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To) sage 1

dta discover methods for Ppreventing damage. - The work was
¢arried out‘at:the Building Research Station with the collaboration
of the Federation of Civil Engineering Contractors, and was initiated
as a direct resul 'fﬁcultles expenenced whﬂe dnvmg piles through

-and: around London there are ma,ny bmldmg sites where the
ound consists. of alluvial or made-up soil of very low bearing
10 feet to 80 feet from the surface. Below this a
i of hard; compact gravel is ta be found. varying in thickness
tom perbaps a foot or two 10120 feet*a’ “variation of this order
gocurTing over any one Site’ "Below the gravel a stratum of com-
pDara ft of 1o

) i ; y cases, thought it advisable
below the gravel on the hard clay. Inpenetrating the gravel -
ry-hard driving conditions are experienced, and it had been found

cult to construct pre-cast piles of sufficient strength to withstand
conditi alorelh ical exam I “of. fa.llures which

Fisvre l-—Examples of Failure in Reinforced Concrele Piles.

our of a pile was scanty,
able'Was o correlated on the basis'of a rational
‘theory For 1nsta.nce ‘o’ tecognised ‘standards existed for deter-
mining the corréct weight of hammer, height of drop or" amount of
ead packing for a given pile, ‘and there was no methc

the only method of decidmg whether piles would stand upto .speczfxed
diti by actual drivi

, ‘spécified -
.of the - concrete, . -
] and .experi- -
b tresses: inducedin
e extent to which these -
R

% 16333




2 STRESSES IN REI’\TORCED CONCRETE PILES

stresses were modified by changes in dnvmg conchtlons second
examination of the effect upon impact-resistance of the differen
factors controlling the design and manufacture .of -the pile itse
and third the development of methods'of estxma'tmg and measuri
the stresses during driving.. T ] :

The examination of driving stresses and then' ependence Y
_driving conditions was carried out’ by- ‘the use of a piezo-electri
strain recorder, yielding photographic records on a time basis of th
strain in the. concrete. The mathematical theory, aided by th
strain records, enabled charts to be produced from which the drivin
stresses effective in producing damage, may be estlm&ted . A sinip}
instrument, the peak stress indicator, has been. dev1sed -whic
when attached to the hammer, enables the, maximum value of {
compressive stress at the head to be measured .: The effect upo
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_impact- res1stance of the factors of desl n.,and: manufacture W
investigated by testing short remforced concrete pﬂes to destructig
~and by impact tests on small specimens of p1a1
By combining the findings of, the.tests o

the charts for driving stresses, a sirmple; my
determining the maximum safe helght of drop of the hammer fo
concrete of known cube strength, and for estimating - when the. lo

-pottion of the pile is enda.ngered

OUTLI’\IE OF \IIATHEMATICAL THEORY

Early maﬂlematical work on pﬂe dnvmg, bemg chleﬁy concernég
Wlﬂl the quest for a*universally applicable’ pile  bearing formulg
was based on the:assumption of the:instantanesus propagation
‘stress throughout the pﬂe Itis, of course Well known that a str

GROUND .
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4 STRESSES IN REINFORCED CONCRETE 'PiLES

_ ' P QUTLINEOF, MATHEMATICAL  THEORY . 8
wave travels through an elastic medium at a definite velocity— L : -

the velocity of sound—calculable from the known physical constant
of the material. The stress phenomena, occurring during the drivin
of reinforced concrete piles have recently been analysed in papers §
by Isaacs't* and Fox® from the standpoint of-the. mathematica i
theory of the propagation of stress in elastic materials,

The forms of the waves set up by the impact of 2’ heavy mass o
a rod and of one rod on another were known before the commence
ment of the investigation and the problem therefore “was; first
to determine the effect of the reinforcement, and, secondly; to choose:
boundary conditions at the head and foot, closely representing th
effect of the dolly, helmet, packing and ground resistance, and ye
giving mathematical expressions of practical value. 11 e

With regard to the reinforcement, preliminary. mathematica:
investigation showed that the longitudinal displacement was ver
nearly uniform over the cross-section, and that the radial stresse
Letween steel and concrete due to the difference in'their Poisson’s”
ratio were negligible. The pile could therefore be replaced by a
equivalent homogeneous pile having a Young’s modulus give
very approximately by the relation. T

ble to:assign values to the-constants defining.the effects
Africtional resistance in.the dolly and packing.

one blow stich effects will

stic effects; and the eiro

volved: by neglecting them will
ditions at the foot are not purely”
d partly elastic T. conditions
Pdriving where the Toot ‘stress is likely 0 become important, ie.,
hard driving, .the Tesistance 'is.concentrated  at the foot; and.a

1*

‘theory could bé applied direct. . The following:is a brief cutline -
of the modified theory. A full treatment will be found in Append1x ;I.

The-théory'is based on'the following assumptions :
pile ds undamagsd whendri

ham s0:short compared with the pile that
e stressimay” be ‘assumed to spread instantaneously
~.‘.thfogig}£(‘)ut~the:h‘:ammgr.- R R R A LI
(4) That the dolly;: and packing' are equivalent to a
" weightless elastic spring, which' will be referred to as the
shion, through which the compression is propagated

{Ec - (E—E) pl} { B (Bs —Eu)p, + Epa((l "2” a)}

‘ l —o—2q%

Eo (B — Edpy + Epy ( e

where E, E, are Young's moduli for steel and concrete respectively
o is Poisson’s ratio for concrete, and $, and p, are the ratios of longi
tudinal and transverse reinforcement. The velocity of; ropagatio

of stress along the pile is J —}%‘:_.where pis the a

about 12,000 ft, per sec. for g typical pile. i

In a paper published by Fox'® mathematical solution of the ‘jene
wavesform was cartied out for certain boundary conditions at the 3w ;
head and.foot of the pile obtained by assuming the packing an
helmet to be equivalent to a * visco-elastic ” spring;, and the foo
resistance o be “ plastic.” By a * visco-elastic ”’ spring is under
stood one which possesses the-usual elastic resistance to compression |
and, in addition, exerts a frictional resistance 6f.thelviscous type
and suffers. permanent set which develops at a rate! proportional :
to the impressed force. The assumption of “ plastic *’ faot resistance -
means that no movement of the toe of the pile occurs until the |
compressive stress reaches a certain value, affer which the toe .
moves against constant stress until the movement ceages.

When the results of preliminary experimental ”woik had been
examined it was found desirable to simplify the assumptions con-
cerning the conditions at the head and foot, in order to express the
solution in terms of quantities measurable in practice.’ It was nof

E=

lastic, the ]

o1 the dovnward: fo0t movement. 7
he method of relating actﬁzil_cushioné and foot resiétq.nges 1o’
+ideal “conditions will be given later, - - i sl

 allowance is made either for propagation loss, that is, loss of
" e to internal friction in’ the pile, or for skin friction.” The
istance, to motion of the pile is assumed £o be con-
the toe; as 1§ approximately the'case when'a pile is
: 5'a hard stratum; Such as gravel, close to the surface of

He frictional ‘resistance in the hammer guides has also been

ge density, and 1

* The numbers in brackets relate to the Lst of references on pégg_S.’_?'.,'

usually be small.compared with =

Q.Ot_ pr'_e;gsﬁf‘ bem g.: : R




5 STRESSES IN REINFORCED éd’wﬁf{ié [E-PILES &~

The equation states that the dlspiacement of any Cross-sec
is obtained by addmg together two functions the first - of whi

J (zf_ "E) represents a wavé fravelhng down and the second F (

a wave travelling up the ﬁplle '
It is obvious that there wﬂl be’ no Wwave m the upward dn'ec

' z
untzl a time —; Where lls the leng*th of the: plle has elapsed that
until the reﬂec’aon has taken place from the foot and that thls

will not reach the head until aninterval of time equai to 3 has pas
The equation Wh1ch holds for the motlon of the hammer du
“thé initial period, 0<z<2i .efore the

head, has a simple solut;on ‘from which; Wlth theaid o _the assuny
head conditions, the dzsplacement function f,-that.is, the dov
~travelling: wave, can be determined for that interval. From'{
assumption as to the character of the foot.resistance,. the functio:
representing the reflected wave travelhng__u i

: expressed in terms of the functwn j for a.
since f is known for the mterval 0<z<;—_ B
mterval &—Z<t<3. This procedure, applied to suc essive inte

, determines all waves t_zlé.i}'eﬂiﬁJg up

“selected moment.” By combmmg waves at any diSpl
~ment, and therefore the stress, may be found at'any ‘desired i

- Figure 4 has been drawn to illustrate the way in WIuch
characteristics of the stress-time curves may be determmed Wlth
“aid of the theory. The head, middle, and foot pressures.
-concrete have been plotted against time for foot conditions decreasy
in hardness from a fixed foot (elastic. set ).to a free foot (el
set = oo). Figure 4 is applicable to'a pile 14 in; by 14 in. by 40
driven with a 3-ton hammer and a soft head cushion, or to any p
and hammer for which M/M, = 0-8,and kl/EA =1 (The symbi
are explained later, p. 88).
The curves have several mterestmg features whzch‘ are-
restricted to the particular-head: condition ch '
to a wide range of practical head conditions.
It will be noted that the time scales have different zeros; for
head, middle and foot of the pile, due to the finite velocity of pro
- gation, @, of the stress wave from the head and tha.t a pomt dlst

OUTEINE OF MATHEMATICAL THEORY. -

- foor _oF PrE




8 STRESSES IN REINTFORCED CONCRETE PILES ;

For an infinitely long pile, neglecting d1551pat10n all pomts 1

pile would -have the same stress-time record $ave for -a-disply

time scale. In the practical case, the initial wave is reflected

the foot, and travels upwards, combmmg thh the S eedmg po

21 -
of the initial wave to give a 1esu1tant stress Up to a ‘nme —

o kb

which the reflected wave arrives, the stress at a pomt dlstant x

the head Wﬁl stiil be given by the initial wave... hus m the

l
curves of F1g Athe portmns t=0to 2— are the same throughout

i the mlddle curves the portlons ¢ .= 5. 1 al

— to =~ are 1dentxca.1
ﬂ _gz. : o

a minimum, and then rises agam to.a mew maxunum > :
condition becomes easier with mcreasmg ‘sets and ,the ma rnitud

the reflected wave of compressive stress decreases, both'v'the sec
maximum and the preceding minimum steadily decrease umtil v
soft foot conditions a wave of tensile stress is reflected ‘and ther
a tendency, indicated by the dotted continuation of the curves,
tensions to be set up at the head.  Since the hammez is fre€; tensi
cannot occur there and instead impact will cease d1rect1y the h
pressure becomes zero. The head condition then becomes that
a free end until a second impact of the ha‘.mme’f‘- curs, whereu
pressures will again be set up at the head, but they will g’
be small compared with those due to the main impact. | Cessa
of impact takes place with the harder foot conditions at al teLt
than shown in Fig. 4. .
The most interesting feature of the stresses at
pile is that tensions may be developed under easy dnwng condm
ie., large sets as in the two lowest cufves.:
"When nio movement of the foot takes place.the ammum press

.‘7 . e
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at the foot is twice that at the héad but as the set. increases ‘the fof -

pressures decrease and take longer:to develop, and when -the 1o
is free the pressure there is zero. With the harder foot coridition
there is a tendency for tensions, indicated by the dotted-continuj
tion of the curves, to be set up at the foot before any similar tende
is exhibited at the head, which means physically that the pile w
rebound from the ground before the hammer rebounds from the pi}

Finally, it will be seen that the maximum pressure occurs at tl
head under easy driving conditions but that as the resistance at

foot becomes greater the foot pressure increases, and for very. ha;
Arvine fhe mavimirm precerire Aacelire af the font

gl




ORCIED CONCRETE PILES

lecting dissipation, all points in
ss-time record save for -a-displ
se, the initial wave is reflected
ymbining with the succeeding po

I3

tant stress. Up to a time

i, the stress at a point distant x

the initial wave. Thus in the
{

21
0to E{ are the same throughout

1 . ,
ns t = é« to 1~—§~l are 1de11t10:11
& &
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poxtmn i =0 to of the head cut

of the head curves, from f= % {
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1¢ expressmns for the stresses are too comphca d:

2 1ca1 use and the resuits have therefore been expressed -in
rm of charts giving the maximum compressive stresses at the
fo 2 for different Welghts of hammer, stiffnesses of cushion,

sitions in causing failure will be discussed later (p. 41).
he symbols.used on the charts are as follows —

the hexght of fa.ll of the hammer o
the striking -velocity of the hammer
theimass of the pile: - - :

“the area of the pile head
the Iength of the pile’” A
Yoi g’s modulus of thie concrete "

oung’s modulus bf the equivalent homogeneous pﬂe
Iomty of stress along the p11e

npo _mmg the Stresses in the pﬂe are the
and height of free falI of thé hammer, the stiffness of the head
T e.nd the resistance at the foot of the pﬂe To understand the

unit” compression, that isih = E’A /if ‘where E’ denotes
modulus of “the dolly, A" its cross-sectional area, and ¥ its
If A" denotes the area of the pile head, k[4 is, therefore, the
‘the ‘pile head to produce umt compression, and is equal to
dulus divided by the length or thickness of the matenal L

f ‘the same le.
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If the dolly and packing have effective.qbns

L%

ants kyld and:
then k/4 for the combination is given by
) 4 L

FERTEY

by

WA

Ny
L™

L)

,
‘ .
&
o]

4.4
. - 'f? kl e, LT
The foot resistance has been assumed in the theory to be y

o

T
-\‘
i
<&
<
)

elastic and the charts are drawn for variousvalues df <y, "the

N

mum theoretical elastic set at the foot,multiplied by a/Vi.* T
rather than the stifiness has been used beécause information on

Sty &y
A\

. Fagoy

ance to driving is always in terms of set. The practical comb

&

of plastic or permanent set and elastic.set, due: to.recoverable:

mation of the ground is converted to [its-equivalent ; elasti

gy ..‘: ‘." i

the use of the expression ‘

Equivalent clastic sef = actual elastic sot - dwice: actual. ﬂas-j

L SN SN S

which is based on the assumptios that the otk doné at the fo

the same maximum siress, up to the point~at:which movem

oy
oy

LN

reversed, is independent of the relative amounts”of plasti

=
b

elastic set. The assumption:.was tested théoretically by eval
particular cases for a purely plastic foot and comparing the:

with those obtained for a purely elastic foot ‘giving'a’ set

tiice the set in the plastic case. The results of. the compari

r

in good agreement.

in "‘Eigs. 5and 6 the praximtm stressé (xm[EGv)m the COnc

the head and foot are plotted againsti MM ! forsdifferent

values of BlJEA and e,, covering the range of practical values
shows, as would be expected on physical grounds, that the ma:

head stress increases both with increasing .weight of;yham

YR G A b % N

hardness of packing. -For the lighter hammers and, harder,p

‘the maximum head stress is independent:of the set since:

before the reflected; wave arrives from the foot, while fo
hammers and softer packings it.decreas

it dect the set increast
at a certain critical set it becomes cons ndepende

For those cases where the maximum head stress is reach

enough to be unaffected by the reflected }g'avé:irgng;the.fo_ot.

stress may be detexmined from the simpler diagram of F
one curve replaces the several curves of Fig.

The stress at the foot only becomés important when i
parable in magnitude with the head stress:.” The curves
refer only to sets sufficiently small to ensure’ that the foot

comparable with or greater than the head'stress.’ v
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cHthe doliy q::d pm.kmg hnvo offective constants
A4 h“’cbmbmation isl wcn by"

N . ) '}
Ry’ %liie"é b'YE £
) ot | multiplied by /s
6t than the stiffness-had beentused béeaus fOrmdtlon
ancé to driving s always in terms’of. sat( t '

of plastxc'or permnnent sot.and, elastic.
§ converted 1o, i

whxch is based on the assur?i;ﬂ: 6n-t t £he' work s
fh e makiniicn strésgfitptto: the: poltit-at wh
“Yovetsed, i§ independent’ elative mﬁun’cs of pl'tstt
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parti cilar cases for a pnrely‘plastm[ foot an
HH6sE Bbth itely. dldstidl 160

cime s
i I"mI"igs. Band 6 tho maxiumm strebses (& a/Ep) I
the; ead and foot are plotteduaga:nstaM My for d1fferent

. S
k EW) B e et e
- o S
. M Sheonifeanad . // P //
T f':;? w";/‘;w
e, o y RP AV AN PP 4
-~ P ot R ///I'::: ";/P’
I’;/‘ F # o e
o
T A Nt B BT S S T
17 17 /;
ﬁ;}’ . L ”?24
/ //: ,: .// e ::/ :
- I
Z W it
"//; et e 3 y /,//1 1 o
Al A A
@ g A A
v
e 7
S i -
Bttty o R TR .
1y S U M- iy
— -6 e
p /;f o= é{ /:—/,’/’/:?“’
i /..';7;.‘ [¥| [FRRE AR Ny 7// e L5
1
/’//_ - /,ﬂ,///
/,/ ,4,....2 e _.1’}/2/// Wa AT
/] /_,_-ﬁ“ . -1/_//’ " 1/,,4/”
L Ty A e
paldlPy ,,*_-__‘// 7]
g - .‘!m
- — ¥ | e S W -
o
ol M l‘# ¥ E7 I BT S R
i gy T -
- 2% ) v Lt
L ’)'/ £ Iy ‘ ///’/’,m
Z 72V BNRRRpZZZ iR,
/// 4 /] 14/ P e
A T A
_ L e & ' ?
r prd it g // LT s
// L~ At f/ rd o
,.“ of e A 7 k)
/’/ /J o / Pl >,
4 4 o
/ y 1
! v
-1
2
ot
¢ A £ 1 f! n :J': * T“—f—— Af_“{:_ﬂ’ o .FI'):!
i? b2 1
i M P s g
0 2 W B SO %t %ol ol
///':/// £ ’14‘//:;
- U /;,/ /‘/
//' [ ) //r /""
N Y,
» » A% , / /// H
F) // / n A / // /I/ ?
7 Pa e 7 / 2 » //
¢ /'/ O el y / /’/ W il
P ’/,/ g ,r// L~
A /
ol o] ../. N RYo. P
-
2
ot
[ I T I B TN Y A Y BT A MV YT VI T I ¥l
WEIGHT OF MAILICR

50 8. Maxunue Cowmmessve Smrss (v, ) v Concaery ar foor or A,
B (Mmbwbﬂrmw%dﬁ,mﬁnﬁabyaymam}




SRR

=37,

TR
Bt ek

arge detsia ‘almost mdependent of kl/EA N
iven ’hammer for small sets, ile. in. hard_

T L W

TS ATHOT.




i2 STRESSES IN REINFORCED CONCRETE'PILES - . .

. APPARATUS FOR THE MEASUREMENT.OF STRESS
T - .-AND SET ...

‘ Piego-elecivic S zfmmRecorde? A

To test the validity of the mathematical theory, it was necessa

to devise a method of recording the variation of strain with, tim ;
selected points in a pile. For this purpose, as soon as the fir
mathematical analysis had been made, the piezo-electric strais
recorder was constructed ; from that time onwards, the mathematic

investigation and the physical measurements_.:; were  carried -
simultaneously. Bt _

/ OPTIC AKX, L

The strain recorder has to comply with”somewhat stringe
requirements, In the first place, both the gauge and the recordi
unit must be capable of dealing faithfully with impacts having:
duration of less than 10 milli-seconds and containing components’
high frequency. Secondly, as the piles may be driven deeply infg
the ground, the gauges must be suitable for embedding in th
concrete, and connecting to the recording unit by long leads.

The piezo-electric quartz gauge with the cathode 18y oscillograph
for recording fulfils all the requirements. The gauge has a high natura;
frequency of vibration, and is capable of responding_faithfunily 1
impalses of very much shorter duration than any met in’ pile drivin
It is a small and simple instrument, cheap to construct and calibrate
and is therefore not a serious loss if not recovered from a’driven pileg
The ability of the cathode ray oscillograph to. record high -fr
quencies accurately is well known. A full description of e originald
apparatus has been given elsewhere®® and the following déscription
is of the improved form employed in the later tests.

The operation of the 'gauge' depends upon thepic
property of quartz, which in common with-certain otherZcrystal
when compressed or elongated along one of its hemihedral axes,
develops, at particular regions of the crystal, electric charges whic
are proportional to the apphied force. P N

Crystals, in the form of long rectangular prisms, are ¢ut from the
natural material in the manner shown in Fig, 8. When, as the
sensitive elements of gauges, they are subjected to pressure along
the “third " axis, electric charges, proportional to” the applied
pressure, are hiberated on electrodes attached to the faces perpen-
dicular to the electric axis. Such crystal prisms, mounted in small
water-tight chambers, described later, are cast in the pilé at selected
points, and their elecirodes are connected to the recording system
by highly insulated leads. . S Uil L oa

The charge hberated on the electrodes sets up, across’ aknowi
capacity, 2 voltage which is applied to ‘the grid of ‘the input va
of an amplifier, which serves the double purpose of magnifying the
voltage and of isolating the crystal from' the comiparatively lo
resistance of the deflector plates of the cathode ray oscillograp

7eort o5,
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14 STRESSES IN REINFORCED:. oox*oliii'rlz' PILES -

The output from the amplifier controls the ve 1ca1 deﬂectlon
fluorescent spot of the cathode ray’ oscillograph. -

An electrical device, set in operation by the fall of the hamm_
arranged to move the spot horizontally across the screen at unifg
speed at the correct moment to spread-out the strain-time p:
on the screen. The pattern is recorded photographwally

The Gauge

Fig. 9 -shows'a sectioned gauge..- 'lhe quart.a crystal I
rectangular prism 1 in by } in. by { in. cut as in Fig. 8, so that
pair of vertical faces is perpendicular to the electric and a se
pair to the optic asus Those perpendicular to the electric
carry the electrodes 2, attached with adhesive. The electr
cover about three-quarters of each face ledving at’ ea.ch end a sh
length of quartz for insulation.

The prism is held between steel plates 3. to 'which: the thrust
applied through steel balls. At one end 2 stiff spring is inse
between ball and plate to reduce the stress in the quartz.

Two heavy circular steel end-plates with projecting flang
connected to a thin brass cylinder 6, form a water-tight chami
enolosmg the crystal assembly. . The crystal is held between coni

'gu:e p- Vil ng-,sufﬁmeht :
0:03 o1 0_{_04}!.5‘ to be. used

-a gauge, which is *done statlca,lly, it is
amplifier, alone, and. to measure, the output
The procedure is described

The second eiectrode is earthed to the br
sheath,
When the ga.uge is assembled a. P

responds to tension.’ i
In order that the gauge shall be- stra.med to'the same exten
the surrounding concrete, its dimensions are so chosen as to mak
equivalent stifiness approximately equai to tha.t of the congre
 replaces. ‘

The Amplifier

The essentia} feature of an amph piez : ¢
that the grid-filament resistance of the input stage shall be very h
This is ensured by the use of a special electrometer valve with
grid-filament resistance of 102£.  The complete:three.valve
plifier (Fig. 10} consists of the electrometer valve followed b
Cossor 410 HF. and a Cossor MS/PEN, in a simple direct-coup)
circuit. Both first and second valves are supplied with anode curr
by 9 volt grid bias batteries housed within the amplifier, and
third valve alone requires an external high‘tension battery,

Highly insulated condensers; variable*in‘ steps up -to a .1
capacity of 0-015xF, are mounted w1thm the amphﬁex and are €0
nected in paraillel with the gauge in use.

TE MARRLR LT

shas already. been
' t1me-base
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The cha.rge deveiopeci by ‘the gauge when strained,
ces; across a standard condenser; a voltage which is measured
‘thezaidrof the amplifier and the electrostatic voltmeter:: ;

dure,1s“to measure strain and charge developed fora’
crements, of stress, and to plot the results'as’a graph.

thre¢’ parts“of the” eahbratlon provide ‘approximate, linear
possible” to” express the. combined results as a
“_between photographic” deflection ‘and strain.’
: 1on Is obtamed by extrapolatzon Inthe 1nter—

The time base circuit (FIg 10) consists” of a hlgh resist
through which a condenser € is charged from ‘the high tension
of the oscillograph, a bias potentiometer by ‘which the spot
shifted horizontally dcross the screen; two small neon lamp
parallel with the condenser, and a switch which, when closed
circuits the condenser.: Whén a record is o bé taken the svnt
closed and the spot brought to the left ‘hand side of the 'scr
adjusting the bias potentmmeter The hammer, in falling;
the switch, ‘allowing the condenser to be' charged through' R
voltage ‘across the condenser, impressed “on* the “horizontall
flecting plates ‘of the oscﬂlograph causes. the ‘spot ‘to ‘traversi
screen from left to right, the neon lemps limiting the volta
which the condenser is charged. The amplified voltage from
gauge simultaneously produces a vertical deflection. The res
pattern is recorded by a quarter plate camera with Ross Xpres.
lens. A lens cap, hand operated, serves as Shutter. .

A time scale is recorded at the side of the trace by ma mentum of the hammer, one "
second traverse of the spot to record the voltage from a.256 ¢ ead of the Pﬂe ‘and the other from the -
per second tuning fork (F. Fig. 10) prowded with an electro~ma' : an rebQLnd At the head of the pile the
pick-up, and excited by rotating a cam. .: . Ty P

Figure 11 is a photograph of the apparatus mounted m a
for transportatlon SRy

TTOL of"-:i:fS per cent. It is, however, possible to-be:

“per/‘cent.. inzthe’ stresses calculated from the
hue pr “the difficulty of assigning the.
ete m Wthh the gauge is ca.st

; h_afrnner provided. that _
‘Ihen 1t is easﬂy shown

C ahbmtwn

Calibration is performed by statlcally ioadmg a-block of con
in which the gauge has been cast. It is convenient to divid
operation into three parts and to determme (1) the sensitivi
the oscﬂlograph and camera in mm:per.volt at'the anode pote
to be used in tests, (2) the amplzﬁcatlon factor of the’ ‘amplifier
(3) the sensitivity of the gauge in terms of charge develope
unit strain,

The sensitivity of the oscillograph is found by a.pplymg kn
voltages to the vertically deflecting plates aad- photographmg
resuiting deflections. The calibration is performed at several:
tions along the horizontal path of the fluorescent spot. "

To measure the gain of the amplifier a voltmeter is insert
the grid bias circuit and the output’leads-to the" oscillograph
disconnected and joined to an electrostatic vol’_ameter A cury
output against input volts is thus obtained. S

The third part of the calibration entails the determmatmn
voltage set up across a standard condenser:by the gauge- when:
subjected to strain. The gauge‘is:cast at:the’ _mid-poin
lenigth of a block of concrete 16+in. by 4in. by 4 ini7of: thi
‘composition and having the same -Young's modulus as the co
in which stresses are to be measured.The:block:is {stres
steps'up to 3,000 1b./sq. in, in 4 testing ‘machine, measuremen
strain being taken with a two-inch roller extensometer with-teles
and scale, over the two-inch central portxon- in which: the gau

roportmnal fto the area under the stress-time
‘head, ar d the left h_e._nd term is 1mmed1ately
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_ The Peak Stress:Indicator ... .

The peak stress indicator was designed to provide a simplel
tical instrument for measuring the maximum head:stress dux
driving of 2 pile. . . e i e

The three possible situations for such an instrument ar
pile, helmet or hammer. Any device attached to the pile or,
would have to be of the nature of a strain gauge and for rém
dication would have to be electrically operated.” The difficu
fixing a gauge of this type securely, and of simplifying the in
circuit to such an extent as to render it of practical Value,
the present moment to be insuperable, ™, "o UL

The peak stress indicator measures the deceleration of the har
from which the maximum stress on the pile head' may be de

— e ..-—..;—_-.4.‘.

PAPER
BOARC
TrHCAL SEY AECD
(ENLARGED)
e

- : T
L\ STRAGHT Eo5E

RECORDING PENCIL

. ‘Rm/ < HEAVY TIMOER_ASOUT. B.FL LONG

Ticure 12 .:—S_et-ii‘émrding' ﬁ?pammsf."_

For, if the assumption that the mass'of the helmet may ben
is approximately correct, then the maximum force on the head
Pﬂe i . ‘-: STl Rk
Py ="M, H o
where M is the mass -of the hammer-and ¥, the maximt
celeration of the hammer. . Maximum acceleration indicator
previously been used to indicate peak values of the accelera
road surfaces®, subjected to.iraffic:vibrations. .- The prese
strument -embodies several. improvements and alteration
employed with a new method-of visualdndication. | . i5
. Fig. 13 is a diagrammatic. representation of.the instrumeny
simplest form and of the indicating circuit: - A mass m is helds
an insulated:stud J by a-spring S, whose.compression can b
by a screw, calibrated in. terms :of :spring:load.. . Flat. sp

T r 16336

To face page 18

Recovding Apparatus in the Trailer,

Ficure 11.




APPARATUS FOR MEASUREMENT OF STRESS AND SET 19
foee e 19 e that the motion of the mass m is parallel with the pillars P.

assemnbly is screwed to the top of the hammer with the axis of
ring vertical. ~ An electric circuit is completed by the contact
insulated stud I and the mass m.

he mass  is subjected to the same deceleration as the hammer,

therefore exerts a maximum ‘force mf,,., or the spring tending
yperi the contact. . If the force mf,,. is greater than that
frted by the spring the ‘contact opens and the neon indicator
_;;- lights. By means of the calibrated screw the compression of
B 'spring can be increased until the contact no longer opens. Then
war = %k, where k, is the spring stiffness and = the compression
he spring. By adjusting # the two sides of this expression may
de as nearly equal as desired, and the required value of the

1
M (i

T

: NEON
| I is0 v, e AV
Hav. it T

HAMMER
FicuRre 13.—Peak Stress Indicator,

The indicating circuit is alse shown in Fig. 13. A two-volt cell
gpha current to the primary of a suitable tranbformer the circuit
ng completed by the contact between the mass and the insulated
d.  Across the secondary of the transformer a small neon lamp
] a dry battery of about. 150 volts are connected in series, the
e of the battery being adjusted to a value lying between the
hing and extinction voltages of the lamp. When the contact is
pken the voltage induced across the secondary by the break in

e primary current raises the voltage across the neon lamp above
necessary for flashing.  The lamp lights and remains lit since the
‘ \«olmge is above the extinction volhge

he  simple deceleration indicator of Fig. 13 gives accurate
ements of maximum deceleration for impacts cushioned by
king only without a helmet, or by a light helmet with a reasonably
idolly above, but may be in error with hard dollies and 11eavy
cs, .

Fieore 13.—The Small Pile-Driving Frame.

to the initial impact of the hammer on the dolly A mathe-
tical discussion and an expenmenta; investigation of the effect




DI STRAINS IN TEST :PILES:
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of the helmet are given in :Appendix IV; with fuller parti
the methods adopted to imptove the ‘accuracy, of the indicatg
Fig. 14 shows a peak stress indicator incorporating these iy
ments, with which satisfactory results have been obtained ing
tests at the Building Research Station; ! furtlier tests are now
carried out under practical conditions.: B RTT L

—~ MAIN SPRING: . .

5

WEAK SPRING ..

T ——

vz

v e e v

-

The expeﬁmeﬁtal tests with 8Z0-¢
be divided into two sections (1) prelimin

stracted driving pit, and (2) tests o

The objects of the preliminary. tests-were to make.a trial
piezo-electric recorder. under conditions . approximating  to ¢
obtaining in practice and to test the validity of the theory.. .

The piling plant consisted of a small experimental frame

by the British Steel Piling Company, .and " three drop kag
weighing 2,000 1b., 980 1b. and 480 Ib. .. The hammers were
by a hand winch fitted with a trigger release. A cast-iron k
fitted with an elm dolly and ‘weighing' approximately 3 cwt
be used at the head of the pile. = s TRy

In carrying out the tests, the piling ‘frame’shown'in _Fig,:‘_l,ij
mounted over a concrete-lined pit, 4 ft, deepand 6 ft." squary

‘Conerete Pit,




TasLE L—Particulars of Test Piles.

Pile 491, driven at ST s A
Building Rescarch Piles A5 and A6 drive

1] Test pile at Tondon

Test piles driven at

Conditions a e at Building Research University site, Tots IRoad Power
Station for preliminary Station Bloomsbury Station
tests
‘M anufacture
Length i . 15 ft. 15 i, 35 1t. 50 1t. 9 in.

Cross section ..

Weight (approx.)

Head conditi_ons

Foot .conditions

Rapxd harduung Po _

7. by 7in., with $-in. | 7 in. by 7 in., with 3-in,

chamfers on corners chamfers on corners
-Area 48 sq. in. Area 48 sq in,
7 cwt 7 ewt.

'.- -

P]..un, squax ¢ head

mild steel cap 4 in.-
deep by 1 in. thick,
and two bands each
= 2 in:-deep by 4.in,
- thick - :

land cement -

Jand cement’

B ing ) & in.

Ham Rwer ¥ . in, | Ham  River, . & in. l‘hames; } in, down

- dowm -

'e}m dolly, 3.owt. cast
’ helmet . and

twenty—four iay IS of
felt (nornmal ‘thmk-

Driven in concrete pit
with various -thick-
nesses of felt under
Ioot

Rapid hardemng Portn .

J4 in. by 14 in. with
. 1-in.  chamfers on
" corners

Area 194 sq. in,
3 tons 5§ cwi.

Head stlcugthened by Head strengthened by

two mild steel bands
21in, by } in. :

] ?] 1 cubic feot :
23(:111)10 feet(1:14:3
by wéight approx.) -

land cement

Ham Rwer 7 in. to | Ham'- River, } in. to 'lhames 1 in. to 1 in,

'10 cwt - cast -iron:

. hel, et and pa.ckmg
" of 83vin. of ‘dealiin’
four layers _on fcop Qf

Rapid-hardening Port--{-

thagona]; 16 in. across
tiflats

: Area 212 sq. iﬁ.
5 tons 24 cwt.

Head stren[,thened by
- three bands 2 m. by

-f‘ in.

ST ELEYONOD C[HOEIO.:'[;\"IEH NI SHSSIWIS

1. ]9, 3 by W\mght‘

Rap:d hardcnmg Pdrt~
land cement .
Ham River, gm 1:0 - in,

Ham R_xver L in, down

olly, 15 in: ,averag
. ‘dmmeter" w8 A
“cast irou helmet; and
packing . of ‘two criss -
crossed Ia.yers fof- 27\111.
-manila rope-ande
“layers of sackm
.Sac 1*1g 21

STHAISHL




24 STRESSES.IN REINFORCED CONCRETE:PILES o5
bottom of which was formed by a block of concrete 4 ft. thick
cast-iron block, bolted down in the centre of the pit, fbrmed;__’é?
base on which to drive the piles, » The arrangement is showi
grammatically in Fig. 16, together with details of the lead shog
which the foot of the pile was placed;:and of the dolly and helni
‘The piles tested were 15 ft. long by 7 in. square. ' Details’
reinforcement, mix and curing treatment of typical piles are g
Table 1.7 %50 . . ST g
Three gauges were cast in along the axis of each pile, on
distance of ten inches from either end and ome at the ‘midl
The highly-insulated leads from the gauges to the amplifier wern
first, merely bare copper wires on porcelain insulators, but
were later replaced by lead-sheathed rubber-insulated leads.ii]
recording apparatus was set up in a hut close to the frame andy
The registration of the record was synchronized with the mMOome]
impact by the switch operating the time-base circuit, which,secu
to the frame by an’adjustable mount, was arranged to be tripps
the correct moment by the falling hammer. - "7 5. -~

The registration of a strain-time record involved the follo
operations (1) switching on- the amplifier and oscillograp
raising the hammer to the required height ;. (8) setting the tim
switch at the correct position; (4} opening the dark shide in the'p
camera and removing the lens cap, and (5) giving the signal fo

hammer to be d;oppgéd. s 7

. 4

L

AT LY, SHWT

pg-AT T e
[ fi'-zf:':.—g ]i-.-'ll_h -

The gauges and recording apparatus were found f_o fund
satisfactorily and records were obtained showing the effect of ¢
in the following variables on the form and magnitude of the stre

i

“FiguRn 17.—Pile Details

A T A O O
b oy T T T

(a) The weight of the hammer.
{b) The height of fall of the hammer.
{¢) The weight of the helmet; ="~
(d) The amount and {ype of packing in the helmet.
(¢) The resistance at the foot of the pile. - :
As most of the features of the records of the prelimina;

were reproduced later in the records of the piles driven into gro
the results of the preliminary tests will not be taken alone:put

be considered in the general discuss

Piles Driven inio the Ground - :
The preliminary tests in the concrete pitiwere followed b
driving of six piles into the ground; two, 15:it. by 7 in. by
were driven at the Building Research Station, one,"35 {t. by 14
14 in. at the London University site, two, 50 ft. long, octago;
cross-section and 16 in. between flat surfaces, at the Lots
Power Station, and one, 50 ft. by 14 in. by 14 in. at Messrs. Mow,
Yard, Royal Albert Dock. Three or more piezo-eleciric. gay
equally spaced along the length, were cast in each pile. .~

~
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Details of the manufacture of the piles; tne,
modulus of control specimens, and particulars.of the- driving-
tions at the head are given in Table T and Figs. 17, 18719 and
The ground conditions are shown in Fig. 21 on which: the p
tions at which records were taken are marked. .. o details
ground conditions at she Royal: Albert Dock ‘have; been given
the object of this test was primarily’to check ‘the accuracy. ol
peak stress indicator: under practical conditions, and 1

information was available. 3

The piezo-electric recording equipment,
operated at a distance of about 20 it. fromthe pile driving ;

1
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Connection was made to the gauges by lead-covered leads frd
to 100 ft. long. S S

The test procedure was,
driven into ground, and fell under. the, ﬁ_fq}‘loy\_ring heads —
aged for a i

(1) A record of the permanent set, avera
blows, was kept throughout the driving. UL .
.veral heights of drop ol

ion, the positions o
Fig. 21.) :

in its essentials; the same for all th

{2) Strains were recorded for sever
hammer at four or five stages of penetrat
were decided by the ground conditions. - (See
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(3) Each set of strain measurements Was aCcompanis
corresponding records of plastic and elastic set. '

The piles at the Building Research Station were all drive
a helmet and with thicknesses of 4, 12, or 24 layers of felt
nominally 3-in. thick) laid on the head. * Felt was chos
it was easy to obtain in a s
thought to be less subject _ :
The three felt packings covered the range of practical hea
Three hammers were available for these tests, and at eac
penetration a set of strain records was taken for each ham

FORGED RING -
3 157 SECTION.

JIMBER DOLLY -
L JETREER -

LIFTING: LUGS,

N\

A 7%

=t

e FELT PASKING .
| ENCLOSEQ IN
HEMP SICK. e
. LWCOMPRESSED
THICAIESS, A80UT 6,

O 1 HELAET:

\\\‘\\\\\.‘\\\\\

RS

FIGURE 20.—Details of the Head Conditions for the Albert Do

All large piles were driven almost to their
the helmet and using the contractors packing.. For PUrpose
calculation with known packing conditions 2 set of Tecords
and 24 thicknesses of }-in. felt as head packing and no he
then taken. i e

Various alterations and readjustments of packing m:
made during driving, as necessity arose. . .

ﬁnélli)eﬁet,r’g;-

& ground 4

{e. avin

17k
ierence.

vof She piles.: Veriical: seales 1
el oF poini of pile below grou

!
- for ditfe

2
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ZTBAQKY, (LAY

AT FO7Y

Fieure 21.——Com-j:a_:{ativa Charts ;h_-oivz'yzg character and apprd}imate resi
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) 15-fi. Pile driven inio Stff Clay at the Building Researc

A pile, measuring 15 ft. by 7 in. by 7 in. was driven int . ‘glf‘g'
clay at the Building Research Station with hammers. w el /ﬂ 1
480, 980, and 2,000 ib. and with three thicknesses of packing ¢ P
and 24 felts). Records of stress and set were made at five: // R
of penetration—1 ft. 7 in., 4 ft. 3in., 7 ft. 9 in., 9 ft. 9 in. and 12 2dr2d]

The form of the stress record at the head was that of a's /8—(; 7 /ﬁj‘ﬁf‘g
curve, which, for most driving conditions, ‘was approxim; P . ki
triangular in shape. At other ‘points along the pile the form e %
greatly with the driving conditions. The duration of th ol , ‘ 5
at the head was between the extremes of 0- 004 and 0- 020 : 1T - / o | mefed
Typical records are given in Fig. 22. . P% 5 i ;i’gf

Throughout the driving, maximum compressive stres ] / L]l
developed at the head, falling off along the pﬂe to a minimum 2 Ak

5 & 2] 1 | 523524]
e 2]§a //
250 . Aiar]
A 2520 A5
J\M\ o~ : f\ (B8RS
yad Cmmiirola o asse A S TR R 7 iy

DISTANCE FROM TUE-INV FEET: 70 1 . et HEAD .
i FIGURE 23.———le3 ALB, : :

AAAA A o~

ANt —

8§20

HILLISECONOS ——-q:
e e ID - 3¢

T (24

? !5 : H Lé'lSEE!OOJwagf_-?,O 15

9

Ficure 22 —Records from a 15-fi. Pile drwen info Stiff Clay at the B
Re¢search Station.

Driving conditions =—i}-in. felts at head; 980-10. hammser; 24-In. drop.
Penetration, of pomt i—{a} 4=ft. 3 in. (B} 10 ft' Set i—{a) §+55-In. (b} Q- 08~m
(Figures indicate peak stresses in ib./sq, in.)

foot. TFigure 23 shows the, distribution of maximum compy
stress along the pile when'’ approxmately 10.1t.. of -1ts.leng
been driven into the ground. Under these conditions the stn
the head was three to four times that at the foot. ~ Resista
driving was for this pile chiefly fricticnal in character.
Tension amounting to about one-third of the maximu
pression was observed at the mid-section of the pile in the
stages of driving, when using the two lighter hammers and th
ing of greatest stiffness. When the duration of the blo
inereased by using the heaviest hammer or thicker packing (
the driving resistance increased, tension was not recorded.
showing tension are reproduced in (4) Fig. 22; the suppressing:
of increased ground resistance is shown in (4).
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In agreement with observations made during the pre
tests in the pit, it was found that the effect of head packin
maximum stresses along the pile wasvery marked. " Thus, in F
with a 12-in. drop using a 2,000-lb. hammer, the maximum
at the head for 4, 12 and 24 felts are 2,610, 1,950,"and 1,5301
respectively. - Co R e
Increasing the weight of the hammer and keeping othe
tions constant produced an increase’of maximum head stress
was, however, proportionately’ less .than the increase in
On the other hand, the plastic or perthanent set per blow Ing
at a rate proportionately greater than the rate of increase of h:
weight. Figure 24 shows the influence of the weight of the b
on the set per blow for one particular penetration. '
Other conditions remaining the same, ‘a reduction in
set was brought about by increasing the-amount of head p

(2) 15-ft. Pile driven through Loose Ciay._
the Building Research Station. ‘

The second 15 ft. by 7 in. by 7 in. test pile at the Building R
Station was driven through fairly loose ¢lay -on to a block o
concrete placed about 10 ft. below ground level. ~ The same ha
and packings were used as for the first pile. - Two objects
view—first, .to obtain records. driving:through?soft groun
second, o examine the condition of moderate side support 4
resistance at the foot. :

When driving through soft- ground the  maximum &
decreased from head to foot in the same way as for the fir
except that the foot stresses were-even less.m.. .~ =

When the foot reached the concrete, stresses at'the fo
until, at a set of about 0-1in. per blow ‘with th& 980-1b, k
dropping 24in. and with 12 felts as packing, they had
very nearly equal to those at the head.- Whether the foo
was greater or less than that at the head then depended u
conditions at the head. The foot stress with different co
ranged from 40 per cent. less to 10 per cent. greater than 1}
the head. . o sonilotioolo DT T

During the penetration”of“the soft ground Targe’ tensio
observed with the two lighter hammers (the 2,000-1b. hamm
not used) and the least packing. The tension amounted i
cases to 2,000 1b./sq. in., a value far in excess of the tensile s
of the concrete. The record (see Fig. 25) resembled a damp
wave. The duration of each half cycle of-tension was about’
seconds. On striking the concrete substratum no furthe
was observed. R S e

The plastic sets produced by the 480 and 980-1b.
when-driving through the soft clay, were, for a particular b
drop, approximately proportional to their tespective weigh
the energy efiiciency of the two hammers was the same. 1t

01 to_a Concrete B

| THE RECORDING OF STRAINS IN TEST PILES

w0 .15 20 25
MILLISECONDS —> "~
T Pile A8

IGURE 25.—Record showing tension at ﬂzé:"
Cimid-poing of the length of the pile. (Figures
- indicate peak stresses in Ib.[sq. in.)

point 29 ft.
eltg'withotit



34 STRESSES IN REINFORGED CONCRETE.PILES ' THE "RECORDING oF STRAINS-IN TEST PILES .85

1
PENETRATION 4 \&r ct—j
A TiFr e

found that variations in packing made but small difference
set per blow. Conditions varied so rapidly on reaching the cony
block that it is impossible to draw any satzsfa,ctory cone
from the records.

(3) 35-fi. Pile driven at the London Umverszty -Site -

The pile driven at the London’ University Site measured
by 14in. by 14in. and was drivert mto ground. con31stmg
of ballast overlying clay. ' e womn ,

A 3-ton single actlng steam hammer Was used wfch h 5 e =T | o
dolly and packing as in Fig.'19... . o -

Strain and set records were taken at the de epths marked in  Fi
with 12-in., 24-in. and 38-in., drpps... At the greatest dep
penetratlon the packing was.. removed and further records
taken with new packing of the same type. - Tests were then
with two different thicknesses of felt packing, placed dire
the pile head without a helmet, -

The duration of the blow at the head varied from 0- 018
for new wood packing to 0-008 second for similar packing afte
throughout the driving.. Typical records are given in F
“Their general form is similar to that of records from 15-ft
the irregularity of shape at the head when a helmet is used
with results from preliminary tests at the Building Research St
Tt will be noticed that the stress recorded by the gauge at the

»

2¢
D 25

e B % & & 7w -
OISTANCE FROM TOE IN FEET HE‘D -

(&)

%
[ oz7
SV

with felt packing is lower than that given by the next gauge; (LMETRATIOR /7 Fr OO
the pile. This is probably due to a defect in the action off T R L e d
steamn hammer, since such stress distribution is not shown in’ : 1B AR SRR R R N
records and is theoretically impossibie in the circumstances A8 B E W @ m o wE
The maximum . compressive stresses were almost unif . DISTANCE FROM TOE i Feey o D
distributed along the length of the pile when the point wa ) L I
driven through the ballast (Fig. 27 (a)). Stresses duri -
period were low over the whole length of the pile. 'When th L_______,_,‘-—%—-#'W*’

was reached the foot stress decreased and the head stress gra
rose. The foot stress was then #th to §th of that at the heg
rose slightly as the pile penetrated further (Fig. 27 (8)). 1
tensions were recorded at the mid-point of the length of th

A matter of considerable. importance was the continued ¢
observed in the contractors’ packing during’ drlvmg -~ This it
both by the gradual increase, as driving proceeded, in the max
stress at the head for the same height of drop and by th
comparison between used and new packing carried out at’
tration of 29 ft. 8in. (Fig. 27 (¢) ). For 24- and 36-in. dro
maximum stress at the head was tw1ce as great for used as fo
packing. : ‘

Z

A

2"

PENETRATION 296"
NEW PICKIG e,
(VT oo Brorive '.@——-si
g2 M 2 L 2 7
ANCE FROM TOF w FEET, D
(C) B
-London Universi!y Pile.
of maximum’ compressive stress along the pile at

5i in., with contractor’s packing and helmet, and
;. {c) Comparison of new and used packing for

{4) 50-ft. Piles driven at Lot's Road Power Smmon

Both piles driven at Lot’s Road Power Station were 50
and of octagonal cross section 161 in. acroqs the flats,
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2004

AU STRESS = L8 IR S, N,

PENETRATION /7| FEET, :

2 ¥/ Ja #
DISTANCE FROM TOE IN FEET.
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" Freure 28, —»Lots Road lees.

Distribution of maximum compressive stress along the pile at various’
tions, with contractor’s packing and heh;net and drops of 24, 36 ang
(@) and (b), pile 1; (¢) and (d), pﬂe 2 '

PENETRATION 46 FEer.
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The ground conditions were similar in each case (Fig. 21);
penetrating 18 {t. of grey sand, hard driving was produced
stratum of gravel 13ft. thick overlymg clay. The positi
which records were taken are shown in Fig. Z1. '

The piles were driven by a 3-8-ton, winch-operated drop ha
with a helmet, and packing as in Fig. 19. Drops of 24, 38, an
werg used in the tests.

The results from the two piles shdwed substantial ‘agreem
their main features, although there were considerable differ
the recorded head stresses, owing to the fallure of the hea
second pile and to the effect of the additional packing pla
the helmet in an attempt to arrest this failure.

The duration of the blow at the head of the pile was
0-012 second for the first and §-009 to 0-020 second for th
pile.

The records provide information on three conditions—mo
hard driving with the {oot in grey sand at the beginning of th
very hard driving in ballast, and moderately hard driving i
clay,

In the first condition of moderateiy hard driving the ma
stresses were fairly uniform over the upper two-thirds of the:
of the pile and fell at the foot to about two thirds of tha.t
(Fig. 28 (a) ).

During the very hard driving the position of maximum
was at the foot of both piles for every height of drop, wi
exception of the 48-in. drops with the first pile (Fig. 28 (5} an
For the least height of drop—24 m.—the stress at the foot .
one case as much as 1+5 fimes that at the head. A 48-n
under the same conditions produced a foot stress 1 2 {ime
at the head.

True to breaks in the ieads to some of the gauges in the firs)
data for the final condition with the foot in blue clay were o
only for the second pile. These records showed that after th
of the pile had emerged from the ballast into clay the stré
the foot decreased and were always less than those at th

(Fig. 28 (4)).

Records were taken at a very early stage in the driving
second pile, when ground conditions were most favourable:
production of tension. None was observed, although the rei

the middle was of & periodic character. Fig. 29 shows th
obtained, and typical stresses registered during the hardest
It is of interest to note that the increase in the /A value
head cushion was not at all pronounced.- For 48-in. drops
firgt pile, where the same packing was used throughout, the
the head increased only 16 per cent. during the driving.
The failure of the head and the additional packing place
helmet of the second pile had a marked effect on the set per blo

Heap
MIDDLE
Toort

MInDLE
TfooT

ey

(@)

TIGURE 29.-Lots Read Pile 2.

Driving conditions :
(@) 14 1t.; (b) 251t

To face page 38

Typical Records for (a) Easy and (b) Hard Driving,

contractor’s packing in 8-¢cwt, helmet; 3-3-ton hammer; drops {a) 24in.; (b) 36in,;

2,170,

penetration of point

1,930, middle

(&} head

1,500, middle-—~1,400, foot~—520 1b. per sq.in.;

{#) head

{a) 0-010 second; (&) 0609 second.

s {a) 0-94in.; () 0-06in.

Maximwn compressive siresses !
2,760 1b. per sq. in.

Duration of blow al head :

Sets

foot
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o face page 39
Fouepes ﬁ_ri\.—lzzg was hardest. A decrease in maximum head stress was
gocompanied by decreased set.
. The necessity to secure a uniform thickness of packing was
monstrated by the failure of the head of the first pile after the
sertion of fresh packing under the helmet. Up to this time the
Bead, specially strengthened with steel hoops, had withstood very
vy driving without a sign of fracture. As soon as the new packing
inserted, however, progressive disintegration of the head began.
Bpon removal of the helmet it was found to be due to the fact that
be rope and canvas mattress bad slipped towards the back of the
probably at the time the helmet was lowered over it, resulting in
onzs fallure as shown in Fig, 30 over the uncovered area

0, middle~-1,550,

3

(@) 191t (b) 401 Din,

) Moderale Driving.

FILE FRAME
THIS S/2E.

g 1b. per sq.in.; () head—1,8

4-in. drops; penctration of foot—
9

2

middle—-1,070, foot—-2

cecords for (a) Lasy and (2

3.ton hammer;

HiEan
AlippLE
oot

,300,

—)

RE 30.~~Lois Road Pile 1—Damage to Pile Head afier 13 blows from «
Reight of 2 feel, using new packing.

{@) head-—1

Y ALnErr DOCR Pr—Typical ]

‘

8G-41. Pile Driven at Messrs. Mowlem's Yard, Albert Dock

s & contractor's packing in helmet;

Maxinunm conmvpressive slresses :

foot—70¢ 1,

& :
5 A pile, measuring 50 ft. by 14 in. by 14 in., was driven at Messzs.
2 ema’s Yard, Albert Dock, as a test of the peak stress indicator.

test necessitated only one gauge at the head of the pile, but in
1o take advantage of the opportunity of acquiring further
nation thus afforded, gauges were also embedded at the foot and
le of the pile. -
% The ground conditions were not accurately known. It was antici-
d that ballast would be reached at 40-45 ft. below ground level,
lyving Thames mud and silt..

X
3
3
5

R
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as54,0001b./sq. in. -Under certzin conditions of driving
1: later, tensile stresses of short duration and high
but:as.they did not result in serious failure, it is
hat:.compressive: sfresses are the main cause ofthe
re of reinforced concrete piles.: It is not known, at present, how
estructive effect of repeated impact depends on the number of
f stress; and:the form of the stress-time curve, but tests
ruction on small piles and specimens of plain concrete, des-
later, have shown that there is a relationship between the
mpressive, stress in the concrete and the resistance to
' not.exact, and more extensive research might
tof-the ‘other factors, but as at present theré is no
t the differences of form and duration between the stresses
nt points. along.a pile have any serious effect upon impact
e, the- maximum compressive stress must be regarded as the
useful criterion of the probability of failure,

he theory and the experimental measurements are based on the

¢ that:the:strains are uniform over the cross-section of
-+ Failure;however, is never general and commences at
subjected to:local concentrations of stress which it is not
icable to-record. As a conseguence, the average stress over
cross-section where: failure. occurs is.most probably somewhat
than it-would:ibein. the ideal.case: of  perfectly even stress

A 3-ton winch operated -hammer was.used with a helm
packing as in Fig. 20. As the pile head was damaged imme
after the commencement of driving; it was only possible 10
few test blows at heights of drop greater tha_r; 241in., and the‘;r}
of driving was done at this height of drop.; - - S

Throughout the driving, the peak -stresses were greatest
upper portion of the pile, falling off to a minimum at the foot
they were a little over one-third of 'the"_hegd stresses (I
Driving had to be discontinued at a penetration of 40 ft. 0
rapid disintegration of the head. - The stress rc?cqrds show no.
indicating the presence of a hard layer, and it is unlikely ‘th
foot of the pile had reached the ballast when driving was aba

2000

200

" 1800

S R R

ses the lii'ghést‘Campfeséﬁiéf's_t'feséfindube}d e
g-occu the head of the pile. ~ In‘every test 'where,

|
Fl
.
g
;

MAXIMUAS STRESS = L8 AER S IN.

/o2 e 3R 4O 50 g1y
DISTANCE FROM TOE. IN FEET.

was mainly due to skin friction, the peak value of the compressive
. decreased from. the head to the toe of the pile (Figs. 23, 27, 28
although in certain.circumstances values only slightly
: those at the head occurred at-other positions, At the
Fiourz 31.—Albert Dock Pile—Distribulion of maximum compressiy ile;: stresses have been recorded. equal- to,. or even
along pile at penctration of 40 feet, with contractor's packing and drops ionally. greater than, those at.the head:(Fig. 28.(d)), but these
36 dnches. - ' hin the experimental error ofithe stress measurements. The

ue of the stress at the head is in most cases indépendent
ground conditions. When the conditions at the head, and
gth of the pile are such that the maximum value of the stress
head is attained soon enough to be unaffected by the reflected
' ' value of:the maximum stress is determined.

1y
Y3

Under favourable conditions of’easy: driving, an-attem;
again made to detect tension in' the early stages of penetratior,
records were similar to those of the'second‘Lots’ Road pile
periodic character, but the stresses recorded were purely com

Fig. 32 shows typical records, at two stages of penetrat

that is; by the’
the pil

Discussion ofﬁqéwh‘s -

The Effect of Driving Condiﬁd__ﬁjs ‘pi_é'ths Stress in the Pi
 When the results of the strain measurements are examined
the most general point of view, the first fact to emerge

for the conditions of driving most productive of damage, the
developed were purely compressive and might: attain-a ma

‘moment’ when the

}unless-'jdie reflected
considerable: magnitude,

‘generally the case*ini ‘practice; ‘the resistance to motion of the = " R
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en: byithe square root relationship (Table 2). This is due
linear- stress-strain characteristics - of practlca.l head
partlcula.r to-the characteristics of:/'the packing
the ‘helmet, ~The:static stress-compression : curve. of
ig. 33, is characteristic of helmet packing materials.
ation - of - ‘the dynamic, that is, the impact stress-
npression’; curves for helmet packings is descnbed later (p. 70),
pendix: I a method is explamed for determining for any
ng material an equivalent linear spring, to which the theory
a.pphcable ' The equivalent Inear spring is such that the
. compressmg it up 10 a given maximum stress is the
that done in compressing the packing material to the same
The stiffiness. of the packing material at the: value of, the

such as one from a rigidly restrained. foot the maxim
at the head will be unaffected -thereby: 1A’ reflected  wa
tensile siress in these circumstances. has the effect of makin;
stress fall off sharply after its arrival at the'head, but d
affect the stress maximum. A reflected  corpression wag
considerable magnitude is unlikely to occur ‘even in' the- ki
driving (see page 48}, and as a general rule it is safe fo sta
for piles over 30 ft. long the head maximum is independent
conditivas. It is difficult to quote figures from the strain m
ments to illustrate the independence of head stresses from’gr
conditions, owing to the difficulty of keeping the conditions con
at the head. The following figures for the maximum hea
of Pile A5, the 15-ft. pile dnven into stiff clay at the Bui
Research Station, in which the head conditions were approxim
constant, show only a small change of head stress with penetr
The maximum head stresses for a 24-in. drop of a 480-ib. ha
on a head cushion of four thicknesses of 3-in. felt were 2,000,
2,180 and 2,400 lb./sq. in. at penetrations below ground ley
4{t. 3in., 7 {t. 9in., 9 ft. in. and 12 {t. respectively, the corres
iug sets per blow being 0-18, 0-04, ¢-01 and 0-00 in. ;
A deduction of some importance from-the foregoing is th
packing has initially & high stiffness constant, the head stre
the early or easy stages of driving may be nearly as high as'atf
stages when the driving is hard. This state of affairs-is- ik
obtain when a pile is driven with a head packing which has
consolidated by previous use. In such circumstances. it is’]
to increase the height of drop of the ha.mmer dunng the early
stages of driving, B
The maximum siresses throughout the pﬂe inerease wi
weight of hammer
weight of 1 ft. of pile’
way of stating the obwous fact that the stresses in a gwen “pil
with a given height of drop increase with the weight of the b
At the head, where a comparison is most easily made, the v
of maximum stress with the value of the ratio is found to co
with theory: for example, in Table 2 (p. 47) for the 15-ft. pﬂ
the theoretical values of the maximum head stress for a pack
four felts with hammers weighing 480, 980 and 2,000 1b. and 3
drop of 12 in. were 1,360, 1,780 and 2,180 1b./sq. in. respectivel
the corresponding recorded values 1,250, 1,720 and 2,560 Ib./s
reasonably good agreement. - In practical pile driving with-
helmet an effective value of the ratlo corl:ected for the weig
the helmet, has to be used.
As the height of drop of the hammer is 1ncreased, othe
remaining constant, the stresses increase not in proportion
square root of the height of drop, as would be the case if th
helmet and packing were equivalent to the assumed linear
but in such a way that at higher drops the stresses are grea

ratio

"This'i 15 a. :rnore general a.nd :

rve for ‘one Felt mmah’y 3 . ﬁzsck

llu IIH

ead stress considered, is measmed by kfA, the constant
oting the stiffness of the equivalent linear spring, and is dependent
the magnitude of the maximum stress at the head. For many
e %4 value is approximately roportwnal to the

/A oi the head CllSthIl;
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the smaller is the rate of increase of stress at the head and the i wem Tofues page

are the stresses in the pile. Numercus instances of the effect o
stiffness of the head cushion have been observed during the inves
tion ; an example from the preliminary tests is given in Fig. 34

The cushioning effect of the head covering is chiefly due t
packing beneath the helmet. The effect of-the' dolly is relati
small except in cases where the packing has been consolidatg
such an extent that its stiffness has become very high, or wher
dolly has become soft by brooming. - The stiffness constants
of several types of head packing have been deduced from the stz
recorded during the driving of test piles, and the results sho
the value of k/A for the packings used in practice may e anyw
between 1,000 and 50,000 1b./sq. in. per in. at 3,000 lb./sq
Values as low as 1,000 lb.fsq. in. per in., however, only app.
the first blows with new packing, and for practical stress estim
upper and lower limits of 10,000 and 80,000 Ib./sq. in. per i
3,000 1b./sq. in. may be used. The stiffness k/4 of a pink
dolly 10 in. long of area equal to that of the pile head is app
mately 200,000 Ib./sq. in. per in. The following examples-
the effect of a dolly of this type on the total stiffness of th
cushion : with packing having constants .k/4 = 10,000, 20
30,000, 40,000 and 50,000 ib./sq. in.jin,, the total sti
constants are by the expression on page 10, 9,520, 18,200, 26
33,500 and 40,000 Ib./sq. in./in. respectively, The effect of an
dolly of the same dimensions is to reduce the total stiffness o
head cushion to 9,300, 17,400, 24,500, 30,500 and 36,000 ib./sq. ir
respectively. With a hard wood dolly in good condition the pa
is therefore always the more important cushioning factor.

The soft materials used as packing show a continuous ing

of stiffness under repeated impact, resulting in a correspor
incredse of the stress in the pile. - The soft wood packing in
helmet of the London University pile increased in stiffness d
the driving of one pile from an initial /4 value of about 3,00
final value of nearly 50,000 lb./sq. in.fin. at 3,000.1b./sq. in
maximum head siress at the end of the test that is, after
1,300 blows, was 100 per cent. greater than at the beginning
driving. The above figures refer to.the helmef. packing alo
were deduced from the total stiffness of the head cushion, by
for the effect of the pinkadou dolly (see p. 10). It was not
to separate the effect of the hebmet and dolly for the Lot
piles as the dolly showed signs of deterioration at the ‘end
driving and therefore could not be regarded as having th
value of 2/4 at the end as at the beginning. The increa

total stifiness of the head cushion for the first Lot’s Road p

much less than for the London University pile, and caused'z

increase of only 16 per cent. at the head; but the explanati

thought to be that the increased stiffness of the helmet pac

largely compensated by the decreased stiffness of the deteri

foot clamped down on  in. of felt,

&—2,500, {oot—-3,600 Iis, persa. in,; () head—-1,500, middie—1,650, foot

on the Stresses in « 15-1t, Pile.

{6} four §-in. felts; 980-1b. hammer; 12.in. drops ;

{@) head—2,000, middl

o
o

(0j 0-G11 second,

Iieure 34 77, Iffect of Packin
{a) two L-in, felts:

Maximum compressive stresses »
in

2,500 Ib. per sq. in.

(2) 0-0085 second ;

Duration of blow at head :

Driving conditions :
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21,930, middie-

T s, in.; (B head—

1,300 1.

{a} head-—-1,750, middic—1,300, foot-

Maximwm compressive siresses .

{oot-—1,050 1b, per sq. in.

TEE RECORDING OF STRAINS IN TEST PILES Bt

2dolly, a conclusion supported by the results of the test giving the
impact characteristics of coiled rope packing, described on page 70.

Dangerous local concentrations of stress may result from uneven-
ress in placing the packing material on the pile head. An instance
this was met during the driving of the first Lot’s Road pile,
where the head, which had withstood thousands of blows without
aining any damage, failed immediately after the insertion of
fresh packing. The failure was definitely atiributable to the uneven
distribution of the packing which had slipped towards the back of
pe pile. Similar head failures have been observed due to the use

n the pile head. A layer of soft material to take up slight irregulari-
#ies prevents failure from this cause.

& The effect of the helmet is to superimpose a vibration of com-
paratively high frequency on the stress-time curve, which in the
@bsence of the -helmet, would have the form of a smooth curve.
‘1he erfect is shown in Figs 26 and 35. The helmet is 2 mass sup-

e sufmebs of the springs. Apart from producing high frequency
¥ibrations, the efiect of the helmet is to increase the effective weight
p‘ the hammer, and to decrease the effective height of drop. When

npact commences the hammer has first to accelerate the helmet,
n approximate idea of what occurs may be obtained by neglecting
e efiect of the high frequency vibrations and assuming that, on
npact, the hammer and helmet move on together. Then, by
ponservation of momentum, the velocity of the hammer and helmet is

i M

~ U=

oy .L"i{[ M;

. ¢ M denotes the mass of the hammer
w Mo, ” v+ .. helmet

g, VoL . velocity of the hammer before the impact or
o terms of the height of fall

;o ( II' N 2},
AN S B
Fhere 0 denotes the ofiective height of fall, e the height from
ghich the hammer and helmet togethel would have to be dropped
o acquire the velocity u.
W denotes the weight of the hammer.
W, . . 5 oy helmet,
ko, v hezght of free fall of the hammer,

The effective weight of the hammer is W-+W,.

The neglect of the effect of the helmet in the theory was justified
: v the fact that the weight of the helmet is usually a small fraction,
W the order of 1/10th, of the weight of the hammer, and therefore
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“has only a small influence on the stressesin the pile. ;i This h
confirmed by the experimental.tests; but ‘whete the. weigh
helmet is greater: than .1/10th . of. the-hammer; weight; it

5 THEJRECORDING OF -STRAINS IN TEST PILES

becomes appreciable.: - oo ik,
The main function of the dolly:isito: protect the upper s

of the helmet. . By virtue of the compressibility of:the: doll
acceleration imparted to the helmet by the -hammer on strik

" kept within limits such that the stress’in every part of the I
is below the vield:point.: Due to the oscillation of the helmet,§
stress in the dolly may reach a value/considerably higher th
in the packing, and the difference will increase with the weigh
the heimet. Although no observations have ‘been made {
the statement, it appears likely that heavy helmets are more de

venat the Building
ch St

tive of dollies than light ones. - = 0. :
Having considered separately all the:chief factors influe

Albert Dock

the form and magnitude of the stress-time curves at the & 2820
comparison of the calculated and recorded stresses can be. : - i -
Table 2 contains theoretical and recorded. values of the max =2000 12714 Fpet 02180 |- 2360 %
head stress for the piles driven into ground. The agreement T e790 o4 |12 B . — !
the whole as close as may be expected bearing in mind th T =l ﬁgg ' igf’-o |
possibility of knowing the exact condition. of the'packing 36 |12 2680 | %gg !
particular blow. The results for the London University pile Colea 2000 1600 g
greater discrepancies than any of the others.  Some difficul D4 i | 2405, 2700 1850
experienced in this test with the valve controlling the steam ha . octagonal | 7400 24 |12 ' 0 -
and it is probable that the low values recorded are account at Lot’s Road|. "0 . 24 g?{g %388
by a loss of energy due to back-pressure in the hammer. PR B 481127 3100 " 3160
A considerable length of the upper portion of a pile m : s 247, 2380 2740
subjected to 2 maximum stress almost as great as that at the 'Y 14in. % 143 o
if the reflected wave from the toe does not reach that part )énlat .X,I% ;;21-7 6720, " 1800 . 1880 ;

pile in time to affect the stress maximum.® The only decrease
part of the pile is that due to dissipation of energy by intern
skin friction, The effect is shown best by the 50-ft. piles driv
Lot’s Road, where the maximwm stress in the upper half of the
was constant within experimental error (Figs. 28 {(a) an
though the maxima do not, of course, occur simultaneousl
the maximum is attained in about 0-005 second after the begn
of impact and the velocity of stress in.the pile is about 12,00
per sec., the upper 20 it. of the pile:might be expected to bef
affected by the reflected wave as was found experimentally.
The maximum stresses in the lower portion of the pile m
as great or greater than those at the head only if resistance to mi
of the pile 1s largely concentrated at the foot. When no mow
of the foot is possible and skin friction is absent, it is theore
possible for the foot stress to attain.a maximum value, negly
propagation losses, equal to twice that at the head, and in sopt
the preliminary tests at the Building Research Station stres
this order were recorded at the foot. Fig. 36 shows the

&/ aluesdenved from the i'mpact tests described on p. 70.

curves-at the head, middle, and foot of a 15-ft. pile dri

a rigid base... .'l‘he;r_x_}agg;qu;_nﬁ-st_r_ess at the fooi?' 'vva;II ivgi
that.at:th Under practical conditions, foot stresses
those-at‘thv:e head were recorded only on the Lot’s Road
where, as shown in Fig. 21, the pile was driven through a layer

stress. decreases as the stresses-in;the pile i j
stress. decreases as.the: str ‘miine pile increase, that is,
oor_l:stlws dOﬁ_s_gqt.:-}nq;easg:aﬁ_fthe;'same rate as the head stresl,g.
e is, in. fa:ct,:a,-j'?tendcncyz_;towgrds-'iaf;constant foot resistance.
normal height of drop of the hammer on the Lot’s Road con-

* Discussed mathematically in Appendix ITI. .
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tract was 48 in., and for that drop the foot stress under the h To face page 48

driving conditions for the first pile was 0-8 and for the secon
was 1-2 fimes that at the head, the difference being mamly du
the lower head stress recorded for the second pile. It is cle:
advantageous, under such driving conditions, to use high streng
concrete, permitting high maximum head stresses, resultmg-

XIMUm tress
reductmn of the ratio o 1 foot stress d,_causmg failur
maximum head stress :

any, to commence at the head rather than at the foot.

Head
It is unlikely that the theoretical upper limit at the foot is
realised in practical pile-driving, as, apart from the propagaty _
loss, there is always a certain amount of elastic or recoveral Middle
deformation of the ground, and the foot is, therefore, never i
movable as the theory requires. Foot maxima approaching f Faot

limit may be anticipated when driving to.refusal against rog
particularly for short piles where propagation losses are sma

A small set per blow is, in itself, no certain indication of hi
foot stresses; when the smallness of the set is due to high sk
friction, the stress at the foot is low compared with that at the he
since the effect of skin friction is always to reduce the siresse
the embedded part of the pile. The 15-ft. pile A.S driven into
clay at the Building Research Station showed a permanent se
0-28 in. at a penetration of 12 ft. for a 36.in, drop of the 2,000
hammer with 24 felts as head cushion“the similar pile A.6 driy
through loose clay against a concrete block showed a set of O- 32i
under the same condltmns the foot stress for the first pile was &
and for the second was 2 150 lb./sq. in.” The results of the other
piles driven into ground show that when the foot penetrates”
ot similar material the maximum stress is always at the head

The ground conditions under which high foot stresses are se
are, in the limiting case, represented by the theoretical assump
that resistance to motion of the pileis concentrated at thetoe. It
therefore anticipated that the theoretical analysis on this assump
would furnish a reasonable estimate of the'actual stresses in dri
against a hard stratum, when frictional resistance is likely to b
latively low. - The maximum . foot stresses have been. estime
theoretically for. the second 15-ft.: pilé dfiven:into’ ground at
Building Research Station and for the piles tested at Lot’s R
The estimates were made with the aid of the charts described:
preceding section (pp.9-11), andin Table 3 the results are comps
with the recorded values. The theoretical values are 20 to 30
cent. higher than those recorded. It is probable, therefore,
even in extreme cases of high foot resistance, skin friction;
propagation loss effect a considerable: reductlon in the magm i
of the stress wave travelling down the pile. :+. -

Tensile .stresses of short duration-but. con51derab1e magn
occurring in the middle portion of -the pile, have been: recorde
short piles driven into ground but not in any test on a practical]

———— e

Records_szozaf.i'_ng High Foot Stresses Registered when Driving a
15-fi. fiite immsr a Rigid Buse.

- Driving conditions : 1} in. sawdust paciking on head; no helmet; 980.lb,
© hammer; 12-in. drops foot clamped down on Lin. of felt.

Maximum compressive stressss - head—13,350, middie—1,650, foot—2 480 1b.
per sq, in, ,

Duraiion of blow at head : 0-01 second,

Ficur: 35.

T —

" FIGURE 37.—Lofs Read Pile 2.

Records Irom oauges placed (a) on the pile axis at the mid-point of the
ength, and (b) 41 in. from the pile axis and 3 ft. above the 1md~pomt 36 in.
dropa in cach case. The time scale (bottom} marks intervals of 34 second.
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%:Comg&arz'soﬂ of Caleulated and Recorded Foot Stresses

AT e @nected _Maiimum‘fqot
. . s . tress
Weight [Height} equi- - | SIESS .
1 of of | Head | valent (Ib./fsq. in.)
ne Hammer] drop | Cushion |. elastic ~
SR ETR ' set Cal- )
by 7] my | (in) |culateqs|ecorded
X 7. X 7in. 12 |12 felts| ©-16 | 1750 | 1300
Driven, at . the 24 ‘ _0-36 2106 |, 1870
uilding Reseatch 36 0-37 | 3050 | 2000
Station . 12 r18 793007 | 1780
PR ) 24 0-48 "7 28504112230
%16 in. oc- | 7400 | 24 | Con- | 0-20 | 3200 | 2600 .
nal” h 48 |tractors!| 0-40 3800 3100
T " istandard ’
Driven “at” Lot’s: Aot 30021 2300 1900
Rd. (No : “0:30 | 8150+ | 92760
{Ng! 0-39 3600 . 3040 .
i

rom the maximom head stresses,
ntract.: Th

y antinodes, that is, places of maximum:motion and minimum
s, at its ends. To fulfil these conditions the ground resistance

be low and the head conditions such that the hammer rebounds
ly and leaves the head free; 7.¢.; a hard packing and a light hammer
bemsed.: Such conditions were realised in the driving of 15-ft.
ghi clay at the Building Research Station. - Fig. 22 shows
s obtained under conditions favourable to this phenomenon,
‘the ‘suppressing effect of increased ground resistance. - It was
cipated that similar, conditjons:mightexist:in-the: early stages
ying piles-at:Lot’s"Road-and-the Albert Dock. = The recorded
sses (Fig. 29 and 32) were, however, purely compressive, although
heir periodic character those at the mid-point of the length are
ar to the record (b) of Fig. 22.  From theoretical consideration
seen that the ground resistance was too high to allow tensions to
tup 'and smallpiles to yield records of similar form, it

ticiset ;_Wpuldi ‘have had to be
iat for the 15-ft. pile. . It is in-
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teresting to note that ne sign of failure in tension was observed
the driving of the 15-ft. test pile at the Building Research Staliy
referred to above, although tensile stresses greater than the ter
strength of concrete were recorded. ~ E :
The tensile stresses due to flexural vibration caused by a s
impact delivered eccentrically have not been proved to reach al
value and mathematical investigation* shows that such teng
stresses should be small. Fig. 37 shows a record from a g
embedded 22 ft. from the head and 4} in. from the axis of the se
pile driven at Lot’s Road. The penetration of the pile at th
was 25 ft. with a set of 0-1 in. per blow, There is no trace of &
vibration. There is a possibility of resonance, however, whe
number of impacts per minute is large, as with double acting s
hemmers. For the occurrence of resonance, the interval bety
the blows of the hammer must be a small multiple of the perio
flexural vibration of the pile, a relationship unlikely to occury
drop hammers and single acting steam hammers, for, assuming
pile is supported at both ends, a pile 70 £t. by 18 in. by 18 in. w

e 480, 980 and 2,000-1b. hammers respectively. Simi
ere obtained from the test driving of th:g pile iYG ﬁﬂii
Experimental evidence is lacking for hard driving, but theo-
y, the same effect should be obtained. It is an a'dw}aﬁfage‘;;
ore, to use a heavy hammer even when the driving is so éas;'
gain in energy etficiency is neégligible, since the same driving
is obtained with lower stresses in'the pile. ~ -
tiffness of the head cushion has been shown to bé an im-
factor i1 determining the stresses in the pile; its effect on
siderable, but is largely dependent on ground conditions.

VO™ 2000 LB, HideR 0
S ®wosgpow |

@w M0 . | ;

ENE
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vibrate at about 105 per minute, one 40 ft. by 14 in. by 14
250 per minute, and one 20 ft. by 7 in. by 7 in. at 500 per minu
The Efisct of Driving Conditions on the Set of the Pile -

Though primarily concerned with the stresses set up durin
driving of reinforced concrete piles, the investigation has resuit
the acquisition of a considerable amount of information on th
of driving conditions on set. : ~

It is widely recognised that the energy efficiency of drivin
creases with the weight of the hammer used.  Fig. 24 showin
variation of plastic set with weight of hammer for a 15-ft. pil
driven into stiff clay demonstrates that the set for a given-e
increases with the weight of the hammer.  Thus 2,000 ft.-]
energy produced sets of 0-02, 0-04 and 0-07 in. per blow wi
480, 980 and 2,000-1b. hammers respectively and a head cushion
sisting of 24 thicknesses of 1-in, felt. . The increase of energy effic
is less marked for easy than for moderate and hard driving;
shown by the results of the 15-ft, test pile A.8, driven into soft
The energy efficiencies of the 480;:and 980-Ib:hammer (the!2,({

gy

hammer was not used) were neagly equals (% LF s

For a given maximum stress at the head; obtained by's
adjusting the height of drop of the hammer, the set:increas
the weight of the hammer. For easy and moderately hard
this is shown by the results of tests on: the-15-it, piles driv
ground, one of which provided the-data for Fig. 38.  The
sets are plotted against the maximum stresses at the head, ‘the
connecting points obtained by varying the heights of drop
hammers. For example, with a packing of 12 felts and
stress of 2,000 Ib/ sq. in. the sets are 0-02; 0-06, 0-11 in. p

+ Appendix IV, ~

Wlﬂlthe :
iq.an average value of 0-10

le.sets:were 0217 and 0+12 in.-
- 24 shows that an appreciable
panies a reduction in the stifiness
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constant, but for driving as easy as that expenenced when"
the 15-ft. pile A.6 in soft clay the set is practically’ unaffected by
change in the stiffness constant due to replacmg a packmg of 4
of 24 felts.
Greatest set for a given maximum head stress is produ
the use of the packing of lowest stiffness.. " It is clear that thi
be so for easy driving, since the energy eﬁ”1<:1ency is pra
unaffected by packmg stiffness while the maximum head:s
dependent on it. Fig. 38 demonstrates. the “effect for e erd
driving, and although there is no experimental evidence for:
driving, theory indicates that in this case also the maximum
for a given head stress is obtained by using packing of lowest
valee. L

The efficiency of driving, parncularly in hard dnvmg, incr
with the maximum head stress attained. This is easily seen.
a consequence of the fact that-in hard driving drops less th
certain height cause no permanent set; it is illustrated by the c
of Fig. 24 and by the folowing values relating to the driving
50-ft. pile at Lot’s Road: at the penetration of 41 ft. 6 m
permanent sets for drops of 24, 36 and 48 in. with the same
cushion were 0-04, 0-10 and O- 19 in. respectwely

epresent pragtical-conditions, partlcularly those govemmg the
nd foot:of an ‘actual pile. 1

ince neither method Would prowde the whole of the necessary
rmation’it was decided to explore the field in a general manner
eans of tests upon 15-it. piles; and to use impact tests on- small
en_gs as a means of obtaiiiing supplementary mformatmn a.nd
g up promlsmg “lines- of mvestlga‘aon

questmn of. standardmmg conditions of test for la-ft plles
next consideréd. Obviously the ideal method would be to drive
pﬂes’ into ground representing a range of. practlcal conditions
m the easiest to the hardest type’of dnvmg ~Apart from the
culty of finding suitable sites, however the method. involved
e prohibitive expense of dlggmg out the test piles for inspection
they had-been driven. It was decided, therefore, to drive
est piles in an open pit on to a rigid base, using packing of &
table type at the foot to simulate the desired conditions of toe
- This'method of testing permitted the standardisation
dnvmg conditions as required, facilitated the examina-
on:* ‘of specimens at all stages of testing and enabled the corre-
;kndmg .gtress measurements under similar conditions to - be
tained. Tt also enabled an approximation to be made to the
-conditions Hikely to, be met in practice; since these usually

lien the''t : 'ery ‘thigh and the skin support
>d*for‘these tésts was’the same
sed on ‘eatlier tests' with' the plezo-electrig er’ and. i
"on page’ 20 In‘Series D ‘and E, howeve
7-in. by 18 in’ long was substituted for the’ cast'iron helmet
rt’ timber dolly.” In these tests also an electricallydriven
“used instead of a hand operated umt In a.ll cases. the
f hammer used was 980 lb o

CONDITIONS OF DESIGN AND \JIANUFACTUR

Tests o Destmctwn

A study of the failure . of reinforced concrete p:les in’
led to the conclusion that the factors:Controlling the desi
manufacture of the piles were quite as n'nporta.nt from the po
view of the ultimate success of the operation, as those contr
the actual dnvmg There is little doubt that lack of prope
in the making of piles is as frequent a source of failure as 1
care in driving, This is comprehensxble in the hght of inform
which has been obtained concerning the stresses to whmh pil
subjected during driving, and which indicates that under ™ no
contract conditions stresses are imposed which"approach, an
case of very hard driving exceed, the nnpact “strength of the co
Under these conditions a small reduction in’ streng‘th arising
faulty manufacture may make all ’the dlfference be‘cween s
and fatlure, :

In order to study the effect of manufacturmg condltm
driving resistance it was apparent that tests ‘to destructio
be necessary. Within the means available fwo courses wer
1o test a small number of 15-ft. piles under standardised Cone
representing as nearly as possible those' met in practice; o
a large number of small specimens tnder conditions which'

controlled within close imits but which might fail in certain 18

aﬁ'%r to carry out prehmma.xy tests & ';gietermme what range.
1g : +the:

would:be. requlred at each height and what
f. fa.ll_ure would be likely to occur. For this purpose a series
10 .piles. 15 ft, long and 7in. square was made, using rapid-
dening, Portland cement, Ham River sand % in. down, Ham
gra.vel §in-gein., and water;;in. the . proportmns 122004

..centres and.. fg—m diamete
_rmly at 3¢ ntres..L Strongly,b ace

‘__tmosphere m 'Wthh ﬂns

n el dofly’
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ving® conditions and using' & G-m.?"-drépf showed maximum head-
foot stresses of 1,300 and 2,300 1b./sq. in. respectively.The-
ested with a 6-in. drop in'this series failed at the foot after:

and subsequent groups of piles were hardened:-was maintai
a temperature of 64° F. and a relative humidity. of 64 ‘per

At the time of casting each pile, control specimens were i1
for use in determining those properties of:the . concrete. whi
was thought might be of value in elucidating the results of the t
For static compression tests 4-in. cubes were made, for Yo
modulus tests 8 in. by 4 in. cylinders and for transverse tests 16
by 4in, by 4in. beams. These were all cured under conditic
identical with those of the pile to which'they referred, and”

tested at the same age. e )
During driving, the piles were held i a vertical position agat
the frame with two wooden clamps secured to'the leaders 4 ft. §
from each end of the pile, The foot was supported tpon two layer
of standard felt } in. thick placed in the lead shoe shown in Figl I
Two layers of feit were also placed at the head of the pile un
the helmet. These conditions were reproduced when testing sub
quent groups of piles. R e
Each pile was tested with a fixed height of drop of the 9
hammer, the range of drops for different piles being from 3 in,.
In these and all subsequent tests, failure-was taken as sufficie
local disintegration of the concrete to expose the main reinforcemen
Each pile was damaged as far as possible to the same extent,.t}]
possible variation in the number of blows required to do this bein]
of the order of 10 per cent. A descriptive record was kept of th
behaviour of each pile from the first sign of failure onwards, bu
was not found possible to define accurately a point.at which fail
might be said to have just commenced. . The difficulty was main;
due to the fact that failure began in different. ways-—sometimes
the form of cracks and sometimes as spalling—and that it sometim
ceased altogether at the point at which it began. In general, howey:
it was found that the results obtained from’ defining failure’
complete local disintegration were not materially’ different fr
those which would have been obtained from considering only”
first signs of failure. : B cei
‘The resulis of the group of tests under discussion are given
the form of a graph in Fig, 39. - They show’that the higher the dr
the smaller was the proportion of the total number of blows caus
tinal failure which was required to give signs of appreciable damd
Thus, with an 8-in. drop no real damage had occurred after 75°
cent. of the total number of blows, whereas 50 per cent. of the blo
delivered with a 29-in. drop caused considerable spalling. -
Observations were made on all the piles: to detect any ‘era
which might form, but the central part of the piles gave no indic
of deterioration except where a drop of 3 in. was used, when,’
400 blows, small cracks began to appear over the whole face of'}
pile; these had not widened appreciably ‘after 1,300 blows. -
of interest to note that oscillograph records taken under si

imens was approximately 5,000 Ib./sq. in, - This indication’of &
cal impact stress in the neighbourhood of 50 per cent. of the cube
gth is in agreement with-the results of impact tests on s_m_all_
imens. X . R I R
rom the point of view of the conduct of future tests to destruc-
n the present group indicated the probability of failure at one or
her of the ends of the pile, and the immunity of the central portion.
also showed that the conditions: chosenwould: enable destruction
be effected within a reasonable number of blows and at reasonable. -
ights of drop. The existence of a critical height of drop, below
ich failure.would not occur except after a large number of blows,
gested that use could be made of this phenomenon in devising

b
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9. —~The effect of the Height of Drop of the Hammer- on the Impact
: . - Resistance of a veinforced Comcvete Pile, ..o . it

- 3

asure of impact strength. It will be seen from the curve that
s critical height is revealed after 200-300 blows; if; therefore, as
feale of increasing heights of .drop could be.adopted; beginning at a
ficiently low: value-and applying about 200 blows at each height,
impact strength of the specimen could be measured by the
erical value of the height of drop at which failure ultimately

ed, The difficulty of putting this method into practice was
tirely one of equipment. With the equipment then available
was felt that to adopt this method would involve too cumbersome
d lengthy a procedure and make it extremely difficult to test the
quisite number of specimens within a reasonable period. . For this
ason it was decided in subsequent tests to adopt a somewhat
ler procedure beginning at a greater height of drop and reducing
number of blows delivered at each height. A description of
procedure is given in the appropriate place, but may be antici-
ted to the extent of stating that, since comparative and not
lnte results were requiréd, no great difficulty was experienced

“blows, while the cube’ compressive” strength of the control: -
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in their interpretation. ~Instead of impact resistance being mea,
directly by height of drop at failure it was assessed by.car
considering this value in conjunction with-the.total number of;
delivered.  For the last two series of tests (D and E), when imp
equipment was available, the former method was adopted.:
A great many factors are involved in the making of rei
concrete piles, but in view of the limited number of-spec
which could be tested it was obviously essential to conce
attention upon those factors which. appeared. likely to be the
important. These were considered to betw—ro 0
(1) the form of the head of the pile; = -
(2) the amount and disposition of reinforcement; -
(8) the type of cement, and the age at testy . 7
(4) the cement content; = iAo
(3) the curing conditions;
{6} the type of aggregate.

pecimens for determining compressive strength, transverse

:18 in. and increased by 6-in. steps, 75 blows being given at -
eight. Failure, as previously stated was taken to be complete
isintegration of the concrete. o S

oo

he results'are given in Table 4.~ - R . =
} ‘Seventeen piles were driven to investigate the effect of type
cement, curing conditions and age at time of test. All were made
th plain heads having $-in. chamfer on the top edges and 1-in. end
er-to the main reinforcement,. . The ' reinforcement ‘was ‘similar
that used in the last series except that for a length of 18 in. at the -
ad and foot of the pile the lateral ties were spaced at 13-in. centres -
ad of 3-in. The foot of each pile was strengthened with a
ided steel shoe as before. The concrete varied with the factor it
‘desived to investigate. Three types of cement were used :
rmal Portland, rapid-hardening Portland and high alumina. The
- were tested at different ages up to 28 days after having been
ed for-varying periods under damp sacks and subsequently n
aditioned air. Ham River sand and aggregate of similar grading
thelast series was employed and the same mix {(1:2:4: 0-55)
used for every pile.

he tests were conducted on identical lines with those of the pre-
sseries. . Theé results are given in Table 5. 3 _

) Four piles were tested to investigate the effect of cement
ntent. The form of the piles, the reinforcement and the methods of
aking and driving were identical with the last series except that
rmal Portland cement was used throughout and each pile was
red under damp sacks for 7 days and subsequently in conditioned air
til being tested at 28 days. One pile, No. 17 M, was common to
th.this and the previous series. The results are given in Table 6.

The groups of piles which were tested to investigate these fas
are described briefly below. Unless otherwise stated the piles’
15 ft. long and 7 in. square, and the driving equipment was si
_ to that already described. It was found convenient in certa

cases to investigate more than one factor in'a single group; for
reason the discussion of the results has been placed in a sep
section at the end of the descriptive matter. . S B

{A} Ten piles were driven to determine the effect of the form i
the head of the pile, and to restrict the number of specimens
investigation was confined to piles of square cross-section. "A
piles were made from rapid-hardening Portland cement, Ham Ri
sand & in. down, Ham River gravel # in.—§ in. and water
proportions by weight being 1: 2 :.4:.0-55  respectively.
longitudinal reinforcement consisted of four £ in. diameter mild
bars at 43-in. centres; the lateral ties were  in. diameter, plag
3 in. apart in the central portion of the pile and at the req
pitch in the head. To ensure that failure should occur at the:
the foot of each pile was cast in a square-ended welded steel
4 in. deep and 1 in. thick. Some of the shoes were made with
and some with closed ends; the two types appeared to be eq
satisfactory. The design of the head was:varied according to
of the following factors it was desired to investigate .. =

(1) spacing of lateral ties. T
(2) end cover to main reinforcement. .
(3} chamfering the horizontal arises'$ ini" ~ ‘
(4) the relative effect of separate and continuous ties.
(5) the effect of casting the head of the pile in different 1
steel rlng P T P

3.

D) To supplement the dataobtained fromthe lastseries regarding
ffect of cement content upon impact strength, and to investigate
infivence . of: longitudinal reinforcement, a group of eight piles
tested: Four piles were reinforced with the standard re-
drcement consisting of four §-in. diameter main bars and f-in. dia-
meter ties, and four with four fs-in. diameter main bars and Fr-in.
dianeter ties. The ties in each case were spaced at 3-in. centres in
¢éntral portion of the pile and 1}-in. centres for a length of 18-in.
¢ foot. Each pile was strengthened at the foot by a welded
shoe 4-in, deep and }-in. thick, with a closed end.” The hori-
ntal edges at the head of the pile were chamfered -in. and l-in.
d cover provided for the main reinforcement. ;- Four different mixes
mployed, varying from 1:2:4:0-85t01:1:2:0-41, the

edients being similar to those of previous series. - Each pile was
sted ‘at 7 days after being cured under damp sacks for 3 days and

Bsequentiy in conditioned air:

All the piles were cured for 2 days under’ d.a:hip'_saéks"a
sequently left to mature in an atmosphere of controlled humidit
temperature. The age at the time of test was in each case 7

hand Young's modulus were.made at the same time and - -
cd under similar conditions.* Driving was begun at a height of -



TABLE 4—Tests to Destruction—Series A. Effect of I

orm of Head on Impact Resistance of Reinforced Concrete Piles

Descriplion of pile

Results of tests

‘Separate ties

Sepa}até ties

éﬁalmferé&

-Chamferéél :

Ring } in. by 2} in,.

Ring 3 i, by 24 in. R

© 30

iol::(]:; . Height of drop No. of @

: oy Pitch of Type of e Ao - blows at =

o, mam | laterals. Latorals Edges Lype of end Atfirst | Atfinal |  final 5

' bars : ‘ failure failure failure o

{(In.) (In.) (In.} S {In i

— : : 2

83L 1 2% Continuous binding Chamfered | Chamfered .. 18 . 24 116 g
80L 1 ot | Separate ties .. | Chamfered | Chamfered .. 18 . 24 120 'g
85I, 30 Separate ties Chamifered | Chamfered .. 18 24 . 121 5
881, Continuous binding | Chamfered | Chamfered .. 18 24 141 ‘o

R P e o R SR Q

! 92L Square | Square o - 18 L 24 ) 149 | ?*,
| o Chamiond | R din by |- 30 @ | we |
84L | Chamfered - ng fin. by §in. | 24 22() “ wy
~87L Chamiéred :| Ring § in. by § in. 80 [ 86 2697 0| o

S o Time of ; - " : : T .

Ref. o B curin N s ab: | Modulus | Modulus-
L Type of coment Mix an deg No. of blows at : : Cabo Mog?lua Mo(()ifnlus %
No. -+~ . 21‘3{1‘; i strength | rupture | elasticity | 5
e : “18-in. | 24-in. | 30-in. R : : el
e S (days) (days) | drop drop drop | {Ib/sq. in.).! (tb.fsq. in.} | (Ib. /sq. in. “
- i | - a ¥ X 10-8) 4
16M | Normal Portland { 1:2:4.:0-55 Nil -} 7] 32(5)* - _— 2440 | 436 -39 o
20M - Nil 28 .| 424) — — . 4000 510 5-0 &
4 1IM .o 7 28 | 75(4) — — 4450 535 5-1 m
i 11M | Rapid-hardening - CNIL T 3 ) — — - 72085 358 T8-8 b4
I)Ortiand' : ol il T : :f A A ! i C ‘P‘
| 100 o i . Nil- 43(9) — — | 2870 374 ] 430 %
1oL}, L . TNl 54(7) - : 416 ' |ais o] @
A o™ y 3 47(5) — 464 7| 3T | B
)| o9L o N -7 L 75(70) 19 440 45 4y
" 95L e 7 75(48) 44 553 59 -].¢
SIM | High Alumina 1 53(4) —_— 620 61 o
| osom | ’ 2 75(67) 16 . 618 5.7 2
5OM | 2 70(7) | — 700 5.9 a
S| 5TM- 3 63(12) — 691 6:0 | E
|eo54M L 75 75(32) 640 - 5:9 ;

46M 7 . 715 65 .

41M 2 581 5-8
'-O 55M- N BT 549




Normal Portland Cement 28 days old :

cured damp for 7 days.

“TasLi 6.—Tests to Destruction—Series C. E, ﬁect of Cement Content wpon Impact Reszsz‘mzce of Rsmformi
” Concrete Piles

Tests on piles

Coiltfol}jtests

No. of blows at

Maodulus of

N . " Cube Modulus of
R_“t' o Mix 18iin 24in. 30-in strength rupture clasticity
drop drop " drop {Ib./sq. in.) (Ib./sq. in.) (b.fsq. in.
. X 10+8)
22 M, 38 . 3220 2486 i
M .55 S 4450, 837
: , e e ol ‘ ! .
24 M 1:14:3: 45 wysic | vz - 6230 573 58,
31 M 1:1 ;2541 | 0995 | 95 | 32 6370 508 5.4

Friee |
No-

Mn:
(usul g
rapid-
“hardenin g
- Portland ;

. g cement)

Main

drop | drep

10v-6_7-i'n. !
- drop

- drop

<0 }18-97-in.]
drop

;pp_f_.jmjc

in. (11;. /ég.iip,.)

of

§ Modulus

elastxutv ‘

- Cl ‘
DI

2 btk ek S

e
) 'ﬁlﬁ‘omfj ofy-in
F-in. diag} - otres ol
~ bars.. | -at 3-in, |
(2-5 | centres

percent.) . "

' 200(25)* “a00- | 25

200 | 200(115) 100,
200(53) | 200, 85 !
| 140(70} -

©Ce

. KZ-F;‘ =
: B2"
D2 |

]?our. .
S
dia. bars |
{0-62 per;.
cent.)’

200 " {7 200,
-200
200 °
200

. 200, | 76(40):
2000150)) 108
’49;-

" 80(10)
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Driving conditions were similar to those of previous tests, excepl T T —

that improved equipment emabled a modified system of heigh i Y a3

drop increments to be introduced, the feasons for which have alread 92 g3 D

been explained. Except where experience of prévious tests suggest - =R = .

that a higher minimum could be adopted driving was begun at ; BT e -

drop of 6 in. and increased every 200 blows by one-third. The fu f'\ g g M

scale of drops was thus 6,.8,10-67, 14-23, 18:97 and 25-29in. Th ER Rt I

adoption of a logarithmic scale restricted-possible error in’ dete E | 2. 58 Ve

Sl :

mining critical drop to 333 per cent., and probably to-15 per cent.
fess. A second modification was that an elm dolly 7 in. square an
18 in. long, with hooped ends,” was used in. place of the cast-iro
helmet and short dolly employed in previous tests. This modific
tion was introduced to facilitate the changing of specimens and
enable the heads of the specimens:to:be kept more e‘asily:und

- Cube
‘strength |3 7

0,114 28-in.{18-97-in |25 20-in |(Ibi/sq.in.)| - rupture | elasticity’

observation. = - x - v e o b E
The results of this series are given'in Table 7.© . = ¢
(E) Four piles 5 ft. long and 7 in. square were tested to compal

the effect of a crushed stock brick aggregate with that ‘of-grave

Except in respect of the aggregate the piles were made and cu

as in the previous series. _The brick aggregate comsisted of goo

quality common stocks crushed to the' same grading as the grav
and used in combination with Ham’ River.sand. Immediately

before mixing this aggregate was well Saturated with water, a

sufficient water was added to the mix to give the same slump as for the

concrete made with gravel aggregate. For both types of aggregate
1:14:8 mix was employed, using rapid-hardening Portland ceme
The proportion of water with the gravel concrete was 045 by weigh
An electric vibratorwas used on the sides of the moulds duringplac
Without this aid it would havé been impossible to compact the brid
concrete 1o a satisfactory degree of consolidation. - It was originally
intended to test at 7 days; but as at this date the piles made Wi
brick aggregate still had a very * green ”.appearance, and were 0
viously not sufficiently matured, testing was-postponed fof a:furth

3 weeks. R
The results are given in Table 8. o

i

[

_Numbe; of jl‘)lowé

£

T30

igures in bracketsindicate first signs:of failure

200
200

. 200
200

28 _‘dé_tys

T Discussion of Resulfs
Form of Head B T
Close spacing of lateral ties, as was to be expected, was found
give a marked increase of resistance to failure, and the only lim
the advantage which can be obtained in practice would appear;
be one arising from the need to-allow sufficient room between tie
the placing of the concrete. - The tests furnished no evidence’
the use of continuous helical binding in place of separate ti
advantageous. The effect of end cover was not well-defined, alth
the piles in which the reinforcement was finished flush with the
surface of ‘the pile appeared to be slightly stronger than compal

Ham River
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piles having 1-in. of end cover. In spite of the f;eduction of ar
loss of impact resistance resulted from chamfering :the_head
pile. o R LT St B

romy’ the  point of view “of the impact strength developed at
in“ages the tests show that 'approximately ‘eéqual strength is
taitied : by normal Portland cement at 28 days, rapid-hardening
land ‘cement at:7 days and high alumina cement af about two
:Because of the-inconsistenciés already referred to, however,
ast figure should -be taken with'some reserve. 7« L

The use of a welded steel band, the upper edge being' ]
neasly flush with the pile-end, was found to give a greatly:inc
resistance. Two types of band were tested and were nearly equ
efiective. FEach was 7 in. square overall, the first §in. thic
3 in. deep, the second }in. thick and-2} in. deep.; Under te
top surface of the concrete remained intact throughout whi
reinforcement was exposed by spalling- for ‘about 14 in, belo

he effect:.of cement content-is illustrated in. Table 7; both
ctions soft which- demonstrate : that . for rapid-hardening -Portland
ient no great:increase of impact strengtn’isiobtained ‘by: using

B Tl ¥

evealed iri'thie

Amount and Disposition of Reinforcement

vawell-established by previous!investigationss -T
similay::feature: is-not: revealed in Table 6 referring"
rtland-cement concretes, is not-held to disprove the application
this characteristic to Portland cements in general.s: Apart from
act that to do s it:would be necessary.to-accept:the evidence
single pile, it is known Irom the previous tests reierred toabove
qhat the .static strength of concrete. made.with. normal: Portland
t does follow the same rule... - 1 . 0 s r0 o i

The effect of varying the percentage of main reinforceme;
investigated in Series D, in which four piles reinforced ‘E\Vlt
diameter bars were compared with similar piles thaving
diameter bars, equal to 2-5 and 0-6 per cent. Tespectively
results show plainly that under the test conditions no.adv
was obtained by using the heavier reinforcement.”. The develop
of transverse cracks during driving,“on:the other hand; -was
siderably more pronounced in the pilesjwith;iighter‘_rve_;nfqrc
though occurring in both. They began to open out at a fairl
stage in driving, but in spite of the high impact-stresses 103
the piles were subjected, the cracks at no time rea.thed_ a” COng
at which they could be said to endanger the stability: of th
Previous tests have shown, moreover, that hair cracks:occl
in a structure under conditions favourable to corrosion of thex
forcement tend to seal up in the course of. time'th:oug-h, ;
hydration of the cement, and prevent such _cosrosion takin
No information is available to suggest at what width tran:
cracks are likely to become a source oﬁ;_danger__through’?corr
or by reducing impact resistance. 7 :

t.of curing (Table 5) is more marked. than. that of any
tor,  The results demonstrate conclusively. that, whatever
cement. is used, a substantial icrease.of. strengthican be .
ned by curing the concrete under damp sacks.at.least, during
nitial stages of hardening. .-Piles so;cured withstood- approxi-
vice as much driving as those which were allowed to harden
dér atmospheric conditions, and the increase was in every case
pote marked .than the corresponding increase in the static com-

Type of Cement and Age at Test

Information on the effect of type of cement and ageat.
contained in the results given in Table B The results do/not
a4 marked superiority for any particular type of cement, exc
respect of the time required for hardening.’; Considering the p
sources of error in tests of this character the results for both nar
and rapid-hardening Portland cement. are reasonably consist
Those for high alumina cement are not so consistent, and indi
that there may be factors of some importance to impact st;
of which nothing is at present known.: It.is interesting to
also, that although consistently high compressive strengths
developed in all the piles made with high alumina cement, com
with these made from the other two types, this trend is not unifos
reflected in the impact strengths as indicated by driving tests

piles made with gravel.” . No information has yet been obtained
out ‘the ‘effect of granite and other stone aggregates upon impact
ength. ‘1t is expected that this matter, and others connected
th the effect of aggregates in general, will be more fully investigated

e near. Fubure, It I e e T e

| IMPACT TESTING MACHINE - e

arlier in this paper it was stated that two_forms of test to

truction’ appeared to be necessary :  the first 4 series of tesis on

ge 'specimens under conditions’ approximating to those encoun-

red in’ practice; the second a series of tests on small specimens

der ‘conditions in which a greater number of specimens counld be
. ce
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~a 5-1b. tup on to a 1}-in. diameter steel doliy with'a hem1sphericai

“cases the weight of the tup was increased to 10 Ib, Although h

tested and more accurate control obtained overfthe dnvmg vana
The tests on 15-ft. piles which have been’described above, whil
providing useful indications of the effect.of manufacturing:
ditions upon impact strength, demonstrated that final. conclu
could only be reached by a more extended :séries of tests on.
specimens under controlled conditions::.. Some.iof. Ahe, darec:txc,m
swhich useful work could be done have been indicated in_th
cussion on 15-ft. piles, and there are others of which:mentio
not -yet been’ made.: In the -course.of investigations:on.out
contracts,-for example, the:possibility i was :mooted ofi a scrit
period in the hardening stage of a pile during:which its impa
strength reaches a value lower than that preceding and followin
This is a point which can only conveniently be investigated by
extended series of tests on small specimens;: Other factors-are
effect of grading and.type of aggregate, the effect of varying:
water/cement ratio, the best cement content, the effect of wbratl
compaction on impact strength and a number of others.:

Two types of impact machine for -small scale®tests ha,ve be
used during the course of the mvestlga.txon - The first ‘was deSJgned
for impact tests on 4-in. cubes and was used in'connection wi
Series B of the tests to destruction: - The cubes Were mounts
a machined steel base (Fig. 40) and impact apphed by droppi

The height of drop of the first blow ‘was 'y in. gnd the’ he:ght
succeeding blows increased by }in. per’ blow ,When the
of failure was reached the specimen usually’ spht inft
equal portions. - The hexght of drop at :fa.ﬂure was 1a

results exhibited a fair degree of consistency over'a'range of si
cubés it was not found possible, with any of the three methods trie
to establish'a clear relationship between th fs'trength ‘obtaini
this way’ and the resistance, to dnvmg of the 15~ft p]les of Serlesjﬂ

. A machine of this type is theoretmally unsatisfactory for
reasons . first, the mode of failure is different from that. occurr
under practical pile-driving conditions, and, second, the dura
of impact is not of the same order, As stated above, failure v
the original apparatus generally occurred by ‘the' s specimen splitt
into two pleces, whereas in practice failure is generally by crus
An attempt to produce failure by crushing was made witl
steel plate, but failure then occurred first at the ‘corners and
commencerment was  ill- defined. Assummg A maxnnmn

To face puge 66

FiaURE 40.—A pparatus used for Impact Tests on Small Specimens.
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drop of 2 ft. withi ‘&:10-Ib: tup;’calculations show that, even if
niforni: conditions of “stress--distribution could 'be ‘achieved, th
ation of impact would be of the order of 00002 second; that
fiftieth. of the normal practical:duration:iiv:y s e 5 wfe i
he:second machine was designed to reproduce: practical condi-
s more closely. . In.its final form, by the insertion of:suitable:
buffers between the specimen and the hammer, it is possible to vary
¢:duration of impact on a 4-in. square specimen from:0-001 to’
010 second, and at the greatest duration to apply a maximum

6K Gy 4" SPECIMEN
WITH QUARTZ GAUGE

AT CENTRE. .. .0 - ctame i ol
Lot : . . . / -y —_:'CJ. BASE e

i

U wooo meckive T

AR SRt ab =

LEAD TO RECORDING
APPARATUS

{11455 CONCRETE BASE

N FiourE 41 —Impact mackine for 16 in. X 4 dn. X 4 in. specimens.
mpressive stress of 4,000 1b./sq. iti:':The form of the stress-time
curve in the specimen can also be varied by alteration of the'material=
‘form of the buffer..- It is therefore possible-to apply tothe:
ecimen stresses of the: type most  productive:of- failure “gnder
practical conditions. .. A small machine was first built-to ‘obtain data
design purposes and with it a series of-tests' was carried out on
nerete - specimens. .. The' machine, - shown® diagrammatically in -
: 41, consists essentially of a steel frame:supporting a cast iron
ylindrical hammer weighing 150 Ib::and operated by a hand winch.™
pecimens, in the form of prisms 16.in. long by 4 in. square,
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were placed on a heavy cast iron base. bolted. to g mass conc
foundation, an adjustable clamp. bemg prowded to hold the
rigidly in a vertical position. .

As a result of preliminary tests the packmg for the whol
was standardised using, below the specimen one-thickness of the
ply wood, and above the specimen a piece:of elm 4 in. square’
1 in. thick laid with the grain horizental.: Tt:was found that't
form of packing ensured a uniform transverse distribution of str
maintained reasonably constant properties’ for. the: full exten
each test, and gave a smooth stress-time curve of approximately
3/1000ths of a second duration. The packing was renewed for eagd
specimen. The apparatus was calibrated by testing a conc
prism of similar dimensions, but fitted with a quartz gauge placi
centrally in relation to all axes, . The impact stress induced at
centre of the specimen was determined for a range of heights of drg
varying from zero to 36 in. In'the subsequent tests to destruc
the stress was applied to each specimen incrementally by i increas
the height of drop in 4-in. stages from a minimum of 16 in.,
blows being given at each height. | The ultimate impact streng
each specimen was measured by the' stress corresponding to
height of drop at which first signs of failure occurred; complef
local disintegration, usually at the centre of the specimen, occu
in nearly every case at the same drop and within comparatively
blows of the first indications. Prisms and 4-in. cubes for comp
sive strength tests were cast in ‘accurately made steel mould
at the same time, and under identical conditions. The prisms wel§
cast with the long axis horizontal, and in order to ensure that fail
would occur in the centre portion they were strengthened at e
¢nd with a welded steel band 1 in. deep by 4.in. thick, " Inaccord
with usual practice the cubes were tested with two of the vert
sides as cast, forming the compress1on faces. o

The results for a range of mixes:iand condftmns mdwa.ted hi
there is no consistent relationship between the static compres
strength of cubes and the impact streng“th of” pnsms as determm
by the conditions of the test. : cw

The impact strength of mdlwdual speCImens vaned appr
mately between 50 and 80 per cent..of the cube compressive strep
It is probable, therefore, that impact stresses less than the }
iimit will not cause fallure within the number of blows likely't
given in practice. This fact is of considerable importance ‘a,
referred to again in the conclusions and recommendations on page

As a result of the experience gained.with the machine used
these tests, a new impact machine,.capable. of automatic: opera
{(Fig. 42), was constructed. It consists:iessentially. pf-two.
built-up steel columns 21 ft. long rounted on a cast iron:base
thick and weighing approximately 2'tons,the base.:itself-
bolted down to a mass concrete foundation approximately 7 t
weight. Ample precautions have thus been' taken'to:ensure
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- over a pulley at the topof the frame and connected ;
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A TESTS OF PACKING MATERIALS - 71
external movements in the apparatus itself shall be reduce
minimum. Bolted to the columns are two circularsteel guid
in diameter and 10 in. apart, between which the hammer ru
at the base of which the specimen is.placed.:- The hamms
cylindrical cast-steel unit with a machined bottom face and prpp
ing legs which enable the hammer to slide smoothly:and ac
between the guides. : The hammer is raised.by.a

'he specimen. is subjected 6. tepeated blows: each giving 4
tress “which ‘15 maintained s nearly as possiblé ‘at'a f?tg:sltlfn%
5 ,OO_Q Ibi/sq: in.by’gradually reducing the height of drop as’
7 dacl;_mg\,consohda’ces_ At suitable tintervals  during. the itest
ords;are taken of stress'and strain for selected heights of drop
piezo-electric. gauge and the latte_r_.:bj;
he hammet dnd recording on metallised
“suitable: frame. . By this method the

driven winch at the bise, the winch being 10.in: in diameter and
power unit a 2 h.p., A.C. * squirrel-cage " motor rating
volt, 3-phase, 30 cycle supply. An automatic solencid brake b
the two is arranged to come into operation at the moment
of direction is effected.. The hammer can be released at an
determined height by:means of a mechanical -trip ‘gear i
between the hammer‘and the lifting cable and brought into
by a stop on the side of the frame. The stop itself slides on a
bar fixed to the frame and can be adjusted to give either:a
height of drop or one increasing by any chosen increment be
1in. and 8in. By the latter means-it is hoped that it will be
possible to devise a standerd form- of test-analogous:.to th
compression test, giving to a specimen impact stresses gradi
increasing in intensity until the point of failure is reached.
As already stated, the duration and form of the stress-tin
for the specimen may be controlled: by. the insertion of
buffers between the specimen and the hammer; and.at th
duration—0-010 second—a peak stress -0f-4,0001b./sq. iniin
applied. Calibration is effected Dby testing a.concrete s
ftted with a quartz gauge. - = sl Prraw

The projected investigation of the properties of concret
compressive impact stress has not yet been'commenced, an
present time the machine is being used for a series of tests on'p
materials. I

[ PUCKING T

TESTS OF PACKING: MATERI ALS

The necessity fof tests of packing materials under repe
pact has been shown in the discussion of the results obtai
the piezo-electric strain recorder, and the impact machine,
in the preceding section, has been employed for the purp

Apparatus was designed to permit measurements ‘of th
constant (k/4) of the packing material to be made at any pe
test. The specimen of packing is placed betweena steel anvi
steel cap which fits closely over it. The anvil is bolted firm}
1o the cast-iron base of the machine, and contains a centrall
piezo-electric quartz gauge for recording - stresses (Fig
stress-recording apparatus, used in conjunction with the
assembled in a special cabinet forming an integral part of th
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packing consisting of asbestos fibre exhibited not.only. a_reasonabl
low stiffness constant at the beginning but: maintained;ithis. conditi
almost unchanged..;- The. suitability of this material for; use;
practmal condmons has not- yet bee _confirme

solidation of.the heimet packing: and unevefinesssinplacing the -
king ‘on thé head of the pile.:¥ The-effect.of the: gl‘a'.dual consolida-

ssive:increase  in:the: maximu
sed on pp. 34 and 44’3 - Theeffe

s naturaﬁy most pronounced on -

chaiwn §: 1ber of blows to attain its final penetration, but in easy driving the

ne phenomenon may. be anticipated, if the same helmet packing is
Jfora- number of piles.,;; Where head, failure has occurred, it
advisable. in:driving: subsequerx :piles:to:add. more. or. substitute
h packing in the'helmet after:about, 1,000 blows: i In cases. where
re is a choice between retaining the same packing: and reducing the
ight‘of ‘drop of the hammer onthe one hand and, increasing the .

mount of packing and retaining the same height of ‘drop of the
mer on tHe other, the latter is always the more efficient pro--
e i for, if dnvmg is edsy,. the energy»eﬂic;ency;of the hammer
if qri e then‘for the

T&BLE ,9 H elmet Packmas

: (deriv

ngterial & : _deformatwn curve aé descnbed in

» § wi
' :F the same reason, the Packmg, for‘a
o . damaged head _should be in:
Cotled hemp rope
Sack-cloth
Asbestos fibre
Hard wallboard
Rubber

* The thickness of the packing is deﬁned for:‘purp poses™of - compan
as the thickness under the static weight of-thé “hammer (200 1b., equiva,
to 16 b fsq. in.) after-23 _bl_ows have been- Hfor 'm ial consohdatlo

CONCLUSIONS AND RECOM‘\IENDATIONS

Drwmg Failure

The 1nvest1gat1on has shown that in- the ma;onty of cases fai
during driving 1s due to excessive compresswe ‘'stress, In the co
of the tests no case of serious failure in tenswn was’ observed
spite of the fact that certain of the 15-ft. plles were Su‘bjected to ten
stresses many times greater than the stati¢ tensile strength. The
is, however, a considerable amount of evidence from other source
show that tensile failure does occur, though. rarely, in the drivin;
reinforced concrete piles. . The reasons for! such faﬂures are dlSCLIS
later.

Failure in compressaon may occur a.t any p051t10n a.long the leng
of the pile, but most commonly . ‘takes place at. the head (Fig.
Since the maximum head stress is, in most cases, 1ndependen
ground conditions, head failure may occur ‘when driving into;
type of ground.: The most common -causes. :0f: head . failure:

plf: for in‘such-cases: ‘8 conszderable Ieng‘th of the pﬂe may: he isub-
110" eresult’ that
h re‘may-oceur.in a’ reglon of- weakness further up: the pile, due
apsito:damage in-handling, madequate transverse reinforcement,
nerete,# Again, the foot:may’.derive:considerable lateral
“from ‘the highly compressed: strata around it, tending to
vent failure at that point, and munteractmg the effect of the re-
“area of the pile at the toe. An example of failure in the

of:packing:materials underirepeated limpactiin causing-dpro- . -
stress.at ‘the head has been dis- "~
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lower part.of the pile has been given in Fig.:3:!: Failure occurre
at the toe itself but at a distance from:thé toe equal:toaboul
quarter of the pile length.:~ The stresses in-the:Jower: Tegion

pile were undoubtedly higher than elsewhere;and: it:as-probabléd
the pile below the region of failure wasisaféguarded by: the lat

support from the highly compressed strata.: E i

- The tests have shown that; as the maximum head stress
creased, in hard- driving’the maximum foot:stress® increases::
slower rate. High strength concreté has the’advantage,therefd
not only of permitting higher driving stresses:throughout the'pil
with consequent increase of driving efficiency, but also’of enab

maximum foot stress, B rt I : d? ;

maximum head stress OT & pariicuiar gronns

be reduced. = = 7 e ol
" It has been stated that compression failure ke place
position along the pile and it has been shown how it may occur a
head and in the lower part of the pile. ”But for a long pile, the
mum stress for a considerable distance below the head may be nearl
equal to the maximum at the head, and compression failure ma
fore commernce at some distance below the h 3, Tegion

the ratio condition;

ness exists. _ ‘ :
““Though no serious tensile failures ‘were ‘encotintered durin
" course of the tests, there is a considerable body of évidence to'sh
that such failures do occasionally occurin’ the ‘form’ of frans
cracks sometimes spaced about 2 fi¥apart along'the length-
pile. The driving conditions undeér'which the' cracks are’ develo
appear to be well defined, and are ‘those of hard driving ag
relatively impenetrable medium close 'to'the surface of the grou
the major part of the pile being above ground and “unsuppott
The appearance of the cracks definitely proves thé occtitrence of o
sile stresses, but it does not appear possible, at thé present mom
to show conclusively how the tensile strésses’ originate.'” The'f
possibility is that the conditions may be such as to give rise to stre
time curves as in Fig. 44, where a 15-ft. pile driven dgainst 2°h
base vibrated longitudinally, giving rise to alternating tensile
compressive stresses in'the middle part: of -the pile.~ The pile
free at both ends, owing to theirebound-of theihammer from
head and the pile from the ground, and damping of the vibratiod
was therefore reduced to a minimum. - The rarity of these failu
an argument against this explanation;-and points rather to a chay
combination of unfavourable conditions,.;An-alternative expldy
tion is that the cracks are due to excessive transyerse vibration
has been stated that the tensile stresses due to transverse vibra
produced by a single impact on a sound pile were found mathe
cally to be insufficient to cause failure, but that it was possible fo
vibration to be augmented by resonance.: : The driving condztior
such as to minimise the damping of transverse as-well as:longitu
vibrations, and if the interval between: the blows of:the har

FIG;R'E 44 ~—Record of the longitudinal vi
conditions [ two j-in. fells in helmel ; 980-1b. ;

_ _ ; -ib. harmmer ;
.restmg on fwo }-iie, felts.  Frequency of longitudinal

To face page 74

AMiddle

—
bration of a 15-f%, pile.  Dyiving

_ P Oudn, drop; foor
vibration-—455 pep second.

FIGURE 45— ovement of the longitudinal reinforcement.



CONCLUSIONS AND’ RECOMMERDATIONS . 75

small-multiple:of the pened of transverse vibration:of: the pile
e amplitude of the vibrations:may 'be* sufﬁmently augmented by

on-of :conditions ‘t6 produce-this state: o1 ‘affairs islikely to occurt -
rarely.o:: If the first explanation-is correctithe:only cure is to:use
icker packing and/or a heavier. hammer ;+if the'second expia.natlon :
adopted the preventive'measures are (I) fo ensure that the blow is
ruck axially and that the helmet and dolly fit‘evenly: on:the pile-
ad'and (2) to restrain the pile at severai pomts along its 1ength and
‘prevent swaying of the frame. 7. AR :
Several’ cases vofi‘vertical: movement 0 <the 1ong1tudmal re-
orcement havebeen reported: in-conjuric ISVer!
acking (see Fig.:45). . The movement ‘of the bars' mayfbe'as great
as four inches. Evidently bond failure has:taken place. * It is
ossible to explain the upward movement of the bars by supposing
at the cracks are first opened symmetrically by transverse vibration
nd+are. then' closedunder: the: compressive- 1mpact—stress by the
oncrete above the crack slipping downthe ‘barsii+Of greater im-
ortance than the actual movement of the bars is the'state of affairs
dicated below ground. . It:is difficult to explain how a protruding-
ar can be forced upwards by as much as 4 in. unless fazlure has taken

’ihe tests have shown that the amount of 10ng1tudma1 remforce~_'
nt does not greatly affect the ultimate driving resistance of a pile
rovided the latter is initially free from harmful, transverse. cracks,

sufficient long1tudma1 reinforcement is. used to enable the pile to
transported’ and ‘pitched ‘without 'fracture; it ‘is unlikely ' that
ailure due to msufﬁcmnt remforcement wall occur dunng subsequent
Vlng .'4, ".-.' s
The! a.mount of la,teral remforcement -on-the’ other hand pro-

' . pxle, partlcula.rly at the

eter of the pile: 'the volume ‘of Iateral remforcement should not

léssithan: 1 percent:-of that'of the gross volume of the corres-
\ ndmg length of pile.s#Thediameter:of the ties should conform with.
& usual practice:for reinforced: concrete and be:not less than! § int”
t one-fourth the diameter-of the’main bars; thch'“ s greater.:
¢:minimum-spacing of the tiesiat head:and oot sho e:Such a
provide ample facilityfor: placing the coricre t'was observed
-an-outside:contractithat the: performance. [ forced -with
avy: spirals (2} ‘per. cent.):was: definitely” ‘goodiand ‘although
ches of surface spalling ogcurréd, they d1d not matenally affect the
ance of the pile to further driving:*-

In the mid-séction of the pile the’ a.mount ‘of lateral remforcement
with. safety be- somewhat reduced i‘At ﬁrs‘c sxght thls sta,tement

-
~

ght .resonance /to:-cause. tersion:failure. - The. requu'ed combina:



76 STRESSES IN REINFORCED CONCRETE. PILES ..~ CONCLUSIONS AND RECOMMENDATIONS -~ 47

may appear to be in contradiction with: the: experimental: eVIden at: the: Building.Research Stationjitoishow,: considerationsiof -
which has shown that impact stresses in the middle of the pile may: :
nearly as great as those at the head.. It should be.remembered,
however, that at the extremities of the pﬂe the lateral support is:nét
as great as in the middle; at the ends of the pile; also,: the- stress
in the main reinforcement is not fully developed..: :Although-: itk
actual evidence is available, it appears:reasonable; to: reduce:th
percentage of lateral reinforcement in the middle. portxon to::nof
less than 0:4 per cent. of the gross pile yolume;-the spacing: bein;
increased gradually over a length of 2-4 ft....In any case the spacm'
should not be greater than half the overall width of the. pilerm

For sites where driving is easy and resistance is chiefly: due. to skm
friction it is still advisable to strengthen the head in; accordance with
the above recommendations, ©:: | . el medun Gt

. The cover of concrete over the remforcement should be dec1de
solely from consideration of the protection required:bythe steél ant
should therefore be as in ordinary reinforced .concreté: practice
There is no evidence to show that end cover at the head influence:
impact strength; it is therefore suggested that a.reasonable: pro
cedure would be for the main reinforcement to be ﬁmshed Wxth
hooks, 1 in. from the top surface of the pile.... :

Reinforcement by means of external bands piaced at the head o
the pile was found to increase driving resistance very considerably.
In the experimental work at the Buﬂchng Research Station two type
of welded steel band were tested, one # in by % in., and the othe
2 in. by ¥ in., and both were found to’ give* good results. "It
probable that the latter type would be more suitable for" pra
cond1t10ns The following range of sizes is suggested - -

For square piles up to 12 in, overali_dla.metexg‘z in, by, % in,
w o on 1210 15100, Ly reein 2 DY R ©
D over 158 i by }in,

For octagonal or round piles the cross-section of the bands.coul
be somewhat reduced. Two or three bands. should be used; according
to the strength required, the first being placed:1 in. clear of the hea
and the remainder at centres equal to about half theioverall diamete
of the pile. .To ensure that the top ring shall not. work oose it sho
be either anchored into the concrete.or roughened en’ the:insidé
provide good bond. - The necessity for good welded joints is'obvie
Since the heads of piles are practically aiways removed after driv
these bands can be used repeatedly. : : r i :

A similar form of strengthening at the toe Wﬂl also be useiu
cases where very hard driving is to be encountered.i s i o

It is considered very important to ensure that the head of the
shculd be carefully formed by arranging the shuttering forming;
head at right angles to the length of the pﬁe and. by takmg care:
it is smooth and free from wind.; v by

. Of the types of cement mvestlgated normal Pnrtla.nd rap1,
hardening Portland, and high alumina, there is.no evidence from th

he:others:;Itiwas observed, however, thdt-high alumina cement =~

sexperience- of ‘practical ‘engineers  appears to be'in favour of
nal-rather than rapid-hdrdening Portland cement.: The reason
the preference:may be-that greater careis necessary in the manu-
ure of: rapld—hardenmg cement concrete.

ithin® the range ‘of mixes ‘investigated no grea.t increase -in
ict strength is'obtained by incréasing the cernent content beyond
proportions by weight of I'part of cement; 1}'parts of sand and
arts of aggregate. A 1:2:4 mix, on the other‘hand,is: con=
blysiweaker “than 1: 14+ 8.+ This trend ' is t similar? 4
ady- known to exist in reference to static compressive strength
ppears-to ‘apply: generally o' all Portland cements.! It is not
sent known whether high alumina cement concrete also exhibits
'tendency or to What extent n’ the case of’ aﬁ‘types off cement

ed.’? This view is supported by experiments’ con ucted’ :
whmh have mchcated that increased nnpact strength'can

ractice, however, is that the operation of compactmg is made
siderably . more difficult;"and; may result in a loss of strength .
ingufficient’ compacting or to the necessity.of using:a higher
er/cement ratio;..It,was found in.making the.piles with brick:

) lldmg Resea,rch, Statlon tha.t sat1sfac_ ory' COMmL-

t'mth proper compactlon of the concrete The use ofa sloppy 5
in‘one: of the piles tested wasundoubtedly a major cause-of its' -
fadure

recommended tha.t wet curing should be apphed or:as:long as
ractically - possible ;i unless: conditions:of drivinglaré.easy, for
] Iand :cement congcrete 'thiss penod should ‘benot-less than.14: .
rovided the concrete’ is’ kept continuousiy and umfcrmly

ening period apart, that-any of: these types is definitely superior. ... -

iles gave more erratic results than piles made with-Portland cement. == -

- The: effect “of - Wa.ter/cement ratm or. sta.tlc strengthf-g_f; -
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moist the method of curing is immaterial; : but it/ s fecomm
that piles should be covered :with canvas,. cement:sacks;or:
suitable material, rather than- left exposed :and:dependent
frequent sprinkling. - .o D oalG AT

- The age at which the piles are driven.will ‘depend upon:
strength . which it is desired they. should: attain: =Ttrhas:be
suggested that:in the case of certain :cements..there:is a; critic
* “period during which the.impact strength-of:the: concrete is
porarily . reduced and:.subsequent ;to; which ithe - strength:
increases. Tests at the Building Research, Station have not shoy
any signs of such a period, but indicate a-progressive .increa

impact strength.. . T P T T S ELS

.. The impact tests have shown that the-impact:strength.:o
- 'concrete may. be as.low as 50 per cent..of the cube crushing strengt
Since, in hard -driving, maximum compressive, stresses ;exceedi
3,000 1b./sq. in. -can. be set up, a Cconcreter of crushing:stre
exceeding 6,000 1b./sq. in. is necessary in,these circumstances

scope ‘inthis direction ‘not only " for ‘greater

frame. .

‘their_erection in the

easy.driving conditions the impact strength should be hot.less:
2,000 Ib./sq. in., that is, the concrete should have a crushing stre

of not less than 40001b./sq.in. . porta al

ployed in ‘othier branches of engiréering,

" To Obtain strengths’ greater than’ 6,0001b. : yed in otfier branches of engineering, do 1
not leaner than 1: 147 3 (nominal), that is, ment; 1% driving of remnforced-concrete piles by prese
Ly aa PR i, glie T irgin of safety is in many’ céses sm nd’is

~sand, 32 cu. ft. coarse aggregate, should be fs:
care exercised in the selection of aggregates; the control., ‘

content, anid curing. (It is of interest to note that'a crushing st
of only 3,300 1b./sq. in. s required for 1: 1} 3 highigrade ¢ ) 1possible. at pres
under the Code of Practice.'®). For easy driving conditions -' : . st

the lower crushing strength is adequate, the strength mi
obtained with careful control with a 1:2:4, D

h

Coir _ .- Handling Stresses
¢4 Great importance is ‘attached to’ the avéidancerol sériouis
. yerse eracks- during handling.” This is*1iot: because: cracks

% nature are likely to impair the strength of the'piles throug

< over & period of years. It is known-that'under most conditi
" eracks are satisfactorily’ sealed by further hiydration‘ofithe

" during the later stages of-hardening.7 Th

he margin’of safety is frequently. véry small
uld be' driver

# The danger:lies:in«t
that under severe driving conditions -’ wideéitransverse:crac
prove to be the.starting point from-which the ultimate:fai
the. pile begins. - Very fine-hair cracks'of theiorder of aifew
sandths of an -inch, . only .visible under very:close: inspectic
inherent in-the nature of the material and will occur:at steel-
of the order of 18,000 Ib.fsq. in: or less- “Theseingeneral:will
be visible during Lifting and will close when'the pile has-béeri er
in position for driving. @ < niie L TR

. The pile should be designed and the.operations:of;transpo
and pitching carried out with.a view.to keeping the stresse
ciently low. to prevent the formation of cracks of:a larger size

niractors, but for-greater watchfillness on the part of engineers i
_ bu | ] the t of engineers
make certain that-the piles receive no harmful treatment pre¥ious

ulations given later in this section are made on this basis, but
t be émphasised that it is ot o be regarded as adegiate
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t should.be noted that: in. this and other; estlm tio
is section, .unless: otherwise .stated. the hei
etermined .is the-iequivalent: ::heightof ;
1ght of fa.ll of the ha.mmer 1S;1; lated.

+ \ % y-iare::known: iwith - some:; aceuracy,zand
R 'desued to deternnn thé:maximum : stress at the head -
SRR g
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' 3EE loglind Sy
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Q_"i_ WAGGVAL P/LE AC‘ROSS FLATS = INCRES
1o weight of hammer: and helmet - for B
% weight of 1 foot of pile
e of pzlg sizes mm‘ kammsr wezghts (Wez'aht of reinforced comcvete taken
as 160 b, /c% ﬁ‘)
or-a ‘partmular he1ght of drop of the hammer
_ ts of ;greater simplicity. has. been prepared,.
R S s 5§ © ¢, when - the characteristics . of. the..packing.
SIS S 3
R EEE RSN Es

WO I GT - FANSSTH A

The first ﬁgure (Fig: ,47) is for t}}e
W&lght of hammer and helmet. ‘ ";fhé
cweight of 1 ft. of pﬂe :

nid;. F1gure 48, consists of two sets of three graphs, one set a.pph-
; COndl‘th;’}§ g1vmg Tise to stress of.2, 0{}0 1b. /sq in, in the

esfnnatlon of the raf o
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concrete and the other to a-stress of 3,000 1b.(sq./ini»The 1
graphs of each set are for soft, medium and hard-head’cushion
for kj4 values of 10,000, 20,000 and 40,000 Ib:/sq. in.fini-ata
of 3,000 1b. per sq. in.  Fach graph consists of two curves, der
from Fig. 7, the first giving the effective height of ‘drop 1o prod
the specified stress ( 000 or 3,000 1b./sq. I} at the head, an
second the equivalent elastic set at the foot to produce a s
stress at the foot when the pileis being driven through a-hard stratu
and resistance to driving is concentrated at the toe. Equivale
clastic sets lower in value and falling below the curve produ
higher stresses; the gquivalent elastic set thus determined is the

'3 e
NUMBERS TO. CURVES DENOTE )
\ THE VALUES OF THE RATIO Yol
5 WEIGHT T OF HELMET :
g s WEIGHT OF FAMMER
e . .
&
§ 4
3
T .
N
<
-~ 3
=~
&
3
< 2 :
b T Nor 7::. T onE
S NO ALLOWANGE FOR FRICTION] !
& : LOSS IN HAMMER GUIDES. . !
§ USUAL ALLOWANCES : AREX i
4 FOR WINCH-OPERATED.DROP :HAMMER
" \EQUIALENT HEIGHT OF FREE FALL x80Z} < ' = ;
- \ACTUAL FALL.FOR S.A. STEAM ' HAMMER 1. :
EQUIVALENT HEIGHT OF FREE FALL=SZTACTUAL FALS o
'] L I 1 L ot
0 i 2 34 S !

EFFECTIVE HEIGHT OF FALL }N;.'F;:'f?' A T
FIGURE 49.—Conversion of effective height of fall to height of free fall of ha
s i o weight™ of - helmed. v i s :
weight of hammer.

" for various vatios

tore the minimum permissible, assuming the head and foot to.b
equal strength. ~ ~ C ity :
The third figure (Fig. 49) is used to convert-the ‘effective
of drop to produce the specified head stress ‘to'the height of fie¢
of the hammer and is drawn forva’ range of v Tues? of the
weight of helmet r L
~weight of hammer’ , ;
permissible for the concrete considered. .
7 The “curves for the determination’of the*mininum perm
equivalent-elastic set-were obtained by comibining ‘the -res

The resulting height of free fall is the maxi

’i.
‘.

\:
1.
4

e et b1 s b e ey
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experimental . tests.: w1th deductlons from the: ch‘

_stress (Fig. -6):+.. The eqmva,lent .elastic sét: o Sl

ified stress (2,000 or 3,000 Ib./sq.in.} in the concrete at. the ioot_ o

the pile, when the height of drop of the hammer is such as to 7

iJ.ce the same maximuin stréés at the head, was estimated for
: 0 welght ‘of hammer and helmet d for

s weight of 4 ft. of pile -
vanous pﬂe—leng‘chs and:stlffness constants, making: a.llowa.nce for
the difference between the theoretical and actual foot stresses by
calculating for a maximum stress at the foot 30 per cent. higher
than that at the head. It was found that the set was:almost inde- -
pendent of the p11ea1ength 's¢ ‘that a single ‘curve for each value: of
the packing constant is accurate enough for practical purposes. .
+In making vse of the curves, it may be assumed that for most
types of head cushion the hard condition applies after about },000
lows. -
The value of sthe equwa.lent elastlc set has to be determmed in
der to assess the. foot: conditions.  The. set-recording. apparatus
escribed. in a preceding section. (p.:18), pmwdes a simple method.
Ih recorded set has to be corrected for the elastic. compression of
¢ embedded length of the pile; this is done by subtracting from
the; measured set 0-004in. per ft. of pile embedded. where the
maximum head, stress :is. 3,000 Ib./sq. in. or 0-003 in. _where the
ess is.2,0001b./sq ’{he,equwalent“ elastlc set: is gwen by
xpression—— . - :

___g ' of_va.lues of the

TR

T A T

:.Cguwalent elasiw seé = éwwe measwed plastzc seb - or?'ectgd
“elastic sepi o e : 24

should be noted that FlgS 17 to 49 are only a,pphcable to. plles

.30 #t. long.and that dangerous. foot stresses can.only be set
up.when resistance to.motion of the pile is concentrated atthe toe.
For:piles less than 30 ft. long when driving into soft ground; the -
ight of drop of the hammer derived from the above figyres, would <
give a slightly lower stress than that speczﬁed and a.shightly higher
stress. when driving is.very. hard;: agamst 2 ~dense iayer In such

ses Figs. 5 and 6 should be used.

The following exampie ﬂiustrates the use of the cha.rts A plle,

t: long by 14 in. square is driven with a 2§-t0n winch operated

Hard: dnvmg is to be encountered and.amth,a:plle:'of:.thm 1ength :
number of blows to drive one pile is I_i}_(ély to:exceed 1,000. .. The
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curves for k/A=40,000 must be used. : The impact: strength -is'at,
least 3,000 1b./sq. in. From Fig. 48 ( ) the effecﬁ-v_fe heigh_b of- fall

is 2-3 {t.
. weight of helmet
The ratio wweight of P is 0-11 and from Flg 49 the helght

free fall of the hammer'is 2-85 ft, The hezght of free fall of the
hammer for a winch operated drop hammer is usually taken as 80
per cent.-of the actual height of fall. The actua.l helght of fail of
the hammer should, therefore, be 3:6 it.- : i

i The minimum equivalent elastic. set is read oﬂ from F1g 48 {e)
using the same value of the welght ratm as before and is found’-to
be §-23 in, « Crng i

F ulure Wm'k

“'Further research’ m1ght profxta.bly be pursued in’ severa1 direc-
tions. Tt will be obvicus from what has gone before that one
the chief sources of uncertainty and trouble’is’ tl_ne unsatisfacto
nature of existing methods of cushioning the blow.” “A head cushi
of constant properties and capable of ensuring 2 uniférm’ distribuiti
of stress over the pile head would not only prevent the. ma;onty
head failures but would enable data to be ‘collected on beanng
capacity  under controlled "and definite “head “conditions. " T
methods of constructing an- 1mproved head cushion are at’ prese
under consideration : the first is based on the idea of usmg a” ligh
helmet, in which the major portion of the packing material is placed
above the diaphragm; the second method contemplates the sub:
stitution of a mechanical device for the packing and.dolly.

The investigation has shown that the impact-strength of concrete
lies between 50 and 80 per cent.-of the cube compressive: “strength
Tt is very necessary that a more detailed invéstigation on “the effet
of manufacturing variables on the impact strength of concrete shoult
be carried out with the new impact machinel” Onlyasa result’
such work can the knowledge be obtained which is- necessary
predlct the impact strength of concrete with accuracy.”

~Information is required on the magnitude of the actual elas
set at the foot of the pile in hard driving, that is;on the temiporar
comipression of the ground beneath the pile. ! The importance of th
actual elastic set becomes evident ‘when it'is required 0 estimal]
whether a specified final set (that is, permanent set} is likely to- b
accompanied by dangerously high foot stresses. - Evidence from"
tests carried out during the course of the present 1nvest1gat
indicates that the actual elastic set for hard driving:varies ove
comparatively narrow range around a value of 0-151n., but owing
to the restricted number of observahons the figure must be accept
with reserve.

Finally, several points in connectlon with the stress phenome
in the pile require further investigation.. No attempt has b
amade, in the. Work described, to measure the stress distribution ¢

ction @

|
.. CONCLUSIONS AND RECOMMENDATIONS . - 8 :
;

cross~sect10n at the head of the pile, but if the considerable . .
rimental difficulties could be- overcome, the knowledge gamed. s

134 3477) 2635,
Grive, G. The measurement of nnpact stxesses in- concrete, Pro«
s of the Physical Soczety, 1934 48, Part’2 - PER
~1xro, NaGEL, RAVEN, Risc¢n and SPECI».
rnational Association of Road Congresses—-?th Congrl 5, Mumch 1934
Tra.fﬁc . A .
WEl\ZEL, F, Bextracr zZur Stossfestxgkext von Beton Tedmzsc}w
Rele; Aachen. - Dissertation. ‘Leipzig. . 1934 (Frommhold & Wendler), .
Re;port of the Reinforced’ Conrite Stmczures Coweiniitee: of the: Building .-

ch Board with: Recowmmendations for=a’ Code of ‘Practice for: the  tise; of PR -
zforoec_i Concrete in Bu_zl_d_mgs

Stress phenomena. occurrmg in pﬂe dnvmg E?zgmeenng,

'{"53)__7 196+202.

London, 1933 H\I Statxonery Oﬁice




388 STRESSES IN REINFORCED CONCRETE. PILES

APPENDIX ‘T

’\TOTATIO'\I

The symbols used 'in'the Appendices ha,ve the" iollowmg meamng
M denotes the mass of the hammer

- APPE DIX 1~
T OF THE: \1ATHF MAIILAL HEORY

HE bis\?siopzx-ib

oo, ,» height of free fall of the hammcr iR Rl
| . . velocfty of the hammer on. 1mpac Wa v §olut;m1g : ; k
My ., . ,, massof the helmet as already been\sta.ted'tha the- stress-wave tra,vels along“thespile’ "
M; 77 75 total mass of the peak sfress mdxcator thiza’ mean speed’ dependent onihe ratios of !ong1tud1na1 and’ transverse' *
Ay, " mass of the pile inforcement and on Young’s modulus for the concrete,- The’ problem of* Z
p L, imass: den51ty of the pile as a-whole forded concrete pileican therefore: be reduced to that of an equivalent
A, ,, total area of cross-section of the pilé: ogeneous pile, which means that the assumption of plane cross sections’
P, ., length of the pile . . i Mmaining plane dunng impact is: true: for- & ‘reinforced "concrete pile in the -
Py .. ratio of longitudinal remforce _ent me way as fora homogeneous pileis Befor sing” th umption, its .- -
Py o ratio of transverse reinforcemnent alidity was tested by analysing mathematically the Sunple : of-a circular.i:
o, Youngs modulus for concrete »with: one circular reinforcing bar’ at its-centre,; In the a.na.lys;s, thedinh e
By Youngsmodulus for steel - -' i ects of radial variations of displacement,- stress, ‘etc.,’'were taken into -
E the effective Young’s modulus for the materxal of the ‘pit ount‘and it: was then found that, save for certain terms containing the
T, Poisson’s ratio for concrete : (radms) a.nd theref ¢l L
¥ ,,  theradius of gyration of a cross-section of the pxle abou length erefore ne igib e in practice, the Eongxtudxnal displace-

intersection with the neutral surface. ... - .
. ., velocity of longitudinal waves in the pile. o
g . ., acceleration of gravity .
t ,, ‘time after the beginning of 1mpact
K, ,, distance measured a}ong the length of the pile from
head of the pile as the origin

i ent was uniform over the cross section, 4., plane sections remained plane.
Purthermore, it was fozmd ‘chat the’ -radial stresses between the steel and the

: h
¥ oo ,» displacement in the direction at right angles to the le the cross sechon l't foliows that 3
£ . ., displacement of a cross-section along the » axis compressive stress in concrete = —Ec—’é—
£ ., displacement of the head of the pile alpng the x axis . L ‘ ‘ Cow
£ . ., <displacement of the foot of the pile aldng the » axis’ T oo -
RN . displacement of the hammer along the x axis, me compressive stress in steel = —Es-a—x
from its position att = 0 = o
Y ,, displacement of the helmet a.long the ¥ axis, meas 'Lnd mean compresswe stress in cross Sec’cxon = — ¢
from its position at ! = O - .
FAR o dlspiacement of the peak stress 1nd1ca,tor along the he equwalent Youna s modulus for the Pﬁe as a wh ole is given by the
from its position at! = O : ession
B, ,, amplitude of flexural vibration [ .
P, . str}:ss at the head of the pile {F + (I_? — Ec) pl } {Ec — EJ ;»”1 " Es}’?g ( ; 0)1
P ,, maximum stress at the head of the pile i a g i
Py, ,, stress at the foot of the pile : Ea + (Es — E)p. + B, (1 i ) L
ko, ., force to produce unit corupressmn of the assume : 2 2 L e
cushion In practlce the effect of the transverse remforcement may be neglected
ki ., ,» force to produce unit compression of the assume ratio is so small that it has a negligible effect on the longtudinal waves,
resistance -will bt seen by inserting numerical vaiues for #, in the formuld for E
ka o, ,» force to produce unit compressmn inr the doily n above, Hence
Ky w ,, force to produce unit compressmn in the packmg, 355y : E = E, + (E; — E))
Hnear elasticity ¢ s ) P1
ki ,, force to produce unit compression of the spring on The original theoretical treatment included constants defining the effecis
the peak stress indicator is mounted -permanent set and frictional resistance in the head cushmn Exper;-
B ., frictional force for unit velocity exerted by the dam ental evidence has shown that such effects may be neglected.

device on the peak stress indicator The foot resistance is, in practice, partly elastic and partly plastic. Any
differences between the assumed and actual foot conditions: will cause the
leulated and observed values to differ most widely at the foot, and it is
erefore best to assume a foot condition which corresponds most closely
hat in which the foot-stress may become important, namely, severe
Jving against a hard:stratum.. Under such conditions the greater pro-
fon of the set is elastic.
was therefore decided to assume a purely elastic foot condition, and

n applymv the theory in practice to use an approximate formula equating

Vi
€1 .» equivalent purely elastic set at the foot — -
Other symbols are defined as they occur, ' '
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the observed plastic plus elastic set to an equivalent purely elastic se
which the theory would be applied directly. _ :

For this' period, equation’(7) therefore has:
The effect of dissipation of energy due to propaéatiori Iosses in the T

_ the 'simplified :form
: 7}”’ :'l"'zn’?”::’i_:‘ O s e,

has not been included in the theory, since very little information cor_scernix} 9 %

it exists. Dissipation will tend to reduce the stresses.s The effectiof § “ 4AE.

friction will be of the same nature from the practical pomtf‘__‘of:. view,, B

it will tend to decrease the amplitude. of th;: st_ress-w::ves -las‘-they fs;i; _ _ P =5z

along the pile, The effect of neglecting both propagation:iosses and Sl S . _ .

fii'(i'tigdﬁ_'isﬁherefoxe to make the theoretical stresses higher :than.the actu The mmal conditions att_ 0 Oare — |

stresses: that is, the error is on the safe side, .70 one fno S : Sh=0 N L
" The theory as: developed..for. practical use s based.on .the followin ple= Ve \/ 2gh

assumptions :— < Cod rain Vrovie -0

(1} That the pile is undamaged when drivert. iy i s
(2) That the pile behaves as  linearly elastic rodo: oo oo
(3} That stress waves in the hammer may be; neglected. . :
(4) That the conditions at the. head are. equivalent to a. lineark
elastic spring interposed between the '_p}le and the hammer. :-
. (5) That the foot resistance is elastic, the foot pressure bel{}g pr
porticnal to the downward foot movement. B R
By considering the equation of motion of a small length dz-of the pil
the usual wave equation o P TN
2% _ L
3T Y A

f;o Q:<x§z (12)

If p¥~p? which covei:§ the range of p@’é_icﬁgal-conditions, the solﬁtion of (9)
ch satisfies the initial conditions is PR P

n= %2 {[q2—112] g siﬁgt'—i— 2qn(1—e—ntaosqt)} -
Bere @@ =$F—m - . - - . .. .- ..o (18)

7 i3 thus given by (1.3) for the 'mtervaliof time O < ¢ < gag—; Hence from

ation (3), & = f {f) is given, since F () = O from equation (8). -
The assumption of a linearly elastic foot condition is expressed by the

equation ‘ i
L. R . L I A _EA(a_'s) i' =k1 "EE- I .
i i VAP WY (RIS RV ) ¥ w =1
This has the general solution £ = 7% £~ = } 3 : + ) ‘ }

Ai";" z ‘7-1 '2 \ .' ) 'l . l ‘
representing waves travelling down and up the pile. _Th‘e_ to’;al pr_essq {f (t__E)'_‘ F (t +’_"E)} = fy ,{f(t — E)T F( Lt 7)} (1)

across any cross section : 85 e

D T
and the pressure at the head of the pile = the elastic pressure in the packin
the pressure retarding the hammer. - . cikirald L

E .
follows immediately, where &% = —

n-the equation -

By.virtue of equations (8] and (12) equation (14) may be solved for Fto

r CE e e T ich’ ‘veéFfor‘é.n one interval in t it h aing it
his — ( o¢g =k ln — = ~My, - gl o1 any Tval in terms of f for the preceding intervals,
? “33 = 82750 {,.7 & S ’? IR he determination of f and F from equations (4), (8), (8) and (15) then
where the dashes denote njiffﬁ;\enjti.ation mth rﬁ‘g-affi-td 1, 1 by sutcessive intervals _25 of ¢, and as it invplyeé. e new e
Hence o == £ = =~ "+ -0 2l features-the results. alone will be given héve: " -5 77

-has been shown in the discussion’

i i ussion 'of the results'of experimental tests
over the range of durations of impact likely in practice the damaging
t is'dependent mainly on the maximum compressive stress. It is there-
sufficient to carry the calculation of stresses as far as the maximum stress

" Now from (2) & =1 () + F.() } o
S 35 . H }:-’ . _L;l_ ’ - A.‘
(), _,=-arussrol -

Cap S E R he subsequent smaller stresses will be of little practical interest, - In
From (3) and (§), My” = — — [ F ! k(.t) E_:§ the maximum at a’.tiy‘poinj: # in. the pile occurs within a timeé-l
AE | | 24E i

he ommiencement of stress at the point, .., w1th1n the time interval
Cweedl L. e i
= "Z' and thus from (2) it is necessary, to know f (f) from

: 2x P 2x -4l
;and F (3) from ¢ = Tor= - =

@

= e

Hence, eliminating &, from (4} and (6). = " "~
COMRa s s
."‘VIQ"” ~ ﬁ_.,? + kq = 2kF(t‘}:
. It is obvious that no reflected wave reaches the head 'Qf

Hence' since . may vary

the pile vriti

A ' ’ Co4l ;
tolitisnecessary to know f.(¢)from? = O to e and F (fj from i = O to

3

21 o
%;'ha.s elapsed, so that, when O ¢ <{ — F () ='0°

T R
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Since numerical ¢valuation has to be performed, it is- desirable to gxpr
all formulze, as far as possiple, in noq-dqnensmna,} form and ‘this w1!1 be do

:'";—'{n €08 (8, +F 05 + 6) - 47,7 cot? f.sin (26, 4'9}} X
by using the foliowing ‘substitutions : &1

t:-l— 7. 1 e nl(rm4)5in- gy (x ‘“.‘A:
. 2 : o _- FE
pmra e ne - e T Vel o —ay v}
f= .g.‘; i b s {8n1r2 74 sin (0, +es)}{ —a - 4)}
F{t}=‘—F(T) 8(!?_1'3?’ ',—C; — 4 o
. , E ff ! —»mé;-‘zi(zmq._e_ 17— 4 C e {21)
A

- The constants #,, ¢;, etc. are gwen in terms of the iundamental constants
The mathematical analysis then gwes for the r}o,n-dunensmnal he followmg rela.tlons ‘ . P -

functions f; {z} and Fy (7 ) the following results

0 < <2 , e e 2
2, f 78 4T 2n,c0td  — mgT
H@El == (! —e ?QEEQLT) - = ¢ SiIngger -
K PR : P42 S
Fie) =0 : -
274 e e e e s {28
21z1 9T 2nlcot9 — T, - R
(1 cos ql-r) B et B
+{2racot3 sm{ﬂ.‘,-,—a) 4rgcot26 £os 61—1-8}}{ - _
7 5 e ()
{2”339*3-9@3!5(*'27}-6) 4rycot?) sin(@ ﬁﬂ)} H .
- ‘ rgcos fy { -
4+ 4v; (cotif) (1;—~2)a‘ ’ cos{t}1 -r—»2 +6 } Bl 4 5 } cee e (25)
4”1722{ —ey (.,_-,._0}1 : -
— =5 1 —¢ I I TR 2 -
v ! ¢ f Toowne 2;.:] cot 8. cos B,

. 9, cot 0.sin {6, + 8) -y (T — ) . (26
Fyig) === ,,p;,,,,l___ {1.-—3 ,.1 s ces ""2} 2;1' cot 9, 511;61 : #6)
2v,.cot 8. cos {8, +6) —uylr— ") 2 k P s

— = “hy T -8 5“19 ! (T - } L n the above the case piz»n? has alone been gwen amce th;; other case
. 21" . e <;§~ gcorresponds to excessively hard paclp.ngs which are pot, and should
_ Ay 1 _ o alr— )} L e T be used in practice, Lhe solution for p3< k3, 1f required, ¢an easily be
1/1 R tamed from "that given above by ‘teplacing d by zq a.ud tra.nsformmg the
IR S S : cular to hyperbolic functions.

2y, cot 4.8 = — -2
Fylz) = 2y, oot §.sin (8 + 6){1 — #y {7 }

7 cos '*1—721“‘
b U e

"/ cot §.cos {§ N —n(z—2)
e -‘}l;_l'(l-r }6 1 : 5?“91{7“‘2}

T__f‘_“_@ {1—3—‘11(7_2)}
7ot

=+ },7'-‘;{74 sin (6, + 05 + 8) — 47,2 COt2 6. cos (28, +9)} .
{amemmbm o g

-In termg of these non-dimensional functions and quantities the displace:
}f cgoss septzon ol the Pﬂe is gwen ‘py _

EH

{f; (c 2+ Fy o+ z)} """ S e
e the compresswe stress m the concrete is gzven bY e
- E ”“"")“"F”“‘“""}} SR

: the accents to fy and F 1 denotg differentjation with respect to T and not
espect 1o ¢ as n the case of f and Fo The expressions for fy” (z) and

b2
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EFy () may be obtamed by differentiating (17) to (21) to obtam th&f 110\
results : j

e é T < 2
fl (z) = 2:.00".: g.¢ " sin GaTe o v e e e e e e . )
FII{T) . e Tl '
L
fi/{r) = 2cot b, e PTsinge B ; G e T e B8
vy oL T 2”3,00{3_3-3#%1('1‘72) sm{qlr—-.?)-ifﬂz N
= dpyri(eot b){z — 2)e nl{t 2) COS_{Ql(T . ) - 89)
— 2rscotB.sin@y.e ™ “1(7 - 2) b . i
. 7 S xPy(f). 1 (A1)
: — L2 : o 8= &alt) =~

Fyle) = 2rpcot 0.5 7T - 2) sin{ql(z _.2}‘;_*_ R _.): : £, 02) T + d f T3 d.l

- 2;(2 cot e'r-sin 91 8 _ 01('5: o ,2) " . ’ =“§0 () b '“" P {i) f( J‘) a ‘Sa(zi t) d;v ...... P (40)

Ry = drycorte Y sm{qi{r —2) 4 }
0-"1(‘8 - '2) l':‘: G

&

— Zry,cotf.sinf,. e

50 {z) ip f( L 1+a; _2) azé;'(ti,g}i;

_ T
o e vy € 73l ) Sm{?z(f — 4) -+ 91 B 93} o
— tpurt ot e T Deonday oo .
a('z--—4) . S _ - : E
— 7,50 (6, + 63 e ;) g S - ﬂ{ _lm oz T PR 3R
+ S—Gﬂ-‘-@ (=4 o “1(’:_'_,5,.4)',1' Es '_ =\ S ) 7 }E" o= ?EfoK(x’l) ar
1 : -y

The dzsplacement and velocity of the hammer are obtamed from the b TS 7} 0L AN

ceding equations by usmg the relatmus
.-77=_"[f1 +F1 +2,ﬂ {f1 s"‘F:'(T)I]

=V [1 ﬂ—&-{‘fl(-r - Ft(r}]

The wave solutlon outlmed a.bove is the :Eorm ‘best suited to mo r
probiems H however, it is sometlmes advantageous to\have thé solatio
alternative approximate formi.

Lhhe<i<r JO

e

12 Approxzmate soldtion for saft ]zeczd—cushzons zma? keawy hamme 3 e

The treatment by the wave solution of extreme cases of very soft pac
with heavy hammers a,nd short pﬂes mvolves an exceéssive amount ofla

: zi_. -4

So far no approximation has been made and equatlons (¢1}to (45) combined
“the initial conditions (11) and (12) will give the exact solution.:ilm. .-~
of soft packing, heavy hammers and short piles the friertia terms become RIS

tlvely sma]l and a first apprommatmn can be obtamed by neglec‘ang- these ;-- o

mum stress is obtamed Fortunateiy, however, an appromna.te so'

possible in such circumstances, - L SRS
Vihthm the pﬂe equatlon (1) a,pphes v1z T _'5'?? e
-. 82§ a‘_ R B

TR
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The solution is CTEh e ienlh e
£, = Vi, R sin 5,7 < .osin Sg; Y :
. ¢ = a EAD, FS; — 25‘13., F52 — 232 f s e ey .

The same tesuit could be obtained ab 'zmtw b assummg a: unifnrm :
pression of the pile.

From (44), {45), (46} and the initial condltxons {11) and (12) the pres
everywhere in the pile is given by . -
1 ¢ singgw _
ey

M
where qzﬂzM

(56).

- . ..(57? |

ev_|
= Mp{%%:rl

e 158)

If the approximate value of & from (46) and (48) 1§ substituted in
second term of (41), which has been neégléeted, then the ratic of the nsgle
term to that retained is : ;

TTg EAD, P51—251 ST o5

h1le from (39) the mean compresswe stress P; a.t ‘*Ehe el
anie ordef of approxrmatlon by :
CEV R FCyED R

>y FS, =255 .5 qu _
herep,__%m,;-- ‘
o B{I + )" :
The férrmials (59) and (60) givé a good apprommatmn il tost cases-

of covered by the exact solution. Analyszs shows that the neglected terms
i ﬂf order ) : . . S

W?(1+'1+2;->%

M {1+a1(1+ )}

The smaller the value of the ratio (50) the rea.ter wxli be the acc
of the approximation. Sufficient accuracy will, owwer, “phiy be ob
in certain cases of Hafd driving against a rigid basé in which a, is effect

infinite. Theh from (48) with a1 == po tHe maximuin pressure is

\J wp{ 1+1}

and the ratio (50) bécomes

: _8 + 5'11:"{” al
AT e

éﬁi@

3 expréssmn i siall compared im.th fifii i
Viethdlly Zet6-a Vbiy sifple formula I:Y Ubtdinéd WTh@%ﬁi’s’c %e
HEs ‘and the sebond becomes, affer smli)liﬁcatrbn ;

which is smiall for heavy hammers, soﬁ: pa.ck:.ng, and short plles. b3y
driving where o, is effectively zero the formiila™{48) is ot accurate
gives zero pressure in the pile whereds the &xatt solutioti- shows tha.t
cases large pressures may be develdped:dt thé head:: RS
£ A more accurate approximation can, however, b obtamed by in
& effects of inertia to tiie fitst ofder, ThHe valng of P‘J i& obtained from
by substituting in the small integral term the va.lue of & gweu by {4‘7 }
a.:fter integration, :

P, = j, : og;)+D@z§§;—°

where Sa = ;ji l%iw'Mpfﬂf}i:"::'."'

U per hrmts to the pressures at thlé‘ head And foot of the pﬂe for any
Vnig gohidition§ gy bé obtaitisd from eherEy onaderatzons - The Elastic
18y S stored in the hea.d cushlon is . L e ‘

where C Ly
where C; = m
Py 1+aT'é(i+a1}
The elimination of P, from (45) and (53) results in a simple fourt
differential equation for £, which is 8asily golved, the ixitial COnditiohs
by virtue of {11), {12}, (44) and (58) .

& = Eo = fo” = O
£ when 2 =
e = Dlﬂffp :

c s

The upper Lmit may be a@proached if the movement of thé head of the
pile is very small relative to the compression of the head cushion, ., if the
risistanios at the foot is very high and the hiead cushion Very SOEE.
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Similarly at the foot, the elastic energy . as a function of v th1s has, mésimum v a.lue

HP‘A} <My

P B
whence Py < ‘EE %‘%—2—

(3) The resulls of mumerical cvaluation

The expressions (29) to (33} were evaluated as. functions of v for, differen
dnmg conditions (z.e. for dlﬁerent values of 7y, gy etc.) a;xd the pressure
in the concrete were obtained from the expressmn Tl ;

¥ =t {f’(rmz j— I ’(rvq—z)}

R )
wh M; |
ence the expressmn (68) does not depend upon E A and 7, sepa.ra.tely but

then: pxoduct. ’Ihe maxmmm };ee;g pressure in the m:.txal wave ma.y
4

ax

For certain extreme cases of heavy hammers and soit head cus‘mons th
approximate solution, (59) and (60), was used... . - w7

An examination of {22) to {26) shows that all the constants n,, gx, et
may be regarded as functions of three non-domensmna.l constants only,
M u
My EA
for different sets of values of these constants. Smce the pressures

and ¢, which is equal to }i‘j{ and it was thus- necessary to evaluat

R W i 041 THE SIDE-OF THE CLRVH" mri'
Pl VMTML STRESS HAVE LLWdSS AXTAIMS.I7S) Mipp

] 2k

concrete are directly proportlonal to—zi—v this factor 13 better Ieit in a.lgeb 2
G :

form for the genexal evaluaﬁon. When 'a partmular.problem has.to

evaluated the numerical value of E V pertment to that problem may be

serted, the only labour involved bemg that of simaple multiplication.
For reasons which have already been given, the I numerical work has bei
carried out with the object of determining ‘the maximim pre!
head and foot of the pile for different driviag conditions..  Si
stant a, is difficult to assess in practice, the only easily obtainied informyation
concerning the ground resistance being fornished implicitly by the set pel
blow, it is better to use g, rather than a; a8 independent parameter. In the
theory the stresses are therefore calculated for dlﬁerent va.lues of @y at; ik
same time evaluating the corresponding &;. : P .

B TR - T T e s R o T
2.7 WAV FRIM 0L SOOI URRINES ZEFORE THE. INITHL| STRESS
0 WASNE HAS dTTAINED NS AdXiatus. H

Fr 0 oF 0% AT T

L A R A I A i
L. - -

: A Tp
In Tigs. 5 and 6 the maximum head and :foot pressures (X——-—-—} 111

BV erum-: 50 —Cwue skowmg relatzom betwem M and il whm mammum stress
concrete are plotted aca‘nst._-ﬂ/ for different sets of values of-—-—a-nd g5 Al . 2, Mo B
. . o Alone e, L
g = B4 1 it i initial wave 1s ﬂmched at tame . —(L &, just as reﬂeoted‘ wave fyom zhe foot raackes

M, L ki
M, EA
could obviously be egually well represented by a seried’ of ‘cvrves in §

a,ny one curve ﬂw head G‘f tf]lﬂ }’leg)_

either % or ¢, was the abscissa. It is well to emphasise here that a const __qad ,"“-32 :Eeffgﬁg‘zs?rgm é% }t];gaintmal case where the maximum is attained
¢, does not imply a constant ¢, and the curves in Figs. 5 and 6 are thus cu_ %, =0 . .. - B,
of constant set but not necessarily, save for g, == O and w, curves of const : R ,', R (71)
ground resistance. d since from (22) 6 and ¢, may be expressed as functions of _]f..z...andivi

The curves for &, = ® corresponding to easy dnvmg are of considerable Yimiti EA My
practical importance and will be considered in more detail. - From (28): ing curve on which (71) is true mmay be drawn asin Fxg 50, For a pair

okl M-

'ﬂ 3T ) above a.nd on ﬂns curve the maximum pressure in the
wave will be attained in the first interval while for pairs of values

(29} the compressive stress in the concrete at the head in the first inter

1
i b
~ is g1ven v

' I E R curve it will not be attained till later. In the former cas
. I PRI e the
_E g—-i _ o E; 174 ot 8ie. nl-‘r Sin guF . tm head pressure for sufficiently large sets may be obtained from the

urvefin.- Fig. 7.in place: of ‘the:several curves g, == ¢ in Fig. 5, which




e
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require interpolation {07 Valies of- EZ mtermedtate be{:wééﬁ tﬁoge gwen
portions of the curvese; = o in Fig. 5 on wiuch tﬁe maximum of the inity
wave is attained and which are therefore portmns ei the one. curve in Fig,”
are denoted by the letters 44. In the alternativé case in Which the mu¥imun
of the initial wave is not dttained, the pressufe at the head for 1a.rge sets

2. 5. Such a sevies is glven in Fxg 51 .which includes’ all: the, portxons BB Vo
the curves £; == o in Fxg 5. To sum.up; the complete Curves ey

hot'attainied in the first interval; The 3unct10n of the twa parts AA and

R B.is given by thé curve in Fig, 50 since it cofresponds to the tase where
06 : ) - : _ He ml‘aa.l wate ]ust attams 1ts max:mum atv == 2. For 't:he range of valdes
Lo R BTV R REVot BURIS! BEETINS RESCRE 15'"5',&“'- T o3 L
- . H | "! ~T " _l1s _ oarange from ail BB
et _ ATk
-~ §-50 M —— - /-,4
t&l?.:\ ""‘V./;) /?r/ T .
é/ 45 : /-"/ 7z - JIRRZ RS ensure that it _is cqmparable.;vith the ma.xirnum head pressure and is
n o0 iV -~ 1 . refore of practical importance. The maximum foot pressure increases
& v/ // ~ : ith increasing o and for small sets with increasin dlso but fo6F the
g A _ M SEA
W g3 ,; X /t_,———--—_"z la.rger sets it is interestinig 16 noté that the vidxifhiifi o6t pressure for ahy
Iy : . ki
a 0% - ] T iven set varies but little with varying B4 Physmally this implies that for a
a . . . . L .
& 05 V- W T iven ground resistarice and hammer weight the set is to a great extent
3 / . e Ui ndependent of the head qushion provided the set is not very small.
S .20 | Let=T . )| .~ Finally; a point df thecretical interest is that for soft head cushions
- - o g5 nd sufficiently heavy hammers, as the set increases from zero, the maxi-
§ e sty HEEE R pym foot préssuré doés not imitlediately decréase but fifst increases until
3 o5 e Y ] ‘certain &et is reached and tlien decreases with larger sets, This effect
35: "1 e N s due to Small resonances betwetn the packing, the pile and the ground,
x on A S P TR S Y7 and is of little practicdl importance since the greatest valire of the maximum
I g S oot pressire attained for a ﬁmte set exceeds the valué for zero set by a
095 eghgzble amount onty.
057 74 06 08 10 12 14 16, 8 PO -
Mo

FIGURE 51.—Mazimini Compressive Stress ( i V) in Conc?ete ot §

Bl for Lavge Sets (sl —>oo}

{(Numbers to Curves give valies 6f f‘% cofistant along any one curve.
largér vafués of Equ and al8s on dotted i)of—izonsofcui*vés, ‘?:he Thé

M
is given by Figure 7, A <2).

commence to, drop 1mmed1ately a.iter =2 and the maxmmm'pre
will thus bé the value at 7 == 21t thé initidl Wave and will'be le;S 14

mdkirudm of the initial wave. “This ma.xﬁnum depends :on Ei"l- g
separately and cannot be expressed id on form:as in. Flg 7 f)ut ol
serigs of cufves corresponding to the -portions BB .of thie curtves sy,
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packing of this non-linear type when compressed up to a stress P lb./sq. in.
vill be equivalent, so far as the stresses in the pile are concerned to a linearly.
elastic spring of equal area,’ $uch -that'the -work dope in compressing it to a
stress P 1b./sq. in. is the same as for the actyal packing. Expressed graphically
in Fig. 33, if PPT defines the equivalent elastic spring, then

. O

BN

APPLICATION OF THE THEORY TO PRACTICE:

(1) The stiffness constant of the packing . me . g2 O QPNO ;unc}&_ar curve, Alj_ga_;“,?TN_l}‘I'l.dgz_‘ 1;;1?3 : F%W S
* . The stiffness of the head cushion has been defined in the theory. by th v P ‘
constant-&, but since this is proportional to the area of the head cushion: 3 e =3 7]

which is usnally-equal:to 4, the area of the pile head,:it is better to consider. oo “pi e .

k/A, which is & more intrinsic constant. since it depends only on the thickness Herice, k4 = = PP ()
and ‘nature of the packing. I P A L e AR TR R 2XAI€'&OQPNO . 8 . B - .

_ Ithas already been stated that for materials of consfé.nt,Yoﬁﬁg'_s moduls
Le., having a linear stress-strain characteristic over the range of stress co
sidered, and of the same area as that of the pile head :

o variation of kj4 with P may thus be found and plotted as iz Fig. 52:
A similar graph has been plotted in Fig. 53 for'a complete head cushion,
sing the relationship given on p. 10 to: cbtain the ,_consj:a,x_ﬁ_,: k,u'Afor ‘t}.le.

Sk EREE combination
AT T A4 A4
o g A TR IR SR g
where £~ = Young’s modulus of material - : :

I = length or thickness of the material. . |
The expression is applicable to hard wood dollies in.

k LTI R - L s
- and :;f here denote the effective packing constaats of the dolly and packing,

200000 oot Tgaee ; i : i - R ',
2000, ‘
Pl R roR DpLLY = (100000 LR PER SQUM PR UL / S
k/A 3R PACKINGIr 20 000 L8, FER 501 FER 1N, o
AT 3000 L. #ER ST : i
208000 o~
H
§
N P .
¥ 2,000 =
¥ pad
g
E Haoce
M
e .
" .
¢ Q00 2000 oo - 00 7 - o
vPPER STRESS B (APRSEM. 7 Logo ST R oo ooy
) DU A 5 o HAKIUY | STRESS. " L8, PIR SQuINUcwin '™ .
Fioure 52.—Variation of the packing-conslant — with' i : ' : :

A

(GURE 53.~The Stiffness-constant Curvé for & Compleie Head Cuskhion s |
the Maximum Stress in the i-m of Felt. S O P Rt

) To estimate the accuracy of the approximate method of obtaining an .
ective value of %/4 one particular case was evaluated numerically by the
exact method assuming the curve in Fig: 38 and integrating step by step,
and the result was compared with that obtained by the approximate method.
The approximate method is more. accurate the.soffer.ithe packing,'so a
reasonably hard packing of four t_hicknesses of }-in," felt undgr*a: 1,000 lb,
ammer, on a pile head 49 sq.in. in area. was:chosen; .even in this rather
“extreme case the error by the approximate method was only 6 per cent.” The
approsimate method, . therefore; provides &:means: of extending the: present
theory to cover all types of packing with. sufficient accuracy for practical
TPOSes. oo T - . . ,

dolly has a cross-sectional area A’ different from that of the pile head A,
-effective value of the stiffness constant is easily seen tobe. .
BEE A R
A = "z'," Z’ - - - ) ) - . - r
For soff materials, such as those used for helmet-packings, the relati
between stress and compression is non-linear, and is of the form shown:
Fig. 38 for felt. The simple relationship given above no lopger holds, and
the fourth assumption of the theory is no longer exact.’ If the fourth
assymption is replaced by the exact assumption of a spring having a co
pression curve similar to that of Fig, 38 the equations can no longer be soly
save by a numerical method using a step by step integration and involvin
a prohibitive amount of labour to cover all possible driving condition
However one can obtain 2 very good approximation by assuming that
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- . o The period of vibration ?5 is I%z
APPENDIX. UI As a practical example, consider the tensile stress in a pile 50 ft. long by

FLEXURAL VIBRATIONS,

The general equation for the fiexural vibratiop of the pile, negleeting th
effect of the direct compressive stress, and assuming the pile to be hom
geneous, is | ST et

Tl L&y By &
-EK 34 P EE o '.'"‘.':_‘ (7

The end conditions, which-most nearly represent practical conditions; ar

probably those in which both ends of the pile are syppopted.  The solutio

14 in. square, for a head styess of §,0001b./sq, jn., assuming the load to be
applied at a distance of 5 in, from the nenrtral axis. :

> For a gquare pile we find: ..

P ‘.',‘.‘. tee i e P . I R P . B N
Ma,x;mum .t?¥5§iqp.~,,7_ ,,.,zs 75 | A /3 e coe. . (88)
- In the above examplél"thér’efdfe;' the maximum tension, which occours in
the outer fibres at the mid-point of the lenigth, is 136 1b./sq. in.-

. 4 fow such examples show that the tensile stress dyg %o 2 single blow s
insufficient to cause failure, - - - : S

equation (75) satisfying these conditions 13

af

F3 S PRI S0
where w = Ka;% )

Only the fupdamental mode where » = } will be considered. - . 7

Suppose the pile is set into flexural vibration by an eccentric lb‘lciiv.a.."c the

a7 TP :
head of duration % (a reasonable practical value). Then the impulse of this

force will be equal to the angular momenfum of the pile. about tl_tie foot.

- The angular momentpm = jt p-d.B.o.,
. o A

=pdBo= . . Ce LR s

If the maximum stress in the pile-head is Py, and if the load is applied at a
distance ¢ from the neutral axis then the impulse pf the blow is approximatel
A Puel ' ' R :

My = - Lo . .., - ' (79

assuming an average value of 3 Py 4 for the loads - .~ :

A Pyl T

Therefore 2% = p.1.Bw. L :
H T
and - -
Poyel Lo

B= —hgm o

singg ' U .
Kanr* -
(x)zw-'-??— .. .U“.-”.“. . .. . .

-

“The tension at a distance ¥, from the axis isy, E %f—; o

3% m% |, @ma I
Ng\va—;?x—BF sin —I—Smwt e R

The maximum value of the tension in the pile, Which is set up at
i.e., at the mid-point of the length, at a distance y, from the axis, is theref

i E

%y y EBm2- i
32~ 7 2
_ Pmeny, e
=g ‘- o .‘ . . .

substituting for B from (80).
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The acceleration of the hammer is therefore” R

»

7 g) sin mi — ( ﬂ) sm mlz'. X

| APPENDIX v,

and the force e*certed by the ha,mmer is’

: "o ) - g ) : - . .
_THE PEAK STRESS INDICATOR—THE EFFECT OF THE HELME_ Mo =MV { la—p) S mt — Gl sin } (88

‘The disturbance introduced by the presence of a heavy' helmet’ may
understood from. the following approximate analys@
Tke following assumptions ‘will-be made ;-

‘() that both dolly and" packmg may be represented by spnngs
linear elastic characteristics; :

(b) that stress waves in the systems may be neglected

{¢) that the movement of the pile head is neghglble compared with
movement of the heimet.

of,two components, the ﬁrst of a low irequency equal to 2—__’ the second

3 um va.lue of the accelera-
tion due to the high-~ frequency term to the maxs.mum valu f:the: i

By considering the forces acting on the hammer and the pile we ha wh;ch may be written as

My” = — kaly—9) o } N
My" = —hpy+haln—v)
where the dashes denote differentiation with respect to 4,
Hence, by eliminating y, ] -
ka kg4 E ” kg Ry 7
7o+ (_- P) 7+ MM:; : 0 . .

il kde’ma w1
: m]_ i kdme 2
Iso from {92} and (84) we find-* 27
SR I I
r=v {m(f’ Q) SPTT e = By IR Mt } <. )

d therefore the force on the pzle—head is

7
Expressing the equation as
M+ 2" P =0 . . .00
ke Rat hp
M T My,
ka kp
2 - — &
b2* = 3,
the solution of practical interest is .
9 == Acosmi-} Bsinmi + Ccosmy+ Dsinmyg . .

where m o= \j{ng—\j(ﬂeg—f’ﬁ} | _ A
iy = {m T\j B p,7) } '

The initial conditions at { = O are

where n, =

‘It is obvious that the ratio (94) is always greater in absolute value thé.n n
; "
d by the insertion of practical values of the constants kd, kp, M, and M,

m 1 w ka/Mm® — 1
is found that for an average case 7 =10 an m1 W“—l == ;‘,

An examination of pile driving records shows that the: high frequency
bration is highly damped, dying away very rapidly. - The fozeoomg relations
tan therefore only apply approximately to the first one or two oscillations,

The analysis shows that on impact, the hammer undergoes a deceleration
short duration equal to approximately one-half the maximum value of the

5 = O} deceleration. -The expressions for the stress on the pile head and the decelera~
7 =V tion of the hammer are composed of two sine functions, one of high and one
y =0 % . of low frequency. The effect of the high frequency term on the deceleration
¥ =0 J of the hammer is approximately five times as great as its effect on the stress
. o i . ; n the pile head.
The solution satisfying these initial conditicns is To provide a check on the analysis an experimental study of the he].met
. Ve V . ect was made on the model scale using the impact machine described ogn
W= mif—a) sin t P Py sin amyt . -68." The pile head was represented by a concrete block 16 in.-long by
where 4in; squa.re contammg a centrally placed piezo-electric gauge <+ The bammer
ka — Mm?’ My kd kp
a = i—?:w_ .}% elghed 200 pounds The ratlos A d 7F were gwen values COrres-
ke~ Mm® pondmg to.typmal practice. The values of the second and third ratios were
g = Fa only approximately known; the model dolly consisted of two inches- of

# 16386 ' o)
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softwood with the grain horizontal and the packmg was represented by t
layers of one-inch rubber.

Oscillograph records of the deceleration of the hammer and of the stre
on the pile head were obtained for different heights of drop; the stress’
the pile was recorded in the usual way from the.piezo-electric gauge.in.th
concrete block; and the deceleration of the hammer was similarly record
by the use of a piezo-electric deceleration recorder mounted on the hamme
The instrument consists essentially of a mass m, of 50 grams mounted on’
quartz crystal @ (see ¥ig. 54). When the hammer undergoes decelerationth
crystal is compressed by a force my f, setting up a voltage proportional to th
force across the terminals of the amplifier. The variation of voltage wi
time is recorded with the cathode ray oscillograph; the recorded deflectio
at any instant is proportional to the deceleration of the hammer:: =T
deceleration recorder is calibrated by loading the crystal staticaliy.

Examples of oscillographic records of the hammer deceleration and t
stress in the specimen are reproduced in Fig. 55, The duration and charact
of the lower record agree well with records from driven piles. The upper.

Consider the effect of mounting the' peak stress mdma.tor on a spnng
ow.ded with a damping device. With the notation on p 88 we ﬁnd :

B S

!,5 k R )
KTM"" ”1'“2'&1?’? + M”
. ’ PO i ".-u--) POTEE -

rom (90) the dlsplacement_ of the hammer is’

: Tﬂérefﬁfe

record 1s of the type predlc’ced by the theory outlined in this Appendm b - z” + £ W z + “171'_ ;z“-=' WQ ‘(Cm éos i + Duy cos myf)
[ i LKl i
N 70 AMPUF*'-EP ot ki (C sin mt + D sin m, 1) (101)
\K\E —_Ecos(mt—héﬁ+Fcos(m1t+6) J
\ : - where £ = g_\/_kl‘—ﬂ.}:m_:i, tan §, = — k_;q’
D,\/fe.a_; 200 2 ‘uk. (R (102}
F =N T HY yan g, = — 2
G N k4 2
: M . Wiy
The solution of equation (101} is
N :

1. K : i -
G 7 M‘:t €08 (gtﬁ—éd—i—Rcos (mi + 31 + &) + 2y cos
B (it + 8 +e) . (103)

7777072077272 7%

: whete g — By e
HAMMER E N My M
FiGURE 34.—Piezo-electric Decelevation Recoyder. | L e o

Lm:

shows certain differences that can be explained by the approximate nature = s AT £ ——ﬂ’i——-
of the assumptions made. /\/{ mﬂ + *ﬂ} Hi m? |

It was implied that on striking the helmet the hammer became attach _ M® o My e
to the dolly, and that tension could be set up in the dolly, The record shows : o | o e (104
that after the initial impact the helmet and dolly outstrip the hammer, whi S e # Ty
is therefore not decelerated until impact recommences.. : F ¢ L M

Due to the non-linear load-compression characteristics. of the packmg an Ry = /\/ Tk ) + umg? )’ an £y == = R e
dolly the frequency of the helmet oscillation increases slightly as the pressu 1 (ﬂ—/f’“ #h WES 3; ¥y ]

increases. R - :

The deceleration due to the high frequency term is of the anticipated orde The initial conditions are :
the initial peak itself is greater than one-half of the maximum deceleratio S ‘

Even allowing for the high rate of damping of the high frequency term
its influence may introduce 2 conszderabie error in the value of the head stres
as deduced from measurements of the deceleration of the hammer. Suppos
for example that the high frequency term contributes 3 per cent. to the valn
of the head stress. The analysis shows that it will contribute 15 per cen
to the deceleration, It is therefore necessary that the peak stress indicato
should be insensitive to this component of the decelerafion.

For this purposs two alterations have been made : the indicator has bee
mounted on damped springs; ané the arrangement of the we1ght and; ti}
calibrated spring has been changed, B

i

(T:} } WHB E==0. & & + 4+ « 4 s . {1_05_)_ :
ori which we find E I R
o5 _(aﬁ;el)}(w—'nf——&ﬁ;z) + Ry { cos Gate) blgims —% 37 ')

a9 { R os-{8, + e1) + R, cos (9, + 52)} S (108
Reos By +Rycos Gy +e) 1 |

and G = — cos g,
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The acceleration of the peak stress indicatoris- .

1
Ay 2
‘= Ge M gsm(qwao) + Garz

— ) cos (gt + éo)}
— R m? cos (mt 4 61 + ey —

R, m,* cos (mlt -+ 8 + €a) v v s

By increasing the damping sufficiently, the first term, whmh represents th
free oscillation of the peak stress indicator on the damped spring, may be ma
to die out so rapidly that its eflect can be neglected. * The other ferms represent’
the acceleration of the peak stress indicator due to'the components of low and
high frequency respectively in the acceleration of the hammer, In order that
the spring mount shall achieve its object of rendering the acceleration indicator
ingensitive to the high frequency component of the acceleration, while. re-

R B
sponding accurately to the low frequency component, the ratio Emust differ

from unity by a negligible amount, and the ratio % must be small compared:

with anity.

(108]

{108}

1 :
the requirements are fulfilled. In practical pile driving the duration of

blow is generally of the order of 0+01 second, that is, it Is approximately tha
due to one-half of a 50 cycle sine wave, Witha helmet of normal weight the
high frequency vibratior: will be of approximately 500 cycles. Now let the

frequency of the peak stress indicator on the spring ;—}- , be 2.7 by 150,
0
For critical damping SRR :
LA
M, M2
or E = 1886
Let the value of p/M; be 1500, Then for m = 2 % by 50 = 314 and m;
5140, and, / B _ 945 we find .Cji — 1-09 and ZL2 0-47. The peak str
i

indicator will therefore read slightlytoo high on the main peak,bﬁt the acceleras
tion due to the high frequency term has been reduced to less than one-hglf

A correction may be applied for the departure of the ratio %from upi

For the example considered earlier where the maximum deceleratlon of th
hammer due to the high frequency term was 15 per cent. of the main peak
inaximum, the peal stress indicator would ghow a stress not greater t
7 per cent, higher than the main peak maximum, that is w1thu1 4 per ce
the required value,

To face page 110

Frourze 35.

of the hammer, vecorded with the pizzo-electvic

{a) The deceleration
decelevation vecovder.
(bY The sivess in the specimen, for sinulay conditions.

the blow is 0-01 second.)

{The duration of

TFIGURE 58.—Record of the breaking of contact.
The duration of the main break is about 1/2,000 second.
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. The second artifice employed to reduce the effect of the helmet oscillation
depends on the arrangement of the spring supporting the weight against the
contact. The simple arrangement of Fig. 12 suffers from the defect that in
consequence of the time taken for an impulse to travel along the spring it is
progressively more inaccurate as the duration of the impact decreases, With -
a spring placed below the weight, the spring pressure is reduced during impact,
the amount of the reduction becoming greater as the duration of the impact
decreases. The indicator therefore reads high and is more sensitive to the
high frequency helmet oscillation than to the main peak, It has been found
that, in certain circumstances, the initial impact can operate the indicator.
An oscillographic investigation of the mechanism of the break with this in-
dicator was made using a simple electric circuit, with the result shown in Fig,
38. The main break is preceded by a number of breaks of exceedingly short

" duration, due to the spring effect mentioned. =

The method of construction now employed makes use of this effect to render
the indicator more insensitive to the helmet vibration. A drawing of the
indicator is shown in Fig. 13; the spring now acts at one end of 2 lever arm,
the other end of which carries the weight. The spring effect is reversed, and

. the indicator is less sensitive to high than to low frequencies,
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