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ABSTRACT

This paper represents amethod of establishing a mathematical model for determining
the radius of R-wave propagation during pile driving. It is necessary to point out the
relation between the pile driving energy, duration of pile driving, soil medium, damping
DQG RWKHU IDFWRUV 'LPHQVLRO ODWUL[] OHWKRG KL
JURXSV RI GLPHQVLRQOHVV E WHUPYVY L HPDWKHPDW
or factors. Results indicates the radius of R-wave propagation: a) is proportioning to
the square root of Energy; b) inversely varies to density of soil medium; and c) fastly
GHFUHDVH ZLWK GLVWDQFH WR WKH SRZHU Rl C
SURGXFWV & WHUPV PD\ EH VXLWDEO\ VWXGLHG WR
predictor using sensitivity analysis.

Keywords: 'LPHQVLRQDO DQDO\VLYVY 5 ZDYH SLOH GUL

Introduction DQG RWKHU UHO Dh¥dessarylDFW I
Problems in engineering ard® establish some information about the

necessary to be tackled for obtaininéelationsmp between these variables and
better understandings about what happeRarameters. VR WKDW VRPH HTX
to a quantity (predictor or dependen [SHULPHQWYV FDQ EH GRQH
variable) as other factors and paramete gorem.

change or what the relationship between  Dimensionanalysisis a useful method

a quantity (normally called predictory@mong many different approaches to check

and other different factors or variablesSUch the relations among parameters using

A mathematical model is necessariljneir dimensions.

WR FUHDWH WR JRYHUQ WKAHWBIURHEOVHEW LVHWR) GH\
investigation on behavior of the quantityariable(s) or parameter(s) affects most on
under consideration in relationshigoredictor and cause the greatest change for

with other variables and parameters @utput results. Sensitivity Analysis then
postulated. Based on prior knowledge/ KRXOG EH FRQGXFWHG WR
DQG UHVHDUFK GDWD RvWiapB(e)Laffech mast v redister ery
VWXGLHG DQDO\WLFD O ¢lépepdgnt vanaplg.y LPHQWD O O\

via other mathematical tools or by tests The main idea for this article is
DSSURSULDWHO\ ,Q VXFi ebatikely sudy ThEvD ©Q \tbnhétt Qhe
YDOXHV RI YDULDEOHVs SMethazP of WiHrngnsiomaR kmnaglysis Hapav
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method of sensitivity analysis making use IXPHULFDO YDOXHV RI SD
the fast divergence of power function. Thare possible measurable; meanwhile
procedure is to start gaining informationlD FW R U IDFWRU « ZLOO EH
for mathematical model by dimensionalVe say R is dependent variable or what
DQDO\WLV (UVW WKHQ BEveWehbt® kidvidits r¥ldtiGhWnith\theYrésyV \

in order to point out the better informationSD U D « 8 Brdr factors which are

about how predictor varies as input data @fenerally called independent variables or
variables changesPRQJ SRSXODPRYSMEROFYDULDEOHYV ,Q GL
SUREOHPV LQ FRQVWUXRGH L otHers Wan UR L &pRdable

the radius of Rayleigh wave propagatiofyytyally so that we can write:
during pile driving is highly concentrated.

[Constant] = [para®] [para2} «
Problem statement and Procedure [paran]
'XULQJ SLOH GULYLQJ whdedUJ\ LV
delivered to pile and makes the pile [paral] stands for dimension of
penetrates into soil. Most of the energy,
distributed to the soil around the shaft o bub D E «L DUH UHDO QX

pile and right under the pile tip makesthe ! H[SUHVVHG DV DQRWK
soil around pile vibrate. power function in terms of dimensionless

This paper deals with determinindoarameters and variables which called
the radius of wave propagation in terms off WHUPV DV IROORZHG

as many as possible parameters or factors ¢ R
UHODWHG LQFOXGLQJ VRLO maGpa®. pgaH QV LW\
SK\VLF PHFKDQLFDO FKDUDFWHULVWLFV

GDPSLQJ« HQHUJ\ RI SLO %S L'fth?(LdéﬁS?”S'B ¢S Pproduct
: , through which we “tan conie to another
displacement or distance.

This is the ad 4 model IRUP RI H[SUHVVLRQ DV IROGO
IS IS € advance moael as
S (& 5.5

compared to previous paper published by
DXWKRU ,Q WKLV VWXG\ Yiherk RiE RdhukhbePoPpalirhriederdV R
displacement is added to take the damping QG IDFWRUV DQG N LV W
of medium into account. For a generalimension independent variables of both
SURFHGXUH HQHUJ\ RI theongﬁr%e‘{estahoHécMﬂsP@/@ tan

VWXGLHG WR EH HQHUJ\nRekstarlhEréin&iteraQ i he Rimber
LV WDNHQ DV WKDW RI ZRHMNsiRRdd L H IRUFH

multiplied by distance. :
The correlation between
Method dimensionless parameters and factors is
'LPHQVLRQDO DQDO\Wahd rdgdtdlddOdR te Gysten of units
%XFNLQJKDP LQ Z D VhdrduBeMiisQs WnenEidhieds correlation.
simple tool for establishing mathematicaF KH E WHUPV ZLOO JLYH XV 1
relation between parameters of the problefRe mathematical relationship between
under consideration. SDUDPHWHUV DQG IDFWRUV \
The relationship between factors antb understand more about the dependent
physical parameters can be writenas YDULDEOH XQGHU FRQVLGH

5 )XQFWLRQ RI sSDY¥YBLQEWMKH FPHWKRG RI GLPH(
paran IDFWRU IDFMWRU « Mmappveseful groups of information
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between parameters (variables) can bel ODVV /HQJWK DQG 7LPH
HVWDEOLVKHG LQ PDWKWPDWLFDO®UH[SBRHVIVQERBIHQC
(SEGHOD®LH. / ) %\ WKHI®G $ LV PDWUL[ RI GHSHQ
for the relationship between parameters Isdependent variables can be measured
GLPHQVLRQOHVYV L H L Q& Nedity Qi Hv@atioR | ol \déverdént

Rl XQLWYV ZH FDQ FUHDWH LPKKOHNDOHPREKDOOH GH:
IRU WHVWLQJ UHSODFLQ@UEBE QR B ARMHW\P RQ LIHR WHW U L
values of this parameter in terms of othePDWHULDO DQG H[WHUQDO
parameter(s) in a pilot plan for a similarity % R]LGD 6WRMDGLQRYLF

IURP GLPHQVLRQOHVYV SURG))f:ﬁ)N\Hﬁij%@ﬁ(PEZFHlJVFRQVL

Dimension Matrix information to be provided to model
g;\oréﬁébiél:i UHODWHG WR GLMSEGDRNPHQ'
t u [:] X b [m myL pg and Span- «
Lns?thl} Ljop1 o1 4o OL 0"1 L t [m[b]x[8]u L g
X M|lo|t1flojo|1]1]|]1]0]o0 LlofolobtaTol 1 Tol1]1]
ggL;KneE%VT1-zoo-1ooo-2 ;ﬂ:};ﬁI;}_g;w_L_i
Ty 1 l oﬁw:
Pat la ma tran : 9-3=6 56 1:2 1 _ :1_103 BT
Pi,nhu’sau:w4 [l | 0 Po]
s | IIE ofl| ™= q
OHWKRG 5D\OHLJK ZK s il I |0 R
DSSOLHG WR FUHDWH DQDO:\|¥V|_|_UF|QC{$|&§_|L§HHVQV I—IIQCQ\M F&'Dl

power number gives result of less than

IRXU SDUDPHWHUV ZK %wﬁ Q%é VH{I;%SPEIOI
ODWUL[ OHWKRG FDQ EH_ V. |_ O)
: variablesarem LWV"DFFHOH

models with more than 4 parameters f P B :

. : : (jthere are m=6 and n=3 out of 9 variables.
complicated models with more detaile o
information. The latter have proved to be ~ Anotationis thateven some constants
very powerful in data processing usingRY FRHI¢GFLHQW V. PD\ EH
computer programming and unlimited6LPHQVLRQDO PDWUL[ LQ JF

number of variables. The method is aore complicate and troublesome matters
follows: and unwanted errors.

9DULDEOHV LQFOXGLQJIIDWHUDPFHwWXQ%Wand, alLV 3
with or without dimensions will be listeddiagonal one.
as many as possible. The more number 0D W UJlH (€A'B) " will be the
Rl YDULDEOHV LV WKH;@BOWHYVXDODWRWBDDWHER ®RI "LF
about the relationship can be withdrawnFROXPQV DQG URZV KHQF
Dimensions of these parameters will beE W H U P_\6 eDrfQuGP&O W U L |

prescribed in matrice as follows: $IWHU ¢ QGLQJ ROHNKBIW U

A VATIADIES i VaABIcS m groups of informations as follows:
a b ¢ d.f g h b

e s af® 2 e s dn’()
I |l | ’ «

|| B |l A 7TKHVH P & WHUPV TXC

- | |l | stand for the model and because they
SE——— DUH GLPHQVLRQOHVV WKH\

0O / 7 DUH IXQGDPHQ®RPOH&EL PMHFIW RBHRFWHG RU P XI
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6RPH UHVHDUFKHUV SUHIHUU®GIKBUH[FUHRVYVZIOUFK >(C
them in power forms to other forms. The [LengthF / [time]?

reason is that in power form they can be t Displacement of a point on
scaled. They are dimensionless products. WKH VXUIDEH RI VRLO
They are so useful that many physical dimension {]= [Length]

models in wide ranges of engineering

LHOGV DQG SK\VLFDO VFLHSFHRFAQYLRSPWULL LY

74

and tested using similarity between real wm R t o E _u
VWUXFWXUHV DQG PRGHO | |0 0|1 1 0| IRP
these dimensionless products. T 1 0 | -3 2 1

Parameters taken into account for 0 170 -2 0 [A]

the problem
As described in all lectures of 7TKH QXPEHU RI YDULDEOF

YLEUDWLRQ UDGLXV RPSZHdamenial,q BSQ‘ZB.L?*R%O we
GHSHQGV RQ WLPH RI f}? %g@g%ﬂ&ﬁ g 5 nless
density of propagating medium and energ WHUPV
VXSSOLHG IRU YLEUDWLR Q-etiptrices Aang BY&®R X UFH
Damping characteristics is taken into al] 1 Q¢

account by decayed displacement of points 5 «3 o 1?

in the surface of free domain vibration. So « >

: «0 2 02
we haveD W O pré&dictable parameters; '
those are 9 00

t Radius of wave propagation B § 0
denoted as R (this is a dependent Q 13

YDULDEOH

t 7LPH Rl ZDYH suURsBWHW RGYHUDO DOJHEUDLF
denoted as C=(-ALB)’

T Density of the wave propagationZH FRPH V\{R REWDLQ WZR &
PHGLXP GHQRWHG DV

+ Energy compensated for stirring k1 .-p--lg--”-l
WKH VRXUFHE. GHQRWH M |0 01 10,
1 Displacement of a point on the L | N [A],
VXUIDFH RI VRLO PHGLXP TT[1 @ A8 g4
Results 1o 1050525~
$V PHQWLRQHG DERYH ™
under consideration has started with the i e )
PLQLPXP QXPEHUV RI YDULL ... «v.covn oo (i)

T Dependent variable R: dimension We can write:
Is length [R]= [length]

R
¥ 7LPH Rl YLEUDWLRQ ZLV?KU>W@ >WLPH@

f "HQVLW\ I LWV GLPHQ\@L@%UL&;M PDVYV
GLYLGHG E\ YROXPH >'@/¥0DVV@
[LengthP

(2)
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Based on basic characteristics of
GLPHQVLRQOHVV SURGXFWVI SUEDIWHU FDUU\LQJ
out some algebraic tricks of calculation
RYHU WKHVH &G WHUPV IRU GFSR, uWR WKH SRZHU
RI WKHVH &G WHUPV DGG DQW% Y PXOWLSO\ RU
FRPELQH PDQ\ RI WKHP ZH FRPH DQ
LOQWHUHVWLQJ H[SUHVVIRQ vaonsﬂu%ERw%LV DQ (3)
HISUHVVLRQ GHDOLQJ ZLWK WKH lMQWHUUHODWLRQ

between all required quantities in the
Or we can empower pi-terms to come to
problem under consideration: Energ

RI SLOH GULYLQJ VRLO%g%fES’Q}’EWWEﬂaePHGLXP

displacement of a point on the surface ., nstv-—+ Bty
(4)
Rl TUHH GRPDLQ YLEUDWLRQ WR H/ RI ZDYH

ropagation and the radius of propagation.
propag propag We can co épare 3&2 to result

%HFDXVH & WHUPV FRQ,&Hb Fﬁclﬁ o 44 H
WKLV RQH WR RWKHU VR ZH KD

Figure 1. Plot diagram indicates the inverse correlation between displacement and
distance of wave spreading (Richard et al., 1970)

1

homogeneous halfspace
. f=5 Hz
08 — - f=50Hz

- f=100Hz

0.6

nomalised vertical displacement

0 10 20 30 40 50 60 70 80
distance, m

Note that (3) somehow looks like theparameters or factors; results postulated
E\ DXWKRU 7KDP '+ DV I

(5) v=6351+1462[E]-2.141R]  (mm/s)
u =147.873 + 52.906[ E] — 58.196[ R] pum

([SHULPHQWY RU VLWH M@VWV FODHQ ZKHQ GLVWI
GHVLIQHG WR YDOLGDWMWRVKH UHPR DUWHMEPNEKALISY HO\
RU WR ¢QG RXW WKH YDOXOIN RUIMWRRH BRHQYUWHHT XL
parameters from other measurablé NFl P

0.75

R

same formular =0.5
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9HORFLW\ RI IUHH GRPDLQ SRLQW
Pile driving Energy

R 1800 2500 3500 5000
10 13.817 17.678 22.752 29.73
15 9.2116 11.785 15.168 19.82
20 6.9087 8.8388 11.376 14.87
30 4.6058 5.8926 7.584 9.91
40 3.4543 4.4194 5688 7.433
Results from this mathematical model:
R\E 1800 2500 3500 5000
10 0.0346 0.0408 0.0483 0.058
15 0.0189 0.0222 0.0263 0.031
20  0.0122 0.0144 0.0171 0.02
30 0.0067 0.0079 0.0093 0.011
40 0.0043 0.0051 0.006 0.007

Figure 2. Trend of decrease of the estimated velocity which was manipulated from (3) to
LQFUHDVLQJ RI GLVWDQFH DW WKH GH{QLWH WLPH VHULHYV

Particle velocity

Index ofdistance R

Discussion
Some key points can be withdrawn

from results of mathematical model built

by dimensional analysis:

By replacing particle velocity of a
VXUIDFH SRLQW Y

v consi. E.i.u 05
UR

vV cons@. /E.R 3/2
U

This formula indicates a more general

0.75
v:O.SE
R
t Through the mathematical
HISUHVVLRQ RI UDGLXV
SURSDJDWLRQ IRXQG L

HI[ISUHVVLRQ DV FRPSDUHG

formula described herefafter in code of

practice ‘Quytrinh dong coc trong vung
[D\ FKHQ %R ;D\)"XQJ

X W ZH KQag)Ho come to conclusion that:

the more rigid the soil medium

RI SURSDJDWLRQ KLJK
the smaller the radius of wave
SURSDJDWLRQ L H 5 ZD
farther fot faste) through soft

soil (smaller value of density) than
through harder soil. This result is
SR TG ULERR vDow w
which stores large part of total
energy of pile driving (more than

67 percentage) and causes in more
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serious damages of construction

T Frequency and velocity of wave

ZRUNV LQ LWV YLFLQL W \spféading vizasitsakenNhikoHiccount

radius of wave propagation will
be proportioned to squared root
of energy supplied to vibration.

The more complicated model in
which damping characteristic
of soil medium and frequency
of source will be postulated by
considering periods (its dimension

by time variable and distance
variables (R and u).

Results from this study may be
developed referring previous
researches to give a better
understanding about the effect
of pile driving to surrounding

construction works.

LV WLPH LQWR GLPHQWeRRsBPWUL]

$FFRUGLQ\.]. WR PHWK%GLQ'&' Gq_l-leQVLRQDO DQE
change the position of u andygplems can be solved qualitatively

S LQ GLPHQVLRQ PhHy Q%}bl{l LnanyWV iisEful _information
UHVXOW ZLOO QRW gdP QnbH mhthema¥iddl ZrBlationship

can predict that the amplitudeyetween parameters involved. Results

of displacement will decrease top yy GLPHQVLRQOHVV &E WH
power (-3/2) of distance R. Sojngependent of system units.
we can conclude that at distance

more than 10 meters from the pile_ , eSUlts taken by applying - this

CULYLQI VLWH WKHARIDTX Gl PV Wi pn )

negligeable. | WKH PRUH ULJLG WKH VRLO
It is possible to recognize fromyyppooOHU WKH UDGLXV RI SL
(3) that radius R depends Orlje{ends upon the energy supplied to the
(QHUJ\ WLPH YHORRIWD WL Y Y\ wkH zD\ DPS
VSUHDGLQJ  GDPSLfddaddRht depdiftson e surface of soil

of soil medium. Site test USINpPHGLXP ZLOO GHFD\ H[SRQHC
a_ccelerometers to pick  UpPfast to power of (-3/2) of distance from
displacement and time of wavene source of vibration. Power function of

propagation can be recordedyHyXOWYV LV KHOSIXO WR D
to calculate the wavelength ofy¢ sensitivity analysis.

R-wave. Although we can upgrade this method

Power form of radius of waveyith a more detailed relationship and

propagation in terms of Energymany invisible factors can be taken into

LPSDUWHG WR SLOL®PER x@MVMMWI RGHFHVVDU\
VRLO PHGLXP I GLYUPOPFHPAQWDPD DQG WKHRUI
time of pile drivingt as in (3) iS come closer to a more rigorous solution(s)

convenient for sensitivity analysis.fOr the problem under consideration.

$W ¢UVW JODQFH ZH EDQ VHH gyoi\(/el?dwto be an

energy and density is sensitive to
radius of wave spreading. HI¢FLHQW WRRO IRU SURYL

_ _about relationship between factors and
Formulae (3) points out damplngSDU DPHWHUV LQ PDQ\ HQJLQ
consequence  on  amplitudeyny served as an important step before

relevant as previously postulategyringing piling and construction activities
by Richard et al (1970). in reality.
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