatiorn of bearing capacity based on dynanmic
formulas has an advantage of ecconomy both in time and in
cost, but it has its disadvantage of giving unreliable result
in most seil e epl in the non-cchesive sands and gravels,

In these materials, the results from the formulas usually do
pot vary greatly from the results of full-size static loading
test,

In the case of driving piles in plastic materials, such
as soft clay or fine-grained silt, the rslalionship betwzen
the'temporary resistance to driving and the permanent resis-
tance to the working locad on the pile varies greacly.

An exact criteria for the choice of dynamic formulas or

..,.}

static load testing is difficnlt to determine except by an
understanding of seoil characteristics and tae different re-

actions of the pile under load,
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PURPOSE OF THE STUDY

The purpose of this report was to investigate tha bsaring
capacity of friction pile based on comparisons of results ob-
tained from dynamic pile driving formulas and static pile

loading tests,

SCOPE OF THE STUDY

The scope of the study included:

(a) A thorough research of the literature including a
review of pile driving formulas and a study of the
development and derivation of these formulas,

(b) 2 comparison of the results obtained from sevaxal
selected formulas with assumed data to show
variaticons of resuli:s,

(c) A general discussion of the static lecading test.

(d) A suggestion for the evalvation of Qf Ve QD by

4
mwodel pile tests,

(e} The principal consideration directed toward

friction piles,
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REVIEW O ThHE LITERATURL

DYNAMIC FORMULAS

fhe earliest work on the bearing capacity of pile founda-
tions indicated that the resistance of soil against the rapid
penetration of a pile under the impact of the falling ram of
the pile driver is theoretically proportional to the bearing
capacity of the pile.

In sbout 1820, based on this relationshin, Eyvtelwein
proposed the first practical dynamic formula for pile drive-
ing:

W, ¢ H

h 1
= s ST ("
54 l-%-hh/wp)

P

in which Q = the bearing capacity cof the pile,

-

143]
1

= average penetration per blow,
W, = the weight of hammer,
“

W_ = the weight of pile,

H = height of fall of the hammer,

In 1851, Sandeyr developed his formula basesd on the sane
concept that the energy from the falling hammer equals the

work accomplished or
E = Work = 0O-S

E is the energy from the fallirg hamner,



Since E = (weight of hammer) s (lleight of hammer falling)

=Wh¢H
we have thus the Sander's formula for dynamic driving of
pile as:
W. «H - '
Q= - | @

The formula from Eytelwein and from Sander are used for
the ideal condition in which there is no loss of energy during
driving, In actuality an amount of energy is lost due to

1) Elastic deformation of pile,

2) Plastic deformation of pile,

3) Elastic deformation of soil,

4) Plastic deformation of soil,

5) The efficiency of the driving equipment.

In considering the loss of energy in driving of pile,
Sander modified his formula to

Ww.+* H

= D '
@= 53T a)

C is a constant from experimental data_for energy loss,

In 1859, Redtenbacker derived a formula based on
Newton's Impact Theory and set some assumptions which neg-
lected some of the driving energy loss. His formula is

’ ZLWIZH
. SAE l 1l + m——— - IJ (4)
= T A ey
Q L S-A-E-(W )




In 1888, Wellington determined the value of C for
Sander's formula by gathering experiméntal field daﬁa deter-
mininé that ¢ = 1,0 for a simple drop hammer and C = 0.1 for
single acting hammer, In the formula, S and H are in terms
of inchgs.

By ccmparihgrthe results found by his formula with the
results from actual static loading test, Wellington proposed
the most commonly used "Engineering News Formula" by setting
a safety factor 1/6 in (3), which gives:

0= (1/6) « Ff - (5)

for a drop hammer, and

0= (1/6) « gy (5a)

for single acting hammer,

In the early 1900's, this Engineering News Formula was
'widely used in the United States and in Europe.

In 1930, A, Hiley published through the Institute of
Civil Engineering a pile driving formula which considered
every loss possible and is known as the "Complete” pile

driving formula

(5+S ) AE 2 CLe, W H W + n“w
0= £ 1+ L. h_ b E -1 (6)
CL (s+s;5

‘ £ h p

He simplified it by assuming C = 1
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2
b W+ n W

- (S+S ) AR ! 2 Le W
Q = - £ [ Jl + m‘w.“.m,ﬁ.%,,_z.é}m . . 1 - 1} (62}
rpvarze ) . Lo
L ,..rinf} Al Wh - E’vp

Referring to equation (4), it is obvious that Redtenbacker's
formula ig the same as Hiley's by the sinplifying assumptions
that

S. =0,

= 1, and

o= Qs



DERIVATION OIF THE GENDNAL FORMULA

LAY T et MR M S L1

The simplest form of the driving formulas is the original

Hiley's dvnamic formula which is based on:
Driving enerqgy = Work of pile penetryration + ensrgy losses
We know that the energy supplied by the hamner is

By = W, « H (7)

W, = weight of hammsr

I = falling height of hamner.

It is reasonable teo expzct some energy lost by the
falling of hamner. If e, is the efficiency of the hamser

fall then the energy reaching the pile is

ﬁ
B, = . = g_e Tl s = e W+ e 5
Ey ey EO ey Wh H e, Wh g {5)
V,, = the velocity of hammer prior to striking.

According to Newton's immact relationship, the efficiercy

of impact-is:

W W
h, 2 p .2
25" T 25" p
e, = g (9)
: hhavz N EE.VZ
Zg''h  Zg 'p

for which

Vb = velocity of pile prior to being struck,



vb = velocity of pile after being struck,

v, = velocity of hammer after striking pile.

h

The denominator is the energy before striking and the
numerator is the energy after striking,

The impulses of the hammer and pile are equal during
contact, The momentum change, which is equal to the impulse,
is the product of mass and velocity change. Assuming both
the hammer and the pile are free, massive bodies {which is -
not strictly true for the pile) we have |

__%Wh = Yyl = W-c:‘E(Vp - vp) {10)
Another important coefficient that is needed is "Newton's
coefficient of elastic restitution”, defined as
.V, = | '
n = vE........._.. (11)
P
From experimental data, constant values for n have been
discovered-which vary according to the material of the piles
but are usually in the range of 0.25 to 0,55, Reference for
the n value are shown in Appéndix (B),

From Eq, (10} and (ll), since Vb = 0, we have
Wh(Vh - vp) = WP.‘-Vb) (10a)
and

th -'nvp R Vh = 0 (1la).



From these two equations, v, and vb can be expressed in

terms of n and Vh,

(1 + n) W
v, = - V
P n Wh - WP h

(12)
Wh + W
v, = * n.Vv
h nWh - Wb

Substituting (12) into (9),

2 2

Wh vh + Wb vb
s 2
Vh

e =
2
Wy

W
2 2

h W= W h'awW
My Baa D

(=3
+
=

LY

N
-—
[
+
=]
St
-

=

L]

¥y

which can be simplified to:

W, + n2 W

h &) '
e, = (13)
2 W] + W

By the definition of Y the energy available after impact

with the pile is

Wh + n2 w
E,=e; Ey =e; e; E; =€y B ( W ¥ W )
P
W, + n? W
= e, W, H ( - )
1l 'h Wh + Wp

The amount of energy E, is used up in the useful work of
forcing the pile into the ground (Q:S), in losses due to

erushing of material at the pile head (Q-Sf), and in losses
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due to the elastic compression of the soll=pile system

(Q-Se). Thus

E2 = Q(S + S, + Se) ' ' (15)

£

In considering the elastic compression of pile, there
are two different tvpes of compression forces to balance the
loading from the top of the pile. The first type is the end
bearing force and the other is the side frictional force.
For frictional pile, the end bearing is small compared to
the side frictional force and can be neglected. When we
evaluate the elastic compression of friction pile the variance
of frictional stress is based on the assumption that static
earth pressure is increasing with depth and the magnitude
of frictional streés is in proportion to the normal pressure
on the pile surface which is actually static lateral earth
pressure from the surrounding soil.

If we let ¢ be the maximum frictional stress which
reasonably exists at point B. For every element of the pile

with length dx will have a compression d(Se), while

da(s ) = (L = %) ( ® f ndedx
e’ = 2 ) XE
X
L g + o
_ - ' L nededx
(5401 "SfL X) (=== 5
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Fig., 4 FPriction pile under load.

L
T do
(Se)l = > ATT IO (L - x)(L + x) dx
L.
_ndo 2 _ 2
= SRET fo_(L x") dx
. m a g 2 2
= mer Bx o7l
ndo , 2°L3
2ALL 3
com FE o e- g

More elementary than the above case, is an end bearing
pile loaded by axial loading P with a reaction force P at the
pile tip and no frictional force along the pile surface.

When we calculaie the elastic compression cf pile for this

case!
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Pel, = (1)

Pe1,
(S)1= =% BeE

In actuality,'there are no pile which takes loading only
by side friction or by end'bearing but most are a combination

of both, If we let:

. PlL I
(8¢} = € % - ae

It is obvious that C should be between 0,67 to 1.00, for
absolute end bearing pile C = 1,00 and for absolute friction

pile c = 0,67,
Combining Eq. (14), (15) and (16) to obtain Quz

' 2
e, -W . H W, +n" W
1l h - h P
Qu = C-Q 'L ‘

u W, + W
S+Sf+—___AE h p

Rearranged as:

; n’
o m (s + Sf) AE [ 1+ ZCLelWI;H Wh+n WE _ 1]
u .
CL (S-I-Sf) AE Wh + Wp

This is the basic, general form of dynamic formula based
on Newton's theory of impaction., Many simplified formulas
were obtained by modifying this formula with various
assumptions, The results from the original formula and
the simplified formulas vary because of these assumptions.

A numerical test for several formulas is giwven in the

next section, A discussion concerning those assumptions is

also included in the next section,
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COMPARISON OF RESULTS USING DIFFERENT DYNAMIC FORMULAS

Three dynamic formulas (1) the general formula frem
Hiley, (2) that of Redtenbacker and (3) the Engineering News
Formula, are considered in this comparison by substituting
comparable numerical data into each formula,

Resulting curves of "bearing capacity Q" vs, "the.

average penetration per blow S" are plotted and the assump-

tions are discussed based on the results of calculated ultimate
bearing capacity obtained from the three different formulas,
To show how the rgsults différed for short, medium, and
long piles, three different size of precast concrete piles
were used; 50 ft with 10 inch diameter, 70 ft with 12 inch
diameter, and 100 ft with 14 inch diameter, Threée drop hammer
of different weight were used for each pile; 2,500 1b for
50 ft pile, 3,500 1b for 70 ft pile, and 6,000 lb for 100 ft
pile,
A computer program was prepared for these tests and
three different sets of input data were made for the three
piles, The data used are listed below:

E = modulus of elasticity = 3 106

psi.
e,= efficiency of hammer fall = 0.75 for drop hammer
H = height of hammer drop = 15 ft=180 inch
n = Newton's coefficient of elastic restitution
= 0,4 for concrete pile,

C = constant of the elastic deformation of pile under

load



= 0,67 for friction pile,
5. = non=-elastic crushing cf pile per blow
= {Q,1}) 8 assunad
S = average penetration of pile per blow
= 041, 042, cocasacovcce 362, 4s0,
L = length of the piles: L, = 590 ft = 600 inch,
L., = 70 £t = 840 inch,

2

L3 = J00 ft = 1200 inch.

2 = average crosg sectional arca of piles:

A, = 78,5 s8g in.,

A, = 113.0 sq iu.,

A3 = JS8.0 vy fav,
Wp = weight of piles: Wpl = 4,100 1k,
Wog = 8,240 1b,
Wp3 = 19,800 1lb.
Wh = weight cof hamner: whl = 2,500 1lh,
th = 32,500 1b,
W = §,000 1b,

The forvmulias used are:

1) General form of dynamic formula from Hiley,

(s+S_.) AE 2Le W, H W, o W
- iy 1'h i o
Qh EE v e R AP S l -+ .‘..‘,,.,.mw_._gémmw B oo mouTym—
1 S+ A DA
C {548 f) Al hh IP
2) Ped:ienbacker's formula,
S AE 2 L W.z i
&) S w'-r:. 1 4 e ,\.,.;t{,\.mm___.mw -]
it L £ '

‘d 7 W7 LT
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3) Engineering News Formula,

Wh'H
Qe = (/8 551

Three tables and charts for So'ft, 70 ft, and 100 ft piles
are made when the data are substituted into the above formulas.
From the charts it is obvious that the length of piles didn't
influence the shape of the curves greatly. For all the three
formulas, the curves are almost straight lines and shown linear
relationship between Q and S for very soft soil, That is,
when the average penetrations of piles are more than 2,5 inch,
it will be found that Q = ¢, S and ¢, is a constant,

When s decreases from S = 2,5 inch, the curves tum
slightly right and have higher bearing capacity for decreasing
S values, The curves are moreJ;urved when s is about 1.,5"
to 0.,5%, |

The curve from the general formula and that from
Redtenbacker’s are about the same shape and the values of Qh
are always higher than the values of Q. for all kinds of soil
condi tions {from very hard to very soft).

If we let Qh = X-Qr, the curves shown X vs. s can be
made as the chart on page 22,

Fof the shortest pile, the values of X vary from 1.43
when S = 0,5" to 1,29" when S = 4,0", The difference of
the maximum tp minimum values of X is only 0,14 which is

small when compared to the variance of S,



Table 1. Bearing capaciti

of average

4
R

penoetration when L= 50 ft,

of pile fcr warianc

=

16

C ¢ CCMPUTER PRCGRAM FZRE PILLE FCRMULAS

S GH Gk Qt X |

»10 535435 B 3409 ] lebs3

.20 208489 147481 3125 1441

30 186000 13327 28485 | 1le4C

e &40 ]66-36 12053 26He 7% 138

e 59 11‘9‘}656 109643 2500 1e37

e 60 13520 9977 23eb44 | le36

« 70 12292 91.37 2206 | 1e35

« 80 11237 8404 2083 le34

e 90 163.27 T7463 1974 | 16353
1.00 9537 7201 18,751 1,32
Teld 88.49 67,06 1785 l.32
120 8z2.45 HZeb8 17:U5 1] 1022
130 T7e12 58479 1630 1.31
140 T2<40 £5:31 15663} 1e31
1e5C 6516 52419 15001 1e31
160 Soft] 45038 14642 | 130
1-?0 61.01 lién?[{- 3089 1-3’\3
1e80 5793 Li o 54 13.3Y9 138
190 55¢14 L2 el ly 12973 130
2200 52.60 40 e52 1250 1430
210 5Ce 27 28676 12101 1430
2020 48413 3Telts 1le72 ) 120
220 L6617 35665 1136} 1320
Dt 44035 34626 11.03 % 14293
250 L2667 32+98 1071 1e29
260 41,10 3179 10:42 1629
270 39.65 3068 16141 1,29
280 38026 29«64 Qe T 1,49
2050 3702 28«67 062 | 129
3600 35.83 2775 938 ] 1429
3.10 34672 2690 915 1429
320 33.67 26409 593 | 1629
1.30 326685 25633 BaT72 | 127
3040 3iaT4 2heb] .52 | 1:.29
3¢50 30,86 23493 Ge33 | 1429
2.560 30602 23«29 BelD | 1429
1670 29273 2268 Te98 le29
380 28448 2210 TeB1 1e26
390 21677 2155 Te65 1 1629
4 e GO 27«09 2.’-03 e 750 1e2%

0 STCP  ERND OF PROGRAM AT STATEMENT GCUG0& + 00 LINES
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Filg. 5 Curves of Tsoaring capacity {(2) vs. average

penietration {3) when L= SO ft.



Teble 2, Besring capaclities of pile for variwics

of zverage penetraticn when L= 70 IC.

C C CCMPUTER PROGRAM FCR PILE FCRMULAS
[

5 Tl N | GE X
010 263657 175654 ‘ 47473 | 1650
e 20 ?36-33 158646 43675 149
230 212.14 143.34 40038 1 1048
e 40 ‘1_91011 130.03 375C la&7
+50 17290 118343 35,00 | 1,46
e60 157015 1Cga18 3281 | 1a45
e 70 14353 IYe T 30.88 le#%
+ 80 131&72 9147 2917 la&d
e 90 12145 84063 27032 § 1s44

100 112447 7860 2625 | 1243
110 1V4e5G 13228 2heluv 1e43
120 9765 68655 23686 | lett2
1«30 9149 64635 22683 [ 1e42
140 86400 60«58 21e8& 125%2
jeb0 81.09 5720 21e0C { 1,42
1«60 1668 54615 2019 | 1642
170 72670 51639 1944 | 1,41
180 69,09 48,88 18075 | 1e41l
190 6580 46 .59 18,10 { 1ot}
200 62.81 444,50 1750 1o41
2210 6Ce 06 42.58 16694 | 1041
2220 57.5% 40.81 1641 { 1.41
2«30 55620 39.18 1591 1 1o41
2ed) 5305 3766 15e&4 le&l
250 51,05 36.26 15006 1 1a41
2660 4G, 2C 34695 14,58 1eél
210 LI O 33474 14,19 o4l
?8C 45,85 32,60 12:82 1,41
2650 i, .24 3153 1346 1ae61
300 426932 320653 1313 | 1e4]
3e10 41.6C 29¢59 12.80 | 1.41
3420 40a35 2871 12.50 | 1.41
2630 39.17 2787 12.21 ledl
3640 38,05 2709 1193 | 1440
3050 3700 2634 1167 1040
360 36,00 25.63 11les4l | led
2,70 35,06 2496 11.17 | 1.40
3380 34916 2"&333 10.9”1" 1u“+0
%690 33.3C 23672 1071 | 1640
400 32649 23415 10650 1,40

0 GTOP  END OF PROGRAM AT STATEMENT CO06 <00 LINES
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Fig, 6, Curves of bearing capacity (Q) vs, average

penetration (S) when L = 70 ft,
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Table 3, Bearing capacitics of pile for varlance

aversxe penetratica wken L = 100 ft,

C C CCOMPUTER PRIOGRAM FIRR PILE FCRMULAS

S L QF X
e10 12497 20385 BleB2 | 155
e 20 ?5608? 18670 T5e 00 1,59
« 30 271 e 64 171.22 9425 | 1659
¢« 40 249,06 157.32 bhe b 1.55
«50 228692 14488 6000 | 1658
o 6O ?11&U2 13z.78 56625 158
« 70 195611 123.89 52094 | 157
080 18097 11507 50400 | 1457
e 90 165.39 107:21 47«37 165

108 15718 10018 G500 | 157
110 14716 93.88 42686 | 157
120 138419 88.23 40691 | 1657
1730 130.13 83614 3913 | 1e27
1440 12266 75 o 54 37¢50 | 1,26
1«50 116678 T4 .38 36,00 1656
160 110632 1060 3462 | 1254
le70 YL BS 6T7elb 33633 | 2480
180 2G93 6’«"0(._31 32,14 1288
190 95639 6Hilel?2 31:G3 lebd
2«00 91e22 5846 300U 1e56
2¢10 &7.38 5602 2903 1.%6
2ol 3853 53.76 2812 | 1ad6
2?3[“ 80&55 51'66 2?(,2? Le26
2e00) 7750 4972 26087 Le D&
250 T 67 L7 .91 25471 1a206
2060 ?20U3 £F6022 25=CU ].&F':.“
Z2e70 6956 44 o614 Ze32 V1456
230 6725 4317 23:68 | 195
290 65008 41478 23a.U8 | 1254
300 63005 L0443 22450 | 1aBO
3610 6la13 39625 21495 | 136
4el0 59¢33 38.10 21e43 156
3630 57462 37.00 2073 | 1436
Zel() 56401 356697 20e45 | 1aB6
3250 54,48 34499 20,00 | 1.5

3D 53, 0% 34 .07 19457 | 1456
2670 5166 3319 1915 |1 14596
380 50.36 37235 1875 | 1.56
390 49012 31.%5 1837 | 1656
l‘,ﬂ()f} 4+T"-93 3()a?9 1830\) 1&56

TTTTDTTTTTTETCP T e RD OF PROGRAM AT STATEMENT LOCH + 00U LINES
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Fig. 7. Curves ¢f bearing capacity (Q) vs. averaze

penetration (S) when L = 100 ft.
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The data plotted in Figure € show tha® the value of X is
essentially independent of chuanges in S, t can therefore be

assumed that

Q = X Qr , where

¥ is a constant and lies between 1.30 to 1.60.

Bv investigating the assumptions that simplified the
General formula to Redtenbacker's formula, it seems that the
general formula willi result in more accurate values of Q for
the following reasons:
(2) "The real value of C is between 1.00 and 0.67 depand-
ing on so0il condition of the driving location,
It can not be assumed that C = 1,00 since generally,
for friction piles, the point resistance is not
affective. 1In addition to this,.the area of pile
head is small because in practice the area of the
. cross saction of a pile decreases from the top to
the bottom., Since we used different values of C
for both formulas, it appears that the Qr value
from Redtenbacker's formula is about 30% less than
Qh from Hiley's. From the stand point of safety,
Redtenbacker's formula is more conservative,

(h) e hammer fall, Many experimental

'.‘
"
'—*c
o
®
o
Hh
Hh
L.
0
R
[y
o}
9]
g
0
Fh

efficiencies are for drop hammer actuated by rope
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and friction winch but this figure may decrease

when the drop is small and increase somewhat if

the drop is very large, For the assumpiien,

although e, = 100% is high, using e, = 75% does

not greatly affect ¢ and it is clear that e; = 1002

is & nmore reasonable assumption than C = 1,

(¢) n, Newtcon's coefficient of elastic restitution,
varies from 0,25 to 0,55 according to the materials
used in the pile for example, concrzte, wood, =tecl
etc, For this tesi,n = 0.40 - ¢,45 for concrete
pile without cushion on pile top. Since n2 =
0.16 - 0,22 and for most cases w? > wh , the

2 . W ; : e
value n"¢W _is significant and it seeins wise 0 keen

e

it in the formula rather than letting n = C.

(d) The value of non-elaztic crushing of the pile per
blow, (Sf), is a typilcal experimzntal figure and
is very hard to determine from exparimental tables,
The only wayv suggested is to measure this value in
the. field after each blow of hammer. In concrete
pile, for example, we found Sf is alrost egual to
zero when there is a cushion block upon the pile
top and it still be very small when there is no
cushioning, Redtenbacker's assumption to let
Sf = 0 is reasonable.

The comparison chart on page 22 shows Qr is about 30%

lower than Qh' It is wise %o use Redterbhacker's formula when

safety design Is wanted,

i
i
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Actually the general formula may ol be more accurate
than the simplified one since the general fbrm itself is
derived from theory under ideal soil condition which is not
true for the practical soil conditions.

Recalling the charts of bearing capacity vs, average
penetration per blow, we found Qe after the Engineering News
formula is very low compared to Qh and Qr. The tableé and

charts shown that ¢ is about 25-30% of Qr for soft soil and

o

L

is about 30~50% of Or for hard soil., If the bearing capacity
after Redtenbacker's formula is reliable it is obvious thatk
the factor of 1/6 in Engineering News formnla is too conservas-

tive,

o

Coing back to equations (14) and (15) on pages 9 and 1
the first type of Enyineering News formula is foirmed f£rom the

relation function

1l

2

[
)
——

03]
=
¥3]
+
951

Encrgy == Energy

By assuning e, = 1, e, =1, and Se + Sf = 1, it gives

W, ¢ I
QR for drop hammer,
S 4+ 1
We can understand that bearing capacity from this formula

is high because it neglects energy loss due to impact by



assuning e, = 1 and neglects enexgy loss due to the hammer

2
dropping by assuming €y =1,

A factor of safetvy 1/6 was used to justify bearing
capacity from the original type of Engineering lews formula,

Once again, that factor is low end it results in an over

safe design,

oo
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STATIC FORMULA

The evaluation of hearing cawacity of pile ky static
formula (static loading test) is recognized to be the most
accurate method for determining safe working loads, Karl
Terzaghi understood that any dynamic fornula used to
estimate bearing cavacity of piles, even the most elaborate
one, would not be accurate because every dynamic formula
involved various arbitrary assumptions with unknown prac-
tical implications. Most important of all, the scoil conditions
in nature vary greatly. Terzachi concludad that the reliabkle
way to determine the bearing capacity of a pile was to make
load tests on "full-size" test piles in the field. 7%he only
limitation of the single pile load test was its application
to pile groups,

The bogic form of static formula is

Qu = Qf * Qp

Qu = ultimate bearing capacity of pile,

O = the part of bearing capacity from skin friction,
QP = the part from end point resistance,

The value of Qu can be obtained by the testing results. from
static load test but the determination of the ratio between
Qf and Qp is impossibie to determine, Qf is based on the
value of skin friction and
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Friction value bhetween the plle and scil depend ons

1} Type of soil,

2} Depth of embedment,

3} Degree of natural consolidation and saturation,

4) Shape of the pile,

5} Amount of compaction by pils,

6) The time interval betwesn driving and testing.
To study the factors affecting friction between piles and
soil, the first essential is complete boring logs and test
date including the unit weight of the soil, cohesion, and
friction of the soil.

For simplification, the skin friction for different

kinds of so0il will be discussed separately,

Sand and CGrevel

The uait valve of skin friction and peint bearing for a
pile in sand increases with incrsasing depth. In dense sand,
driving resistance may reach refusal in a very few feet.

In loose sand, piles may be driven long distanczs with

little or no resistance.

Cf the total amount ¢f friction that may develop in
sand and gravel, except in quick conditions, according to
suggestion by Hiley (6}, one-half of the total amount may
be taken as being operative during driving, and consequently
included in the driving reszistance.

It has been abserved that if piles are driven in a satur~

ated coarse~grained previous soil as sand and gravel, they
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may lose, upon redriving, up to 40 to 50 percent of their
resistance in 24 hr, This is prohably & consequence of the
compaction of the sand duwring driving, after which the sand
has a chance to absorb water and readjust itself, 2An cxanple
has been reported by Perrin in which 40 ft wood piles driven
22 ft into wet sand gave a good immediate test; but on the
next day all resistance had disappeared and it was neccssary
to drive another 10 ft.

On the other hand, piles may drive very easily in loose
submerged fine uniform sand strata, which however, are £irm
under the steady pressurs of the working load and are capable
of sustaining large guiescent load both in end bearing =and

friction,

gilt and Clhi

The unit value of skin friction in soft silt is low during
driving, because of liguefaction, but within a few hours or
days the silt apparently regains its original strength by
dissipation of the excess pore pressure in the soil., The unit
value of shkin friction for a pile in soft clay depends upon
the properties of the clay such as density, moisture content
and unit cohesion, Point resistance is considered to be
negligible in soft clay, While driving resistance may renain
small and be fairly constant with denth, skin friction that
will develep varies, in general, with depth but greatly in-

creases as time passes after driwving.
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The unit value of zkin friction for a pile in medium
hard and hard clay may vary widely for the same clav,
depending on the methed used in placing the pile, Driving
may have remolded the soil to such an extent that the original
structure is broken down and the clay loszes strength by
remolding as compared with a pile cast in a bored hole.
Excess hydrostatic pressure may prevent bond between the pile
and the so0il to develop over very long period of time.

In hard brittle clay driving causes fracturing which
causes a definite loss of strength with time due to a soft~
ing of the broken and porous clazy by the ground watex.

Because a certain type of pile has been tested and
found a given friction value in a particular scil, it does
not follow that a pile placed by some other method would
sustain an equal load, even if the elapsed time period is
the same, %he time factor is important because bearing capacity
is likely to increase with time as the water diésipates o
decrease L the hard brittie clavs,

Therefore in the firm clays load tests should be made at
as long an interval of time as possible after driving but can
be made immcdiately after a cast concrete pile has gained the
necessary strength,

From the above understanding of friction value, both in
santd and in clay, it can be shown by the folloving graph of
Q va, T wherxe T is the time interval botween driving and

load test, Q is the bearing capacity,



Saturated clay and silt,

Saturated sand

Fig. 9

-
T (time_)
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EVALUATTION 2D COMPARLGON OF HND BEARING AND FRICTIONAL

S g TN SR

RESISWANCES OF FRICTION PLLE

It was shown in = previous section that for a static

loading test,

Ultimate bearing ceapacity {Qv} = Point bearing resis-
&

tancea (Qp) + Skin frictional resistance (Qf)a

Among the three quantities, the variance of Qf has been
discussed in the previcus section but the actual value is
very difficult to determine, For the purpcse of analywing
the variance of Qf/Qp for a pile uwnder load testing, a
paper by B. B, Broms and L, Hellman (1} is worthy of dius-
cussion,

Brems and Hellman worked out their report by using a
special device that czan be used to separate the point resige
tance from the tota! applied load by meusuring the compression
of the lower part of the test pile. Since 1964, that device

d tests on

pe
M

has been used extensively in Sweden during lo
driven precast reinforced concrete piles, This was also
used by Van Doren for cast~in~place pille in Wichita, Kansas
for Kansas Highway Commission and the technigue used may be
obtained from themn,

The measuring device is shown in Fig, 10 and Fig. 11,

. 3w - . - 5 .

It copsists of a T standard pipe with an expander unit at

its lowver end, a central rod, and z locking device. After



33

driving the test pile, the measuring unit is inserted into
a thin walled seamless steel pipz which is cast in the pile
and is 1l.65" inside diameter., The device is shown in Fig. 1l.
When the measuring unit with its expander has been
lowered to approximately 10 £t to 15 ft above the pile
point, the expander is released through the center rod, The
expander locks the 3/4 inch pipe to the thin-walled pipe.
The central rod is therefore lowered to the bottom of the
pile and tapped lightly by a hammer in order to seat the
rod on the pile point. The displacement of pile point and
of the point where the 3/4 inch pipe is attached to the pile
can ba measured by dial indicator attached to the head of the
pile, It is thus possible, with this arrangement, to measure
the compression of a known leagth of the lower part of the
pile,
The load Qp transferred to the bottom section of the
plile, can then be calculated from the displacement differencs
AL, batween the two points and from the elastic propearties

of the pile materials by the formula

, Le¢hc¢E
0. = g (17
L

o)

where A = area of the pile section.
L = length of the pile between the expander and

the pile point,

Eeq = egquivalent nodulus of elasticity defined by

1

he equati 3 = 5 , L C
he equation keq (ASFS + ACEC) / B which
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As is thé area of the reinforcement, Ac is the
area of the concrete, Es and Ec are the modulus
of elasticity of the reinforced steel and of the
concrete, respectively. |

Another way of determinihg Eeq is by a load test on a
test specimen'cﬁt, with a diamond saw from the test pile. The
specimen length should be about four pile diametérs. After
the specimen has been cured in wet storage it is loaded
axially in a high capacity testing machine and by measuring
the stress vs, strain relationships the modulus of the pile
can be determined, , |

Once Eeq is determined, Qp’can be computed by Eq. (1)
since AL, L and A are knowns. ‘

The test results from this, special device are of interest
and variance of Qe and Qp due to increasing of displacement
of pile point is presented in Figq, 13,

The curve of Qp is almost a straight line and shows that
QP increases as settlement (S) increases, indicating that the
pile tip resistance becomes the major part of the pile
bearing cépacity as frictional resistance is lost by shear
during settlement,

The curve of Qg shows that the pile tip carries no load
until the load reaches a certain point. That is as the
displacement of pile point is small friction resistance is
the major part of the bearing resistance. The skin friction

reaches its maximum value just before the occurence of shear



0 ' | s
(displacement of
Fig. 12 plle point)

failure between the pile and the surrounding soil., After
that point the pile moved downward and point resistance
increased rapidly while skin friction decreased.

To find the shape of the curves as in Fig. 12, for dif-
ferent types of soil the actual values of § and'Qf, QP are
not necessary, may be studied by a model test such as the
following,.

(a) A series of secondary tests as shown in Fig. 13
by pushing a model pile vertically into the sur-
face of soil sample, A compressional force Qp
is applied on the top of the model pile. The
model pile will penetrate intc soil sample for

an amount s which must be a low value to prevent

36



side friction. This test should be done for the

variance value of On until different values of

X

5 are obtained,

model pile e L

S R e W ey P g i
: | s 777
- ®

sanpie soil “T
{

Flg, 13, Secondary model test,

(b} Primary tests as shown in Fig. 14 will be run for
the varying @ which is the axial loading force on
the top of the model pile with both peint and
gide resistance, Settlement of the nodel pilz for
differaenc Qu is obtained from reading dial set

on the piic top,

3
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Fig, 14, Primary model

taont.

From the primary and secondary tests, ve can get A

and Qp for the corresponding value of
are known from thz above tests, Qf is

g, =& =8

This test of the model pile will

for different soils, but it

i

£

values of O and Q..
P 5

0 and ¢
P

S, Siunce o and @
& p

v

chtained by

show the varliance of

will not show the real

Two assumptions are made for this model test;

{a) Elastic deformation of model pile under load

is neglected because it is very small,

{b) A homogeneous and isotropic

for this test,

spll sawple is used



CONCLUS IO

An‘effect've design of a pile foundation requires an
adequate safety factor for the besring capacity and at the
sarme time an economical foundation.

As it wes pointed cut in the introduction; this report
was written to guide the analysis for estimating bearing
capacity of friction w»iling in different kinds of soil,

As an aid for wise engineering decision, the following pro-
cedures for various soil conditiong should ba considered.

(a) For cohesicnless soil, sand for example, both

dynamic formulas and static loading tests may be

used, The former has the advantage of saving

both time and cost. Test results show thez the
resistance of s0il to the pile during driving

dees notc differ greetly from the resistance of

(b) TFor cohesive soil, applving the dyaamic formulas
the indicated load carrying casaclty is usually
below the real bearing capacity of the pile as
determined from static loading test on the pile
conducted following a period of tiwme after driving
has elapsed. The reasons have keen explained in
the report. It is wise tc use static loading

+est for this soil.

29
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RECOMMENDATION FOR FPUTURE WORK

.

The model test guggested on page 36~3& could be helpful
for the investigation of Qf VE . Qp for different kinds of
soil, For that test, all the eguipment carn be found in the
soil laboratory and the work can bhe done for the various
typical soils or repeated for one.kind of soil as water
content varies, It should be very informative to determine

he Qf/Qp curve for different settlement of the model pila,
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Computer program for dynaitic pile formuias

JCHN yENs DEPARTMENT CF CIVIL ENGINMNEERING
FORMAT(L46H ) QH QR
FURMAT(FB8009F5e2eF4a0s2F562]
FORMATIAFGUsFEL2)
FORMATIFDE a2 93F12e2+FEa2)

PUNCH 1

READ psEsE1sHsENSC

READ 2sPLsUPsWHsA

S=g1

SF=elxS

Fl={2 ¥PL¥E1*WH¥H) /{ {S+SF I %%2¥AXE)
F2= {WHFENTEN®WP )/ (WH+WP )Y
Fa3={{g+SF I ®AXE) FLCHPL)
QH={Fa%¥{SORTF{1e+F1#[F2)~1))/20C00
Fa=(SxA%E ) /PL

Fo=2osPL%WhHeWHYH
Fo=S+gaAzE#{wWr+WF)

QR=(F4* (SQRTF (1 e+F5/F61~14))1/2000¢
X=QH/R
QE=(WHFH)Y /(6o (5+] e} #2C00s )

PUNCH 495sCGHsQRsQF o X

53-'5'}4;1._

IF(S5—4:0155546

5TCP

END

30(){:0(10. a?518{_‘o o440 «e67

teoting.

QE

L1
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(2}

APPENDIXN B
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Efficiency of the hammer £all

= 0,75 for drop hamnmer, rope actuated,

M-
[
!

1,00 for free drop hammer,

o
et
!

e,y = 0,75-0,85 for single~acting steam hamnmers,
= 0,65~0,85 for double-acting steam hammers.

1.00 for diesel hammers,

i

Newton's coefficient of elastic restitution
n = 0.80 for micarta cushion when driving Raymond
piles, (This type withstands 400 to 500 blows
of heavy driving and therefore gives more uniform
results,)
= 0,55 for no cushicn., Steel in steel when driving
pipe piles,
= 0,50 for oazk cap blocks when driving Raynond
piles,
= 0,50 for well-~compacted cushion when driving
pipe piles,
= 0.50 for ram of double-acting hammers striking
on steel anvil and driving steel piles cr precast
concrete piles,

= 0,40 for medium-compacted cushion when driving

= 0,40 for ram of double~acting hammers striking
steel anvil and driving timber piles, also for
striking steel helmet containing wood and driving

steel piles.
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0,40 for ram of singléaacting or dzop hammers
striking directly on head of precast concrete
piles not fitted with Adriving cap.

0.32 for ram of single~acting hamwers striking on
steellplate cover of wood cap or steel piles.,

D.25 for fresh wood cushion wvhen drivin ine
- e

0.25 for ram of single~actinyg or drop hammers
striking on well-conditioned wood cap of driving
cap in driving precast concrete plles or directly
on wood pile heads,

0.0 for deteriorated condition of heads of timber

piles or of wood cap and for excess packing in

driving cap.
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For the design of pile foundations, two conventional
methods have been uszd for the determination of the bearing
capacity of a single pile. The dynamic pile driving formulas
have been used widely since it is an easier methed while the
method of static loading tests is uneconomical . both in
cost and in time.

Experience indicates that these diiving formulas are
not accurate in most types of soil giving an indicated load
carrying capacity which results in overdesign in certain
s0ils and underdesign in others,

This study compared the most commonly used formuias by
assigning arbitrary but realistic soil and piling parancters
with the &id of a compute; program, RDased on the resulis
of the computer program, the assumptions which simplified the
dvnanic formulas were discussed,

2 summary of the reactions of the various soil to driving
piles and a suggested method for static and_model tests wero

given in this revort,



