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capacity and driveability of piles can be stud ied by the computer program 
SVIDYN, us ing a proposed new soil model or Smith's soil model . Compari
son between measured data from di fferent field tests and computed data 
by SVIDYN and CAPWAP analysis shows the reliability of the new approach 
for pile driving analysis. 
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SUMMARY 

The rapid ly increased use of pile foundations and appearance of new 
driving techniques, as well as stress wave measurement equipments have 
led researchers to look for better understanding of the dynamic and 
static behaviour of the hammer-pile-soil system and to develop more 
reliable methods of pile analysis. 

The reliability of the pile driving analysis, prediction of bearing 
capacity, analysis of driveability, simulation of a static load test, 
and understanding of the dynamic vs static behaviour of piles are pri 
marily functions of the accuracy of the soil parameters and the rheo
logical model of the soil. During the last few years, considerable re
search efforts have been made in Belgium, England, France, Holland, 
Sweden, U.S., West Germany and other countries to determine appropriate 
soil parameters and to develop better so i l models for pile driving analy
sis. 

The scope of this study is to find a new soil model and a new computer 
code for pile driv ing ana lysis. The investigation has been focused on 
the derivation of soil parameters from conventional soil mechanics and 
soil dynamics. The solution of the stress wave equation is based on 
Smith's approach. A brief summary of this research work is given below. 

A review and discussion of the methods for determination of bearing 
capacity of piles, soil parameters and soil models for pile driving 
analysis are presented in Chapter 2. 

After remarks on different existing soil models, a new soil model for 
pile driving analysis is proposed in Chapter 3, together with recommen
dations for evaluation of soi l parameters. The soil parameters are de
termined directly from conventional soil mechanics and soil dynamics, 
such as shear modu lus, soil density, Poisson's ratio and damping ratio. 
The soil stiffness is derived from the shear modulus and strain ampli
tude. Hysteretic damping is computed as a function of the shear modulus, 
mass of pile and represents the loss of energy due to interparticle 
shear stress in the surrounding soil. The· inertia of the soil is taken 
into account by radiation damping and thus the loss of energy in the 
surroundings is cons idered. The quake vp lue, i.e. maximum elastic dis
pl acement of the soil, is eva l uated by the soil resistance, shear modu
lus and pi le dimensions. As the shear modulus is involved in determina
t ion of al l soil parameters and it is computed as a f unction of strain 
amplitude, soil type, number of blows count, etc thus the influence 
of pile driving on the so il properties can be considered in this so il 
model. 

The computer program SVIDYN, in wh i ch the new soil model or Smith's 
soil model can be used, is developed and described in Chapter 4. In 
combination with data from stress wave measurements the computer pro
gram SVIDYN-1 can be used to study the bearing capacity of piles. A 
similar procedure as the CAPWAP analysis is used. The computer program 
SVIDYN-2 can be used to analyse the driveability of piles. Different 
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subroutines such as TRANSFER, DATA, CASE, RESULT and PLOTTER can be 
used to transfer response signals from the osci l loscope to the computer, 
preparation of data for the new soil model, analysis by the CASE method, 
simulation of a static load test and presentation of the results of 
the analysis. 

A study of the bearing capacity of piles is carried out by SVIDYN-1 
using measured data from three field tests. Comparison between measured 
data and the results of analyses by SVIDYN-1 and CAPWAP are presented 
in Chapter 5. 

Typical results of analysis by SVIDYN-1 using the new soil model from 
the Fittja field test are shown in Fig. I. 

Force 	 kN 
360 

FOR. MSD. 
270 ------ FOR. CPT. 

180 

90 

0 
0 

5 10 

5 

15 

6 L/c 

20 
Time ms 

Fig. I. 	 Results from SVIDYN-1 analysis usi ng the new soil model. 

FOR . MSD = measured force 

FOR.CPT = computed force 


Simulation of a static load test can also be carried out by SVI DYN-1 
using either the new so il model or Smith's soil model. Fig. II shows 
the measured load-settlement curve computed by SVI DYN-1, and by CAPWAP 
and data from the Fittja field test. 

Ana lysis of driveability probl ems by SVIDYN- 2 using the new soi l model 
is presented in Chapter 6. A good agreement between measured and com
puted force history can be obtai ned and is shown in Fig. III for the 
Hallsfjarden field test. The computed force history is calcu la ted by 
the simulation of the hammer-pile-soil system and the initial input 
velocity. 
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Fig. 	 II Simulation of static 1oad test and measured data. 
a. 	 static load test, b. CAPWAP analysis, c . SVIDYN- 1. 
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__ FOR. MSD. 
7500 
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5000 

2500 

0 5 L /c 
0 

5 10 15 20 25 30 35 40 45 50 

-2500 Time ms 

Fig . II I Simu lation of pile driving by SVIDYN - 2 using the new soil 
model. 



X 

The computed force history and velocity history from the Hallsfjarden 
field test are shown in Fig. IV. 

Force 	 kN 
10000 

__ FOR. CPT. 
7500 

------ VEL. CPT. 

5000 

2500 

0 3 4 5 L/c 
0 

' ... 

-2500 

5 10 ', 15 2Q.'
I' ',,_,,,,._,/ 

25 30 35 40 45 
Time ms 

50 

Fig. IV 	 Simulation of pile driving by SVIDYN-2 using the new soil 
model. 

Results of analysis by SVIDYN-2 and measured data from the Hallsfjarden 
field test show that a hammer of 6 tons could not mobilize the total 
bearing capacity of the pile. Thus, increasing the mass of the hammer 
to 10 tons is tested . Results from the simulation of a static load test 
by SVIDYN-2 using the new soil model and a 10 tons hammer are shown 
in Fig. V, together with results from the static load test. 

The bearing graph showing the relationship between the bearing capacity 
of the pile and permanent set or blow count can be calculated by SVIDYN
2. Computed and measured data from the Fittja fie l d test is presented 
in Fig. VI. 
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Fig. V Results from a static load test and the simulation by SVIDYN-2. 
a. static 	load test, b. computed by SVIDYN-2. 
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Fig. VI 	 Bearing graph computed by SVIDYN-2 using the new soi l model 
and measured data (•). 



XII 

A study of the influence of different so i l and pile parameters on the 
pi le driving analysis is carried out in Chapter 7 for 10 case studies. 
Variations in soil parameters are taken into account by the Kfactor. 
K = 1 corresponds to results shown in Chapters 5 and 6. The influence 
of the shear modulus on simulation of a static load test can be seen 
in Fig. VI I. 

Load kN 
0 20 40 60 80 100 

0 

2 

E 
E 

4 
+>"
C 

OJ 

E 

OJ 6 ...... 
.µ 
.µ aOJ 
CJ) 8 

10 

__ PILE TOP 
------ PILE BOTTOM 

Fig. VII 	 Influence of variation of the shear modulus by the K factor 
on the simu l ation of a static load test. 
a. K = 0. 5, b. K = 0. 8, c . K = 1, d. K = 1. 25. 

Influence of soil resistance on force history and the simulation of 
a static load test can be observed in Figs. VIII and IX. 
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ForcQ kN 
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__ FOR. MSO. 
270 
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180 
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Fig. VIII Computed force hi story obta ined by increasing the soi l re
sistance by K = 1.5. 
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Fig. IX 	 Infl uence of soil resistance on the simulation of a stat i c 
load test. Soil stiffness is constant for all ana lyses . 
a. K = 0.5, b. K = 0. 8, c. K = 1.0, d. K = 1. 2 . 



XIV 


Driveability of piles depends on hammer mass, ram fall and soi l and 
pile parameters. Computed response signals for a hammer mass of 8 tons 
and a ram fall of 4 mare shown in Figs. X and XI. Measured data corre
sponds to a hammer mass of 6 tons and a ram fall of 3 m. 

Force 	 kN 

10000 

FOR. MSD. 

7500 I 
If\ 	 ------ FOR. CPT. 
"1"I~,

5000 

2500 

...,-,,
'-,-,,, 

0 1 
\ 
\ 5 L/c 

0 
5 10 15 20 25 30 35 40 45 50 

Time ms 
-2500 

Fig. X 	 Simulation of pile driving by SVIDYN-2 using the new soil 
model. The computed force history is obtained with a hammer 
mass of 8.0 tons. 
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_ _ FOR.II-	 MSD.,,
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I I 
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I -, 

\ 
6000 ' \ 

'  \',, 
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0 5 L/c 
0 

5 10 15 20 25 30 35 40 45 50 
Time ms-3000 

Fig. XI 	 Simulation of pile driving by SVIDYN-2 using the new soil 
model. The computed force history is obtained with a ram fa l l 
of 4.0 m. 



----

xv 


Fig. XII shows the influence of pile length on the simulation of a static 
load test. Variation of blow count with pile length can be seen in Fig. 
XII I. Load kN 

0 800 1600 2400 3200 4000 
0 
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E 
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8 
+> 
C 
QI 

E 

QI 12 ..... 

+> 
+> 
QI 

(J) 16 

20 

_PILE TOP 
------ PILE BOTTOM 

Fig. XII The simulation of a static load test for different pile lengths. 
a. L = 27 m, b. L = 31.2 m, c . L = 37.5 m. 
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Fig. XI II Variati on of blow count with pile length. 



XVI 


Influence of the variation of the shear modulus and soil resistance 
on driveab i lity problems can be seen in Fig. XIV. 

2. 5 

E 2.3 
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(I) 2. 1 
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1. 9 

1. 7 
""· ~ 

1. 5 
0. 5 o. 75 1 1. 25 1. 5 1. 75 

Values of K 

Fig. XIV The variation of permanent set with soil resistance and 
shear modulus. 

The influence of the soil resistance and quake on the number of blows 
count can be observed in Fig. XV. The variation of the soil resistance 
and quake value have been accounted for by K factors. In Fig. XV, the 
result of analysis for the case in which variation of the soil resistance 
is considered by the K factor, while the quake value is computed by 
K = 1, is also plotted. 
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Fi g. 	 XV Variation of blow count with soi l resistance and quake. 
variation of soil res i stance and quake by K 
variat i on of soil resistance by K while quake is calculated 
by 	 K = 1. 

Conclusions on different aspects of pile driving analysis are summarized 
in Chapter 8. The most important conclusions derived from this research 
work are given below. 

1. Smith's approach 

The mathematical model is we l l founded, the soi l model is simple and 
takes into account ul timate soi l resistance, maximum elast i c displace 
ment and viscous damping for the stress wave analysis. The adjustment 
between measured and computed response signa l s can be ac hieved by vari 
at i on of the soi l parameters. However, as the soil parameters are emp1r1
ca l , a wide range of variation of t he viscous dampi ng is used in practice. 
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2. 	 The new soil model 

The new soil mode l takes advantage of the simp l icity of Smith's approach. 
However, all soil parameters can be evaluated directly on the basis 
of conventional soil mechanics and soil dynamics, such as shear modulus, 
material densities, Poisson's ratio and damping ratio. Influences from 
the installation of the pile, soil inertia, interparti cl e shear stress, 
etc, can be considered in the evaluati on of soil stiffness, hysteretic 
damping, radiation damping and quake value. 

3. 	 Soil parameters for the new soil model 

The initial shear modulus can be derived from CPT and SPT tests, or 
using empirical equations. Hardin and Drnevichs' method (Hardin and 
Drnevich, 	 1972) is a valuab le tool to define the shear modulus for a 
certain strain amplitude. Novak's solut i on (Novak, 1978) and Lysmer's 
approach (Lysmer et al., 1966) can be used to define the radiation damping 
and the damping ratio to define the hysteretic damping ranges between 
0.06 and 0.29. A small increase of the damping ratio will replace 
the effect of the viscous damping. The quake value can be determined 
as a function of the shear modulus, soil resistance and pile dimensions. 

4. 	 Computer program SVIDYN 

The computer program SVIDYN can be used in practical applications. Both 
the bearing capacity and driveability of piles can be studied by SVIDYN 
using the 	new soil model or Smith's soil model. The adjustment between 
measured and computed response signals, as well as simulation of a static 
load test, can be obtained by SVIDYN-1. The force history, ve l ocity 
history, number of blows count, bearing graph and simulation of a static 
load test 	can be derived from stress wave analysis using SVIDYN-2. 

5. 	 Bearing capacity of piles 

SVJDYN-1, 	 using the new soil model, can be used for a fairly accurate 
calculation of the distribution of soil resistance and simulation of 
a static l oad test. A better understanding of the pile-soil system is 
obtained by SVIDYN- 1. 

6. 	 Driveability of pile 

SVJDYN-2, usi ng the new so i l model, can be used for a fairly accurate 
calculation of the force history, velocity history, blow count, permanent 
set as wel l as for simulation of a static l oad test. 

7. 	 Influence of soil parameters on the analysis of bearing capacity 
of pi les 

An increase in the soil resistance and/or the hysteretic damp ing will 
produce a higher computed force history. The variation of the shear 
modulus has a great influence on the simulation of a static load test. 
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8. Influence of hammer mass and ram fall on driveability of piles 

An increase of hammer mass and ram fall will make it easier to drive 
the pile. A variation in the hammer mass and the ram fall produces a 
significant variation in computed response signals, blow count and per
manent set. However, a variation in the hammer mass produces only a 
slight influence on the impact force at the pile head. An increase in 
the ram fall gives a higher impact force at the pile head and the pile 
is easily damaged. Thus, it is recommended to increase the hammer mass 
rather than the ram fall. 

9. Influence of pile length 

An increase in the pile length will increase the bearing capacity of 
the pile and the number of blows count, but will reduce the permanent 
set. The increase in the pile length is limited by the mass of the hammer. 
Hard driving can be observed if a light hammer is used to drive a long 
pile. 

10. Influence of soil parameters on the driveability of piles 

An increase in the soil resistance, shear modulus, hysteretic damping 
and quake value will produce a higher number of blows count and a lower 
permanent set. The quake value has a higher influence on the driveability 
than the shear modulus. As the pile driving process produces a continu
ous failure in the soil, it is obvious that soil resistance, hysteretic 
damping and quake value play important roles in the pile driving analy
sis. When the soil responds elastically, the radiation damping has a 
dominant effect in the system. 

11. Limitations and further development 

Other aspects of pile driving analysis can be studied by SVIDYN using 
the new soil model. However, the time for stress wave analysis by SVIDYN 
using the new soil model is increased in comparison with CAPWAP, due 
to the fact that the number of unknowns is increased. In the future, 
the development of a new soil model and a new computer program that 
takes into account residual stress analysis, unloading quake, gap and 
better simulation of the hammer system for practical application is 
greatly needed. 
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NOTATIONS ANO SYMBOLS 

b 

e 
e(m) 
ef 
F 
F(m,t) 

f 
f 
f(x-ct) 

constant cross secti ona l area of a pile 

area of the pile base 

area of the pile shaft 

area of soil hysteretic loop 

area of total energy input 


constant, acceleration 

=row /vs = dimensionless frequency 


constant 

pile perimeter 

critica l damping 

hysteretic damping factor 

hysteretic damp i ng factor at the pile point 

resistance damping 

radiation damping factor 

radiation damp ing factor at the pile point 

total damping 

viscous damping factor 

viscous damping factor at the pile po i nt 

hysteretic damping factor of soil el ement (m) 


radiation damping factor of soi l element (m) 
compression of the internal spring mat time t 
temporary maximum value of C(m,t) 

stress wave velocity, elastic movement or rebound 
adhes i on 
undrained shear strength 
reference undra ined shear strength (t=l hour) 

maximum material damping ratio 
damping ratio 
damping ratio at the pile tip 

pile diameter 
increment of shear strain 
increment of shear stress 

modulus of elasticity 
modu l us of viscosity 
Young's modulus of the pile cushion material 
hammer effic i ency 
i ni tial elasticity modulus 
initial tangent modulus 
pressuremeter modulus 
hammer energy 

void ratio, base for natural log 
coefficient of restitution of internal spring 
correction coefficient for the hammer drop 
force 
force in internal spring mat time t 

frequency (cycles/second) of vibration 
unit skin friction 
downward propagation pulse 
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G shear modulus of so i l for certa i n ampl i tude 
G' shear modu l us of soil (defi ned by hperbo l ic model) 
G· initial shea r modulus 
Glm) shear modu l us of element m 

g acceleration due to gravity 9.81 m/s2 
g(x+ct) upward propagation pulse 

H depth of equivalent solid 

h height of ram fal 1 

IL l i quidity index 
Ip pl asticity index 

J damping factor 
Jc dampi ng factor for CASE analysis 

damping factor for CAPWAP analysisJca 
J damping factor at the pi le shaft 
J(m) damping factor at the pile shaft of element m 
J(p) damping factor at the pile point 
J1 damping factor 

= 1 50.2 m-0 . 2 J2 damping factor 

K constant for paramater study 
Ko 0coefficient of lateral stress in situ K = l-sin0' 
K1 coefficient depending on soil type (Eq. 2.15) 
K2 constant depending on relat i ve density (Eq. 2.90) 
(K2lmax maximum value of K2 
K3 non-dimensiona l coeff i ci ent (Eq . 2.105) 
K4 user-assumed constant for calculation of time increment (Eq.4. 1) 
K coefficent of lateral pressure 
K(m) spri ng stiffness of the pile element m 
K(2) internal spring constant of the cushion and the tope pile 

element 

k exponent and function of the plasticity indec 
kG modulus number 
kp soil spring stiffness at the pi l e tip 
ks soil spring stiffness at the pile shaft 
k5 (m) soil stiffness of soi l element, m 
k1 the output efficiency of hammer 

L pile 1 ength 
L1 embedment length in the bearing soi l 
Le thickness of cohesive so i l layer 
Ls t hi ckness of sand layer 
tiL length of pile element m 

M confi ned compression modulus (oedometer) 
[M] mass matrix 
Mw number of halfturns of weight sounding 
m mass of foundation, mass of pile element 
(m) element number 
tim mass of portion tix of the pile 

N standard penetration number 
N average value of N along the pile shaft 
Nl number of blows count or number of load cycles 
NC normal consolidated clay 
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NI 
Ne 
~ck 
Ne 
Ne 
Nq 

OC 
OCR 

p 
t p} 

~?z,t) 

0 
Op 
Ou 

~{m)
O(p) 

q 
qc 
qcr 
qp 
% 
qr 
qv 
q1 

Rd 
Rm 
Rs 
Ru 
Rul 
Ru2 
R1,1(m)
Rtm,t) 

Swl 
Sw2 
s 

t 
tc 
t
t1

0 

t2 
tan o 
o t 

number of time integration 
bearing capacity factor 
cone factor 
mean value of Nin cohesive soil layers 
exponent 
bearing capacity factor 

mean value of Nin sandy soil layers 
bearing capacity factor 
Swedish ram sounding (No. of blows per 20 
viscous exponent, exponent 
number of element along the pile 

overconsolidated clay 
overconsolidated ratio 

cm penetration) 

bearing capacity of pile from static load test 
force vector 
atmospheric pressure ( 100 kPa) 
soil resistance at depth z at time t 

quake
ultimate point resistance 
ultimate load capacity 
ultimate shaft resistance 
quake of element, m 
quake of pile point 

vertical stress at pile base 
point resistance from CPT 
critical unit point resistance 
unit point resistance 
soil resistance due to hysteretic damping 
soil resistance due to resistance damping 
soil resistance due to viscous damping 
strength compression at a reference velocity 0.02 m/s 

total dynamic and static soil resistance 
= 2.5 L (1-Vp) 
static soil resistance 
ultimate soil resistance 
ultimate bearing capacity reached in time to failure t1 

II t2 
ultimate soil resistance of element, m 
force excerted by externa l spring 

pile radius 
radius at depth of equivalent solid 
radius at depth z 

vertical stiffness parameter
vertical damping parameter
pile penetration for last blow or permanent set 

time 
thickness of the cusion 
time to failure in standard test= 1 min 
time to failure under static test 

-"- dynamic test 
material damping
time increment 
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u displacement 
Uo initial displacement 

soil displacement to produce failure in CPT test 
~{m,t) displacement of element mat time t 
U I (m, t) plastic displacement of external spring mat time t 
u~ the soil displacement at the start of the time step 
llUs increment of soil displacement occurring at lit 
llu change of length of the portion of the pile 

initial particle velocity 

compression wave velocity 

reference velocity 

shear wave velocity 

velocity of element mat time t 


X coordinate 
Xn amplitude 
llX length of the portion of the pile 

z depth 
Zc critical depth 

weight of the pile 

weight of hammer 

natural water content 

weight of element m 
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GREEK LETTERS 


a adhesion factor (total stress approach) 

B adhesion factor (effective stress approach) 

Y shear strain 

Yh hyperbolic shear strain 

Ymax maximum shear strain 

Yr reference strain 

Ys unit weight of the soil 

Y(l) shear strain 

Y(2) shear strain 

6y increment of shear strain 

6 logarithmic dicrement 

6B settlement to produce failure load of static load test 
0s soil displacement to produce failure in CPT test 

oE/ot strain velocity 

E strain 

EQ reference strain 

El initial strain 

~ proportion of load carried by the pile point 

~ mobilization ratio 

µ ratio of measured to computed load capacity 

v Poisson' s ratio 

vc viscous resistance 

v Poisson's ratio of pile material 

P soil density 

Pp pile density 

% reference pressure, 100 kPa 

oh horizontal stress in shear test 

o0 mean effective stress 

ov effective vertical stress 

o vo total overburden pressure 

oJp effective overburden pressure at the pile tip 

03 lateral effective pressure 
1

0 3 minimum effective principle stress 

T shear stress 

r' shear stress produced by dashpot 

Tc r crit ical shear strength at time to failure t 

T(m)max shear stress at failure of soil element m 

1max shear stress at failure 

T0 shear strength in a standard test 
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'r unit resistance, defined by reference velocity 
~. increment of shear stress 
$ angle of internal friction 
$' effective angle of internal fr i ction 
$a ang l e of friction between pile and soi l 

w circular frequency (rad/second) 
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developing countries 
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1. INTRODUCTION 

1.1 lntroductury remarks 

Piling a foundation is the oldest method used to overcome problems aris
ing when constructing buildings on soft soil. Originally, the design 
of piled foundations was based entirely on experience. However, as piled 
foundations are frequently economical in many countries, and with in
creased use in offshore construction, research into static-dynamic be
haviour, the prediction of bearing capacity of piles and driveability 
problems have been extensively developed during the last 20 years. Dif
ferent methods of evaluating the bearing capacity of the piles have 
been proposed. The soil parameters are often determined in laboratory 
tests or field vane tests for cohesive soils and from CPT tests, SPT 
tests or pressuremeter tests for non-cohesive soils. 

Prediction of the load-settlement curve and evaluation of the soil re
sistance distribution is often carried out by theoretical or empirical 
methods. Sophisticated calculation methods, such as finite element methods 
are also used, as well as static load tests. The driveability of the 
pile and the stop criteria are determined from dynamic formulae or the 
stress wave theory. Although many efforts have been made, considerable 
uncertainty still exists concerning the evaluation of the ultimate bear
ing capacity of the pile, especially in stiff clay, silt, cemented soils, 
dense sand and weathered rock. There is also considerable uncertainty 
concerning the evaluation of the ultimate capacity from static load 
tests, because it is often not possible to separate skin friction from 
total resistance. 

During the last decade, research has been concentrated on the prediction 
of the bearing capacity, the integrity of the piles and the driveability 
problems by application of the stress wave theory and stress wave measure
ment during pile driving. The wave equation for an end bearing impact 
rod was developed nearly a hundred years ago (about 1867) by Venant 
and Boussinesq (Timoshenko and Goodier 1951). Smith (1960) reported 
that Issacs (1931) was the first to point out that wave action occurred 
during driving of a pile and Fox (1932) published a solution to the 
wave equation applied to pile driving. However, a number of simplifying 
assumptions were made. Smith (1955, 1960) published a major contribution 
to the application of the stress wave equation on piles. Smith presented 
a mathematical concept and developed a computer program for the solution 
of the problem. 

Originally, Smith's approach was used for bearing capacity and pile 
stress predictions. With increased need, and particularly in offshore 
construction, the method was also applied to the driveability problem. 

A number of programs known as "Wave equations", have been developed, 
among them TT! (Lowery et al., 1968), Bowle's program (1974), DUFOR 
(Holloway et al, 1979), WEAP (1981, 1986). During the last five years 
the fini-te element method (FEM) has been used by Chow (1981), Chow and 
Smith (1984), To (1985), Simon and Randolph (1985) for studying the 
driveability of piles. Some interesting conclusions on soil parameters 
for pile driving analysis can be derived from these studies. 
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After the development of modern electronic testing and recording equip
ment, stress wave measurements on pi les became possible. Today, the 
stress wave measurement technique has been used in different parts of 
the world to check the ultimate bearing capacity and the in tegrity of 
driven and bored piles . The main advantage of this test is that no reac
tion pil es are requ i red to perform the test. The number of tests can 
be increased considerably and the time required for the load tests be 
reduced. Comparisons with static pile load tests indicate that the 
results from stress wave measurements carried out in 20-50 ms, can be 
used to predict the performance of the pile for over 50 years to come 
or even more. Agreement between the force/time history from measurement 
and calcu l ation based upon the measured input velocity is obtained by
Smith's approach (Smith, 1960) using a computer program such as CAPWAP 
(Goble et al ., 1985). The static soil resistance in this model, when 
the agreement is achieved, represents the distribution of the soil re 
sistance. 

In Smith's approach (Smith, 1960), the effect of the loading rate on 
the response of the soil resistance is taken into account by means of 
a damping factor, J. It has been assumed that the dynamic soil resist 
ance of the soil is proportional to the particle pile velocity. However, 
this damp ing factor neither takes into account the internal damping 
that is a result of an interparticle action in the soil nor the dissipa
tion of stress wave energy into the surrounding soil. These damping 
effects can produce excess pore pressure during pile driving and will 
affect both the skin friction and the point resistance. The damping
factor, an empirical value, varies within a wide range. Values from 
0.16 s/m for the pile shaft and from 0.003 to 1.0 s/m for the pile point 
can be observed in Table B.3 of Appendic B. 

Another factor that is important in the application of the stress wave 
theory to piles is quake, i.e. the deformation required to mobilize 
both the peak skin friction and the point resistance. It is normally 
recommended to choose quake to be 2. 5 mm both for the pile shaft and 
the pile point. However, practical experience indicates that the defor
mation required to mobilize the peak skin friction may be smal l er than 
2.5 mm. Large values of pi l e point quake have been observed, particu l arly 
when driving piles in si l ty soils where excess pore pressure may develop. 
As the quake represents the maximum elast i c deformation of the soi l, 
it is expected that the quake will increase with the pile diameter . 

It is well known that Smith's approach is mathematically we l l founded . 
However, the successful application of his theory mainly depends on 
knowledge of dynamic-static so i l parameters such as ultimate soil resist 
ance, quake and damping facto r s . Those parameters, as discussed, are 
empirical and do not correlate with conventional soil parameters. In 
order to overcome the above limitations, a considerable effort has been 
made by many researchers around the world towards determining appro 
priate soil parameters and finding better rheological soil mode l s for 
pile driving analysis. The introduction of radiation damping and soil 
stiffness determined from shear modulus and soil density (Randolph and 
Simon, 1986, Corte et al~ 1986) represent improvements of Smith's soi l 
model and led to a better understanding of the static-dynamic behaviour 
of driven piles. The intention of this project is to develop and propose 
a new soi l model as well as a computer program based on conventional 
soil parameters and to make it possible to use a micro-computer for 
appli cation of the stress wave theory. The results presented will, hope
fully, form a reliable tool for pile driving analysis and lead to a 
considerable reduction in founda t ion costs. 
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1.2 Scope of the study 

The scope of this study is to investigate the possibility of us ing a 
new soil model with conventional soil parameters for pile driving ana ly
sis . The main scope and the content can be summarized as follows. 

o Review and discussion of different approaches to eva l uate 
the bearing capacity and driveability of piles; given in Chapter 2. 
The soil model and the soil parameters are discussed. 

o The new soil model and the procedure for evaluating conven
tional soil parameters for pile driving analysis are described in Chapter 
3. Cyclic pile movement and the effect of the inertia of the surrounding 
soil are taken into account by hysteretic and radiation damping. 

o A new computer program based on Smith's approach is developed
and explained in Chapter 4. The new soil model, as well as Smith's soil 
model can be used for pile driving analysis. The computer program can 
be run on a microcomputer and is already in practical use to evaluate 
the bearing capacity and driveability of piles. 

o The bearing capacity of driven piles is studied in Chapter 
5 using the computer program SVIDYN-1 with the new soil model and Smith's 
soil model. Results of the analysis are compared with measured data 
from three field tests and CAPWAP analysis. 

o The driveability of piles is studied in Chapter 6 using the 
computer program SVIDYN-2, using Smith ' s soil model and the new soil 
model. Blow count curves, permanent set, force-time history and velocity 
time history are predicted and compared with measured data from the 
field tests. 

o The influence of the soil parameters, pile dimension, hammer 
weight and drop height etc in pile driving analysis are studied and 
discussed in Chapter 7. 

o Conclusions regarding Smith's model, the new soi l model, the 
possibi l ity of using conventional soi l parameters for stress wave ana
lysis and the reliability of the computer program can be derived from 
this study. 
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2. 	 LITERATURE SURVEY 

2.1 	 Introduction 

The dynamic-static behaviour of driven piles is one of the most studied 
subjects of so i l mechanics and foundation engineering. Therefore, the 
volume of international literature in this field is enormous. The most 
relevant literature concerning evaluation of bearing capacity and drive
ability and application of stress wave theory is summarized in this 
chapter. 

There are three general approaches to the evaluation of the bearing 
capacity of driven piles. 

o 	 The static approach, which uses the normal soil mechanics concepts 
to calculate the load bearing capacity of piles from measured soil 
parameters or from static load test results. 

o 	 The dynamic approach, which estimates the ultimate load capacity 
from pile driving data. 

o 	 The stress wave theory and/or numerical methods. 

The main purpose of this research work is to study the dynamic-static 
behaviour of piles by application of the stress wave theory and simula
tion of the pile driving process. The literature survey is organized 
as follows. 

o 	 Evaluation of the bearing capacity of piles by static methods, field 
methods and pile driving formulae. 

o 	 Application of the stress wave theory for pile driving analysis. 

o 	 Soil parameters for pile driving analysis . 

2.2 	 Evaluation of bearing capacity of piles by static methods 

The net ultimate load capacity, Ru, of a single pile in Fig. 2.1 is 
evaluated by 

Ru Os + Op - w 
or 

Ru Clfs + Apqp-W ( 2 .1) 

where 	 w weight of the pi le 
C pi le perimeter 
L length of pile shaft 
fs = skin friction 
qp unit point resistance 
Ap area of the pile base 
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Fi g. Z. 1 Auailij l oaded pile. 
Qp = poi n..:t ~u,u.,tance 
Q:o = .oha6t ~u,u.,t ance 

Os 
LJC(ca+ovKstan ~a)dz (2 . 2) 

where ca adhesion 
ov effective vertical stress 
Ks coefficient of lateral pressure 
~a effective angle of friction between 

the pile and the soil 
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The ultimate point resistance,Op,can be calculated using the bearing 
capacity equation 

(2 . 3) 

where 	 cohesion of the soil 
effective vertical stress in the soil at the 
the level of the pile base 
unit weight of the soil 
the pile diameter 
bearing capacity factors, which are functions of 
the effective angle of internal friction,0;of the 
soil, the relative compressibility of the soil and 
the pile geometry. 

In non-cohesive soils the unit point resistance is evaluated by: 

( 2. 4) 

where 	 the effective overburden pressure at the point tip 
or critical depth. 
bearing capacity factor 

The critical depth depends on the soil conditions. Under the critical 
depth the unit point resistance as well as the unit skin friction, will 
be constant. The critical depth concept was discussed in detail by Meyerhof 
(1976). In the Australian code the critical depth, zc, is given as in 
Table A.l of Appendix A. Values of Zc/d according to Vesic (1967) are 
shown in Fig. 2.2 where dis th~ pile diameter. 

The critical unit point resistance, qcr, can be calculated according 
to Hansbo (1981) as 

(2.5) 

Nq is the bearing capacity factor (Fig. _2. 3) and can be found in sev
eral text books, e.g. Berezantzev et al., (1961) and the Australian 
Code (Table A.l, Appendix A). 

For determination of Ng, the values of 0 beneath the pile tip can be 
taken as given by Kish1da (1967) 

d. _ 0' + 40 
Y.J --2-	 (2.6) 
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where 0' = the effective angle of internal friction prior to installa
tion of the pile. The unit skin friction is evaluated by: 

(2. 7) 

where ov is the average effective overburden pressure along the pile down 
to the critical depth and 0a is the angle of friction between the pile 
and the soil. 0~ is a function of the pile material and the soil type
(Potyondy, 1961J. 
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Fig. 2.3 Rela.uon6fup buwe.e.n Nq and /; (aftVi BVie.zantze.v et a..l, 
1961). 

Kstan0a is the friction coefficient and has the same meaning as the 
factor in the effective analysis of piles in cohesive soils. Based on 
test results, Vesic (1967) presents values of Kstan0a, Fig. 2.2. In 
the same figure values derived by Meyerhof (1976) are given. 
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2.3 Evaluation of the ultimate load capacity of piles by in situ 
tests 

2.3.1 Static cone penetration test 

The static cone penetration test is a useful tool in predicting the 
bearing capacity of piles in non-cohesive soils. The results from cone 
penetration tests can be related to many properties of the soil (density, 
angle of friction and Young's modulus). The static cone penetration 
resistance can be used directly in the calculation of the point resist
ance, qp. 

The value of the ultimate unit point resistance, qp, is calculated from 
the average value of qc over a specific depth (see Table A.2 of Appendix
A). The criteria of Van der Ween (1957) and Begeman (1977) are generally 
adopted. 

Experience shows that the value of qp is different from qc, when qc 
is greater than 15 MPa . Many authors recommend limit values of the unit 
point resistance and the unit skin friction as shown in Table A.3 of 
Appendix A. 

The value of the unit skin friction fs can be evaluated from the point 
resistance, qc (see Table A.4 of Appendix A). In general the following 
relationships are reconsidered: 

fs = 0.005 qc for dense sand (qc ~ 10 MPa) (2.8)
fs = 0.01 qc for loose sand (qc ~ 2.5 MPa) 

where qc is the average value along the pile length. 

If the local friction is measured by a sleeve, the unit skin friction 
is 0.5-1.0 of the sleeve resistance. 

2.3.2 Dynamic penetration test 

In many practical cases, only standard penetration test (SPT) data re
presented by N-values may be available. The value of the internal angle 
of friction,~·, may be estimated from a correlation given by Kishida 
(1967) 

~· = \J20N + 15° (2.9) 

where N = standard penetration number. 
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Decourt (1982) 	at ESOPT 2 presented the following procedure to evaluate 
the load capacity for all soils: 


The skin friction resistance is given by Eq . 2.1: 


Os CLfs (2.10) 

where C 
L 
fs 

pile perimeter 
pi le length 
adhesion along the shaft 

Let N be the average value of N along the shaft, then 

fs = _N_ + 10 (kPa) 	 ( 2 .11)0.3 

For N-values smaller than 3, N must be taken as 3 and for N values greater
than 50, Nmust be taken as 50. 

The point bearing capacity is given by: 

(2.12) 

where K1 	 coefficient depending on soil type, as shown in Table 2.1. 

Table 2. 1 	 Vcu'.uv.. 06 K 1. 

Soil type 	 K1 {kPa) 
Clay 120 
Clayey silt 200 
Sandy silt 250 
Sand 400 

A similar expression i s recommended by Fukui & Shioi (1982), i.e.: 

( 2. 13) 

where 	 ultimate beari ng capacity (kN) 
ultimate bearing capacity per unit area at the end of 
the pile (kPa), Fig. 2.4. 

Ns mean value of N of a sand l aye r 


Ne mean value of N of a cohesive soil layer 

Ls thickness of the sand layer (m) 

Le thickness of the cohes ive soil layer (m) 
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2.3 . 3 Correlation between soundi ng resistance for different sounding 
methods 

The evaluation of beari ng capacity of a pile can be carri ed out on the 
basis of diffe rent field i nvestigation methods or from correlation be
tween them. Based on a semi-empirica l study, Berggren (1981) proposed 
a di ag ram, shown i n Fi g. 2.6, i n which the res ults of dynamic sounding, 
stat i c soundi ng and we i ght soundi ng are correlated and used as a basis 
for determination of t he i nternal angle of frict i on. Thus the bearing 
capacity of the pi le can be indirectly evaluated from these soundi ng 
results. 

The rela ti on bet ween qc and N can also be obtai ned accordi ng to Fi g. 
2.6, after Begeman ( 1974) . 
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silt sand gravel 

F..i.9. 2.6 	 CoMe..ea..t.i.on be.tween cone JtU-<,6.ta.nc.e and SPT value. I, 
Me.i.gh & N,i.:wn; 2, Meye1tho6; 3. Rod,i.n; 4, Sc.hmvvtinan; 
5, Sc.hu.Uze & Kna!Ll) enbe1t9 e1t; 6, Su.thvr.la.nd; 7, Th0.1!.bWl.n 
&McV,i.c.a.Jt. (A6~e1t Begemann,1974). 

2.4 	 Evaluation of the ultimate load capacity of piles using driving
formulae 

There are many empirical formulae for the evaluation of the bearing ca
pacity of piles. These are generally based on the following assumptions: 

The pile is regarded as a rigid body during driving.
Static and dynamic soil resistances are taken to be equal . 
Results of analysis are independent of time. 

Driving formulae are based on an energy balance between the dynamic
input energy of the hammer, and the static work required to move the 
pile permanently a small distance, s. A simplified picture of the driv
ing process and assumed relationship between pile resistance and down
ward movement of the pile is sh0wn in Fig. 2.7. Fundamentally, pile 
driving can be expressed in the following form: 

Eh Whh 
Ru (s+c/2) 	 (2.14) 

Ru the ultimate pile resistance 
Eh the efficiency of the hammer 
h height of drop of hammer 
Wh the weight of the hammer 
s the permanent set of the pile 
c the elastic or recoverable movement of the pile 

http:McV,i.c.a.Jt
http:Su.thvr.la.nd
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GJ-hammer 

1h 
cushion =oc 

pile 
resistance 

•---pile 

L 
C s displacement 

1 r 

It! 

Fig. 2. 7 Sc.hematic. d-i.ag1tam 06 pile dtuving. 

Equation (2.14) is widely used in America, adopting Eh 1. O and c 
0.25 cm and known as the Engineering News fo rmula. 

In Europe, both Eh and care chosen with regard to the type of hammer, 
the material used as cushion at the head of the pile and physical pro
pert ie s of the pile. The efficiency, Eh, due to Hiley (1925) is given 
by 

2 
k1 ( l~h +e ( 1 ) W) ( 

W+Wh 2. 15 ) 

where k1 the output efficiency of the hammer (ratio of power de
livered at the cushion to rated power) . 

e(l) = the coefficient of restitution between the hammer and 
the pile cushi on 

Table 2.2 shows commonly adopted values for k1, e(l) and Ee depending 
on hammer type and cushion material 
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Table. 2. 2 Valu.e/2 06 pOAame.teM 601t p.ile. dluv-<-ng 6011.mu.-la.e.. 

Type of hammer Power efficiency k1 

Drop hammer (triggered fall) 1 
Steam or compressed air hammer 0.9 
Drop hammer (winch operated) 0.8 
Diesel hammer 0.7-0.8 

Cushion type Coefficient of restitution Youn{'s modulus 
e( 1) Ee MN/m2) 

Micarta plastic 0.8 3 X 103 
Greenheart, oak 0.5 3 X 102 
Other timber 0.3 2 X 102 

In Sweden, (SBN -75) the ultimate bearing capacity, Ru is calculated 
using 

(2.16) 

where correction coefficient for the hammer drop. Often ef 
1 for a free hammer and ef = 0.8 if a single line is 
used. 

The existing formulae have different degrees of reliability. A summary 
of the statistical analyses of Flaate (1964), Agershou (1962), Olsen 
&Flaate (1967), and Soerensen &Hansen (1957) is given by Poulos and 
Davis (1980) in Table 2.3. The overal1 conclusions from the above com
parison are that the formu l ae of Janbu and Hiley and the Danish formula 
are fairly reliable, while the Engineering News formula is less reliable. 
The pile driving formulae are in general oversimplified and do not take 
into account effects such as soil stratif i cation, pile elasticity and 
possible nonuniformity in cross-section and the hammer-pile arrangement. 
The safety factor, when used in pile driving formulae tends to be sub
jective and is too high to be ful ly justified . Terzaghi (1943) pointed 
out the necessity of taking into account the effect of vibration in 
the analysis of pile driving. 
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Tab.le. 2. 3 


Formula 

Engineeri ng A 
News F 

Hiley 	 S&H 
F 

Danish 	 S&F 
O&F 
A 

Eytelwein S&H 
Weisbach A 
Gates O&F 

Janbu 	 S&H 
F 

SwnmaJl.Y on -0.ta.-t-i./2ilc.ai. an.aiy-0U. (A6.te11. Po.lu£0-0 &Vav-i/2,
19&0) . 

Standard 
deviation 

µ 

0. 78 

0. 70 


0.27 

0.37 

0.26 

0.28 

0. 30 


0.57 
0.36 
0.35 

0.25 

0. 28 


Upper limit of 
96% safety if 
lower limit 	is 1.0 

26 

17 . 5 


3.8 
10.1 
3.8 
4.1 
4.2 

17 

6 


5.1 


3.6 

3. 2 


S&H = Soerensen & Hansen (1957)

A = Agershou (1962) 

F Flaate (l964) 

O&F = Olsen & Flaate (1967) (Steel piles in sand) 
µ = ratio of measured to computed load capacity 

Nominal Number of 
safety load tests 
factor 

0.86 171 

5.8 116 


1.4 50 

2. 4 116 

2.0 78 

3.0 55 

2.3 123 


7 .1 78 

2.6 123 

2.3 68 


2.3 78 

2.0 116 


http:0.ta.-t-i./2ilc.ai
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2.5 Application of stress wave theory on piles 

2.5.1 The stress wave equation 

When a pile driving hammer hits the pile top, a mechanical stress in

crease is caused and moves down the pile. An illustration of the wave 

propagation in t he pile is shown in Fig. 2.8. 


V 

V ( i) 
ref!ected 

Pile 

Ian Cl =Q'~ =c =l E / (• 
diX Locoi1on 

F-i.g. 2. 8 	 lliu.6.tJz.a,ti,on 06 wave p~opagauon -i.n a p-<-te. {A6t~ BaLthaw., 
&K-i.elbMa, 7986). 

In a free pil e,represented by a straight, homogeneous, slender and el as
tic bar with Young 's modulus E, and with a constant cross-secti onal 
area A, the onedimens i onal wave equation may be derived on the basis 
of the internal forces and motions: 

(2.17) 

The equation describes the propagation of a mechanical disturbance where 

Pp = density of the pile mate r ial 
U(x,t) = displa~ement 

c = wave velocity 

x length coordinate 

t = t ime 
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The solution forequation (2.17) was first given by d'Alembert (1747) 
and has the form: 

u(x,t) = u0 + E 1 x + v0 t + f(x-ct)+g(x-ct) ( 2.18) 

where = initial displacementu0 
E = initial strain 
v 1 

= initial particle velocity 
tfx-ct) = downward propagation pulse 
g(x+ct) = upward propagation pulse 

Due to the embedment of the pile, soil resistance is generated at the 
pile skin and tip during the passage of the stress wave 1 in which case 
the equation (2.17) becomes 

( 2 .19) 

where Rd ksu + JRsV (2.20) 

Rd total dynamic and static soil resistance 
ks soil static stiffness 
J damping coefficient 
V particle velocity of pile element 
Rs static resistance 

From Equation (2.20) the soil resistance generated during the pile driv
ing is composed of a static portion, depending on the soil static stiff
ness and displacement u, and a dynamic portion, usually a function of 
the particle velocity. 

Equation (2.19) may be solved for the appropriate initial and boundary 
conditions to determine the relationship between displacement and time, 
from which relation the stress wave variation in the pile is determined. 
Owing to the complications involved in piling in practice, a numerical 
method is required for the solution of equation 2.19. One of these methods 
was developed by Smith (1960) and is summarized below. 

2.5.2 Smith's idealization 

2.5.21 The method 

The method developed by Smith (1960) is a finite difference method, 
in which the stress wave equation is solved for a given ultimate load. 
Smith's approach forms the principal solution for many computer pro
grams. One simple computer program is listed by Bowles (1974). The pile 
system is idealized as shown in Fig. 2.9 and consists of: 

1. A ram, to which an initial velocity is given 
2. A cap block 
3. A pile cap 
4. A cushion block 
5. The pile 
6. The surrounding soil 



19 

The ram, cap block, pile cap, cushion block and pile are represented 
by discrete weights and springs. The frictional resistance on the side 
of the pile and the point resistance are represented by single springs
and dashpots. 

Rom------QJ 
----~ 

-----CD 
---~ 

l I~ I ~~ 
cµ;

. ~ 

~ 
1!1~ 
~ ~I.:! 

I l ' ./o-~,Y 
..,. 'i>l:f 

1~1; 
197~ 
~ 
I 10 I .<--~ · 

l~j
Point 
Resistance l 1~! ;.t 

IDEALIZED PILEACTUAL PILE 

SIDE 
FRICTIONAL 
RESISTANCE 

Pile modd and hammVt modd (a6,tVt BJuau.d e.t al. , 1984b) · fag , ?. , 9 
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o Pile 	model - internal spring 
The ram and the pile cap can often be considered as rigid 
bodies. The load deformation behaviour can be treated as linear 
or internal damping (Fig. 2.10). The spring, K(2), represents 
both the cushion and the top pile element and its stiffness 
is defined by: 

1 	 = 1 + 1 (2.21)KT2T KT2Tcushion K(2}pile 

DLoad 

()(iformation 	 DQformot1on 

(oJ 	No IntQrnol Damping (b) IntQrnOI Damping Cop 

PilQ EIQmQnts. Block and Cushion Block 


Fig. Z. 10. 	 Loa.d de.6oJuna;t,,i.on 1tel.a;t,,i.on1ilu.pc 60Jt in.te.Jtna.l 1.iplt.{,ngc (A6:te.1t 
Poui.M & Va.v.{,I.,, 1980) . 

o Soil 	model - external spring 
Smith's rheological model contains external springs subjected 
to static loading Rs (Fig. 211a). The path 0, A, B, C, D, 
E, F, G represents the loading and unloading due to the skin 
friction. For the point, only compressive loading is considered, 
and the loading and unloading path in Fig. 2.lla is 0, A, 
B, C , F, where 

Q (m) is the·maximum elastic deformation in the soil 
that may occur elastically, generally known· as the "quake" 
Ru(m) is the ultimate static soil resistance of element m. 

The spring constant ks(m) during elastic deformation of the 
external spring, m, is: 

k (m) = Ru(m) (2.22)s QlmT 

http:A6:te.1t
http:1tel.a;t,,i.on1ilu.pc
http:de.6oJuna;t,,i.on
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To allow the effects of dynamic loading during drivi ng to increase the 
i nstantaneous resistance of the soil, the dynamic load settlement be
haviour of the soil is assumed to be as shown in Fig. 2.llb. 

The dynamic behaviour is characterized by another parameter,J, the damp
ing constant. The dashpot in the model produces an additional resisting 
force proportional to the velocity of loading1 v. 

Load 

E D 

D 
(a) Static Loading 

Soil Rczsistanca (b) Dynamic Loading 
R 

Fr iction link ...------=-=-=~J~isplacamcznt U
Iimits spring 
load. {C) Equivolant 

Damping Rheological
Spring 
constant Modal of Soi Iconstant J . 

Fig. 2. 11 	 Load de6oJtmation nelatioMlu.p~ 6on ~oil (Ao~en Paulo~ 
& Va v~, 1980 ) . 

2.5 . 22 Basic equation 

The finite difference form of the wave equation (2.19) may be replaced 
by a system of five s imple equations. The basic equations are as follows: 

u(m,t) u(m,t- l>t) + 6t·v(m,t- 6t ) (2.23) 
C(m,t) u(m,t) - u(m+l,t) (2.24) 
F(m,t) C(m, t) · K(m) (2.25) 
R(m,t) [u(m,t)-u'(m,t)]·ks(m)·[l+J(m)·v(m,t- 6t)] (2.26)

.M!.v(m,t) v(m,t- l>t)+[F(m-1,t)+W(m )-F(m,t)-R(m,t)J·w(m) ( 2. 27) 
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where 
m element number 
t time 
1H time interval 
C(m,t) compression of internal spring mat time t 
u(m,t) displacement of element mat time t 
u' (m, t) pl astic displacement of externa l spring mat time t 
U I ( p, t) plast i c displacement of external spring at the 

pile point
F(m,t) force in internal spring mat time t 
g acceleration caused by gravity
J(m) soil damping constant at element m 
K(m) spring constant for internal spring m 
k~ (m) spring constant for external spring m 
Rlm,t) force exterted by external spring m on element 

at time t 
v(m,t) velocity of element mat time t 
W{m) force exerted by weight of element m 

For elements such as the cap block and the cushion block, the following 
equation should be used instead of equation (2.25). 

_ K(m) 1 
F(m, t ) - [ e ( m)] 2• C ( m, t )- ( [ e ( m)] 2-1 ) · K{m) ·C(m, tlmax (2. 28) 

where e{m) coefficient of restitution of the internal 
spring m 

C(m,tlmax = temporary maximum value of C(m,t) 

For the first time interval, u(m,t)-u'(m,t) = 0, or as u(m,t) first 
becomes equal to Q(m), where Q(m) is the quake for element m, Smith 
(1960) suggests an alternative equation instead of equation (2.26): 

R(m,t) = [u(m,t)-u ' (m,t)Jks(m) +J(m)·Ru(m)·v(m,t-6t) ( 2. 29) 

where Ru(m) is the ultimate static soil resistance of element m. 

2.5.23 Input data for Smith's approach 

1. Initial velocity of the ram 

v0 VErEh w~ = \ 2 ghEh (2.30) 

where hammer energy 
efficiency 
weight of hammer 
height of ram fall 
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2. 	 Internal spring constant K(m) of the pile and other elements 
AEK(m) = -	 (2.31)6L 

where 	 A cross-section area of element m 
E Young's modulus of element m 
L'>L length of element m 

3. 	 External spring constant k(m) of the soil 

At the pile point the spring constant is: 
c; Ru 

k(p) = Qfp) 	 (2.32) 

where 	 Ru total resistance 
c; proportion of load carried by the pile point 
Q(p) quake at the pile point 

The spring constant at the pile shaft is 
_ (1- c;)Ru (2.33)ks(m)- nl Q(m) 

where 	 Q(m) quake at element m 
nl = number of elements along the pile. 

4. 	 Soil properties 

Values of quakes for the pile shaft Q(m), the pile point Q(p) and the 
damping factors J(m) and J(p) will b~ discussed later, see chapter 
2.6 and 2.7. 

5. 	 Time increment and length of pile element 
.c, L L'> L --	 (2.34) 
~ C 

where 	 length of the pile element 
Young's modulus for the pile material 
mass density of the pile material 
velocity of the stress wave 

1Smith (1960) suggests L'> t = sec4000 
6. 	 Va lues of soil parameters for Smith 's approach 

Ultimate soil resistance, Ru. 

The determination of Ru and the estimation of the relative 
proportion of shaft and base resistance may be made according 
to the soil properties. As a rough guide, where other informa
tion is not available, Table 2.4 from Forehand &Reese (1964) 
can be used. 
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Table. 2. 4 	 Emp,Uuc.a,l va.luv., on Q, J and -6-i.de. adhv.i-i.on, (F Me.hand & 
Re.v.ie. 1964). 

Soil Q J(p) Side friction 
(mm) (sec/m) %of Ru 

Coarse sand 	 2.5 0.46 35 
Sand gravel mixed 2.5 0 . 46 75-100 
Sand and clay or 
l oam, at least 50% 5.0 0.66 25 
of pile i n sand 
Silt and fine sand 5.0 0.66 40 
underlain by hard strata 
Sand and gravel 3. 75 0.46 20 
underlain by hard strata 
Fine sand 	 3. 75 0.46 100 

Quake, Q 
Values of Q have been obtained empirically and some values 
suggested by Forehand & Reese (1964) are shown in Tab l e 2.4. 
It is also possible to derive values of Q theoretical ly from 
the pi l e-settlement theory if the elastic soil parameters 
are known. On the basis of this theory, the va l ue of Q varies 
along the pi l e, with Q{p) at the pile base being greater than 
Q{m) along the pile shaft . 

Damping factor, J 
Empi r ical correlations between J and soil type obtained by 
Forehand &Reese (1964) are shown in Table 2. 4. It is gen
erally found that 

J(m) = J(p)/3 	 (2.35) 

The relationship between J(p) and 0 ' for sand and J(p) and 
the liquid index for clay are shown in Figs . 2.12 and 2.13. 

http:adhv.i-i.on
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2.5.24 	 Modification of Smith's damping factor 

The soil resistance in Smith's soil model is expressed by equation (2.20) 
and can be rewritten as 

Rd = Rs 	 (l+Jv) (2.36a) 

With the displacement velocity, v, and the ratio of dynamic and static 

load known, the damping factor, J, can be calculated by: 


J =_!_ (3!. - 1) 	 (2.36b)v Rs 

J is not constant, but varies with the displacement velocity. In order 

to apply Smith's wave equation analysis to piling behaviour, J must 

be a constant. To obtain a constant J, modification of the original 

Smith equation was necessary. Coyle &Gibson (1970), Litkouhi &Poskitt 

(1980) proposed a pile shaft damping law: 


1 Rd
J =-(- - 1) 	 (2. 37}vNe Rs 

or 	 Rd = Rs(l + JvNe) 

where 	 Ne = 0.2 for sand 

Ne 0.18 for clay 


In CAPWAP 	 analysis (Goble et al., 1985, 1986) the damping factor is given
by: 

(2.38) 

A survey of different express i ons for damping factors and corresponding 
values recommended and employed by various researchers is summarized 
in Table Bland B2 of Appendix B. 
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2.5.3 Development of Smith's approach 

During the last 25 years, Sm i th's approach has continuously been deve l
oped. Some relevant programs, in some cases extending the application 
of the stress wave equation by measurement of the force and acceleration 
at the top of the pile, are summarized in Table 2.5. 

Table. 2. 5 ChaJLa.e,tVU,6.t,i_c. oe.aA:WtU 06 p11.091tam)., 601t p-il.e. wuv-i.ng 
a.nai.y;.,,i).,. 

Program Measured Estimated Computed results 
quantities quantities 

WEAP none Hammer properties 
Magnitude of soil 
distribution re

- Bearing graph 
- Resistance blow 

count 
sistance - RSA 
Load functions 

CASE F(t),v(t) Damping factor, Jc Dynamic and static 
resistance 

CAPWAP F(t),v(t) Soi 1 resistance Final distribution 
distribution 
Damping, Jca, 

and magnitude of 
soil resistance and 

Quake, Q static load test 

2.5 .31 The WEA P program 

The stress wave equation is used to develop a program for analysi ng 
a pile driven by diesel hammers and air steam-hammers. The program simu
lates the hammer-pile-soil interaction during pile driving and does 
not require any measured quantities. The result of the analysis is the 
bearing graph and the resistance blow-count. The program (1986) can 
also be used, with SI units, for the ana lysis of residual stress (RSA). 

http:wuv-i.ng
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2.5.32 The CAPWAP program (Case Pile Wave Analysis Program) 

The CAPWAP method was presented by Rausche, Moses &Goble (1972). It 

extends the application of the force and acceleration records to the 

calculation of the distribution of soil resistance along the pile and 

is a wave equation program conforming with the Smith model . The general

procedure is as follows. 


The pile top force or the pile top velocity are measured during 

pile driving. The field data are stored in a magneti c tape 

and are processed using a digital computer. 


A Smith-type lumped mass model of the pile is made as a num

ber of mass elements connected by springs. 


The soil forces are passive and three soil constants, Ru, 

J and Q must be known for each pi le element in the embedded 

portion. 


The measured velocity is put into the first element. 


Output: Pile motion, soil resistance, computed pile element 

forces as functions of time. The computed forces in the pile 

are plotted and compared with the measured curve in the field. 


The agreement between the calculated forces and measured forces 

can be improved iteratively by changing the assumed soil re

sistance parameters, quake and damping of every pile element 

and at the pile tip. 

o 	 When agreement between ca lculated and measured force 

cannot be improved, the associated soil parameters are 
considered to be the best estimated values. 

o 	 Static computations can be used to predict the static load 
test curve (load vs. settlement). 

Since the usual CAPWAP procedure is time-consuming, Balthaus 
& Kielbassa (1986) presented a computer contro lled search 
algorithm. The search is based on mathematically formulated 
principles of evolution theory . 

2.5.4 The approach of Randolph and Simon 

Corte et al (1986), Simon &Randolph (1985), Randolph &Simon (1986), 
Meynard &Corte (1984) and Corte &Lepert (1986) developed a similar 
new soil model for one-dimensional pile driving analysis. They used 
an analytical solution presented by Novak et al (1978) for soil reaction 
to vertical harmonic moti on of an inifinitely long pile. 
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2.5.41 Interaction of the pile shaft 

The shear 	stress at the pile-soil interface defined by: 

T 	
(2.39) 

where 	 Swl = vertical stiffness parameter 
Sw2 = vertical damping parameter 
i = /--=T 
G shear modulus 

pile radiusr 0 
u displacement 

As the modelling of the non-linear soil behaviour dictates the use of 
a direct time integration, a frequency independent solution is required. 
Simon & Randolph (1985) and Corte et al. (1986) suggested that the func
tions Sw and Sw2 could be well approximated by the frequency indepen

1dent con~tant, Sw1 = 71 and Sw2 = 271 a0 . 

The spring constant ks,per unit length of the pile can thus be written 

ks = G71 	 (2.40) 

and the damping coefficient, CR, per unit length of the pile as: 

271 roG 05CR ----'- = 271r0 (Gp) · 	 (2.41) 
vs 

Thus Eq. (2.39) can be rewritten: 

(2.42) 

The force 	mobi l ized per unit length of the pile can be written as 

(2.43) 

When the stress in the soil-pile interface, as gi ven by equation (2.42), 
reaches the soil yield stress rmax• the frictional bond between the 
pile and the soil is broken, so that the spring and dashpot system is 
disjointed from the pile, and the pile and soil displacements are ca l 
culated separately. 

The pile point displacements are ca l culated in the usual manner from 
stress wave equation analysis. 

The soil displacements and velocities may be determined at each t ime 
interna l . The change in soil displacement occurring at stress T acts 
over the time interval 6t and can be calculated as 



30 

t [ 	 ks~t J(Q-us) 1-exp(- --) 	 (2.44)CR 

where 	 Q 2rrro Tmaxlks 
Us 

t 	
the soil displacement at the start of 
the time step 

The pile and soil rejoin and the increments of soil displacement are 

equal to the pile displacement increments when 


T 	 (2.45) 

where 	 Us soil displacement 

V pile velocity 


Corte (1986) proposed that when the ultimate resistance is reached, 
the damper can simulate both radiation and internal damping at the same 
time and the soil and pile rejoin when the difference between soil vel
ocity and pile velocity changes of sign. 

2.5.42 	 Interaction at the base 

A frequency independent spring and dashpot constant analogue is also 
required to solve the pile soil interaction at the base. The Lysmer
&Richard (1966) approach is used. 

The spring coefficient is 
_ 4Gro

kp - T-v 	 (2.46) 

and the dashpot coefficient is 

3.4 r o2 ,,--,:
1-v V pG (2.47) 

where 	 \) Poisson's ratio 
p mass density of the soil 

The force mobilized at the pile base is: 

(2.48) 
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2.5.5 Holeyman's approach 

Holeyman (1984, 1985) proposed a new approach to the analysis of the 
total resistance during driving. The total resistance is subdivided 
into two separated items: the base resistance and the skin friction 
resistance. The model is an extension of the method suggested by Randolph
&Wroth (1978) for the skin friction and Lysmer's analogue (Lysmer, 
1965) for the pile tip. 

2 . 5. 51. 8ehaviour of the pile tip 

Holeyman extended the Lysmer analogue (Lysmer, 1965), by using the con
cept of the equivalent soil: below the footing, the half space is re
placed by a solid of finite lateral extent. Taking into account the 
exact static behaviour and local impedance of the solid, Holeyman estab
lished that the equivalent solid was a frustrum of a cone having the 
same mass density as the soil and supported by the Lysmer analogue (Fig. 
2.14). 

m 

z 

Fig. 2. 14 Concept on the eqU-<-val~nt ~o.u.d IA6tvz. Holeyman, 1985) . 

Holeyman proposed a separation of the damping effect at the soil base 
into: 

- Viscous damping 

- Hystereti c damping 

- Radiation damping 

- Resistance damping 
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o The stress induced by viscous damping is 

E·E+E'.Q.f__
1 at 	 (2.49) 

where 	 initial tangent modulus 

strain= E0 n/(l- n) 

reference strain= qp/Ei 

ultimate strength of base 

mobilization ratio, defined by 11 = qv/qp

vertical stress at the pile base 

strain velocity, which is the result of the ca l culated 
wave in the soil under the base 
modulus of viscosity 

E G2E' iG' where G = G1 + i G2
I 

Holeyman found that E' 0.02 MPa s/m led to good results (Holeyman,
1986). 

o Hysteretic damping 

Holeyman considered that hysteretic damping depends on the stress path. 
The stress induced by hysteretic damping is not associated with velocity 
effects and it can be modelled by the hyperbolic law (Kondner, 1963) 

E E O _ 	 1 
or- - --	 (2.50)

E 1 l 
n 

n mobilization ratio defined by n = qh/qp 
qp ultimate strength of the base 

o Radiat ion damping 

The vertical extent of the solid in Fig. 2.14 can be stopped at any
chosen depth,H,and 

r + (l-v)z = r	 + 1,085 (1-v)z (2.51)0 0
I 0.85 

= pile radiusr0 

The spring stiffness as well as the radiation damping can be ca l culated 
by substitution of in equation (2.46) and 2.47).r0 

o Resistance damping 

Holeyman (1985) proposed for very low speeds that the stress induced 
by resistance damping is: 

http:or----(2.50
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(2.52) 


with 	 1 m/s 
damping factor 

or 

(2.53) 

with 1 50.2 m-02 
V m/s such as for v = 0.02 m/s (CPT ve l ocity) the qr =q1 

strength computed at a reference veloc ity 0.02 m/s 

2. 5.52 Behaviour of shaft resistance 

Holeyman (1984) proposed a simp l ified model where he reduced the late
ral extension of space in the skin friction. The now discret system 
consists of a spring and a dashpot and has the fo l lowing characteristics: 

The spring follows the hyperbolic model and is velocity de
pendent. 

The dashpot has a geometric damping coefficient. 

The sum of the two terms of the spring-dashpot system is lim
ited by a resistance, that is dependent on the velocity . 

The stress in the spring i s a function of the di s pl acement, u, and the 
velocity, v: 

Tr(l+Jv o. 2) (2. 54) 
_Q_ + 1 
u 

where 	 unit resistance, defined by a reference velocity 
quake value, calculated by Randolph and Wroths' 
approach (Randolph &Wroth, 1978) 

The stress produced i n t he dashpot will be: 

\ ,..-G' ( 1-_____!__-i V~G 
T 	 vc I P = ~ vc i P (2 . 55a) 

T r 

and T + , ' 	 .s_ f(velocity) (2. 55b) 

vc 	 viscous resistance 
G' 	 shear modulus of the so i l (defined by the hyperbo l ic 

model) 
Gi 	 initia l shear modulus of the soil. 



34 

2.5.6 Smith and Chows' approach (Finite element method) 

Smith &Chow (1981, 1985), To (1985) and Simon &Randolph (1985) pre
sented the resu l ts of analysis of pile driving by the finite element 
method (FEM). This method does not require a soi l model behaviour de
fined by constants such as damping and quake. Conventional soil par
ameters can be used for the analysis. 

The pile and soil may be discretized into axisymmetric elements. The 
quadratic isoparametric element of 8 nodes is used. Non-homogeneity
of the soil may be dealt with. 

The analysis is restricted to piles driven in clay, modelled by von 
Mises' failure criterion. Four constants are required to define the 
soil properties: Young's modulus, E; Poisson's ratio, v; the soil den
sity p; and the undrained shear strength, cu. 

During the driving process, very high shear stresses are mobilised at 
the pile-soil interface. Thus it is necessary to introduce interface 
elements to enable relative movement between the pile and the soil to 
take place. The "zero" thickness interface proposed by Goodman et al. 
(1968) was popular to use to simulate the transition between the soil 
and the structure . Chow &Smith (1982) proposed the use of interface 
element equivalent to the conventional isoparametric elements, with 
a thickness of unity. The 6 nodes interface elements have been used 
by Chow &Smith to preserve compatibility with eight adjoining noded 
isoparametric quadrilaterals. 

The interface behaviour is modelled by using interface elements with 
perfect elastic behaviour based on limited shear. According to the cx
method, (the value of ex= 0.55 is used by Cho11 (1981)) to account for 
remoulding during driving. 

The interaction between pile and soil results in the generation of a 
stress wave in the soil. If the soil model is terminated as in a static 
analysis, the wave will be reflected back into the pile-soil system, 
leading to spurious responses . Therefore, transmitting boundaries for 
solution in the time domain are required. 

Chow (1981), and Chow &Smith (1982, 1984) used the standard viscous 
boundary (Lysmer & Kuhlemeyer, 1969), frequency independent viscous 
and stress boundari es. The same boundary condition was used by To (1985)
and Simon &Randolph (1985, 1986). 

The pile driving process is a wave propagation problem with the presence 
of an interface element and for requirement of stability, an impl icit 
algorithm named Wilson was used to integrate the equilibrium equat i on 
of motion. 
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2.6 Review of the methods utilized to detennine damping factors 

2. 6. 1 Introduction 

In order to correlate the dynamic and static soil resistances offered 
by the soil, vi scous dashpots are incorporated in the nodes of the one
dimensional model (Fig. 2.9). The damping effect represents the loss 
of energy in the pile and in the surrounding soil. Fig. 2.15 illustrates 
the energy transformation in the shear zones along the pile shaft and 
at the pile tip, accounting for material and radiation damping. Material 
damping is due to interparticle action in the soil and is considered 
to be viscous if it is frequency dependent or hysteretic if it is fre
quency independent. Geometrical damping or radiation damping is due 
to dissipation of the stress wave energy in the surrounding soil. 

Viscous damping is used in Smith's soil model with empiri cal values. 
Other methods used to determine viscous damping are summarized in this 
section. In order to introduce the new soil model in the next chapter, 
empiri cal methods to evaluate material damping will be reviewed. 

C:OF(tl Load 

Energy Transforrnauon 
,n Shear Zone 

(Dissi pat ive Dampi ng l 

Energy Radiat ,an 

I Rao,ahon Oamp,ng ) 

Energy Transforma t,on 
-- ,n Shear and 

Compress1of'\ Zone 

I D,ss ipative Damp ing I 

Energy Rad ,alion 

I Rad,ahon Oamp,ng 1 

F-i,g. 2. 15 Vamp-i,ng pAOCUh occUJtJung -i,n a c/Juven pde IAnteA Ba,UhaU,1, 
and K-i,el.bMha, 1986) . 



36 

2.6.2 	 Viscous damping derived from a pile load test 

Based on the resu l ts of pile load tests in cohesive soils in which 
a pile or two identica l piles had been subjected to two different rates 
of loading, Briaud &Garland (1985) proposed the equation: 

(2.56) 

Ru ultimate pile capacity reached in a time to fai l ure t1 
Ru 1 ultimate pile capacity reached in a time to fai l ure t2 
n 2 viscous exponent, between 0.02 and 0.1, average= 0.06. 

Briaud and Garland recommended measuring n directly by performing simple 
undrained shear tests at two different rates of loading. From laboratory 
tests, recommended values of n as the most conservative values are: 

n 0.028 + 0.0006 Wn 
n 0.035 + 0.0006 Ip (2.57) 
n = 0.036 + 0.046 lL 

where 	 Wn natural water content 

Ip plasticity index 

IL = liquidity index. 

If the values Ru 1 = Rd, Ru 2 = Rs, v =3 m/s, J =0.66 s/m are inserted 
in Smith's equation (Eq. 2.36), we find that Rd/Rs = 3. On the other 
hand, the time to failure for each hammer blow can be evaluated by 
using a quake value of 2.5 mm, and if the time to failure for determina
tion of the static pile capacity is equal to a conventional load test, 
e.g. 12 h, the ratio Rd/Rs according to Eq. 2.56 for an average n of 
0.06 is equal to 2.90. Thus, this new mode l can be expressed as: 

(2.58) 

Then we can calculate the viscous damping factor J by: 

t 2 n 

=(vL 1


J 	 (2.59)
V 

t 1 	 time to failure under dynamic test 

time to failure under static test
t 2 

v 	 ve l ocity of pile element 

For example, if v = 2.5 m/s, and n is determined by Eq. 2. 57 , with 
IL =0.2, wh i ch gives n =0.045 then we find J =0.728 according to 
Eq. 2.59, which is the same value as that obtained by Coyle &Gibson 
in their test (Fig. 2.13). 
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2.6.21 	 Viscous damping determined by the static cone penetration 
test 

Undrained shear strength va l ues are obtained from cone penetrometer 
results by 

(2 . 60) 

cu undrained shear strength 
Nck cone factor, which usually varies from 10 for soft 

clays to 20 for stiff clays 

On the other hand, the net ultimate point bearing capacity qp can be 
given by 

(2 . 61) 

Taking into account a rate of cone penetration with v = 20 mm/ sand 
a downward movement of the cone point necessary to produce failure 
at 65 = 2.5 mm (Briaud et al., 1985), corresponding to t1 = 0.135 s, 
and assuming t2 as the time to failure in laboratory tests we find 
that : 

_ (t 2 )n- 9 Q.13 Cu 	 (2.62) 

n 	 vi scous exponent, and the best fit for which according 
to the Briaud et al. study is 

n 	 0.44 tur f0.22 (2 . 63) 
Pa 

Pa atmospheric pressure 

cur reference undrained shear strength (t2=l hour) 


Thus, the viscous exponent, n, and the undrained shear strength can 
be obtained from cone penetrometer data and Eqs. (2.62) and (2.63). 
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2.6.3 Viscous damping of clays from Swedish experience 

Torstensson (1973) showed that the shear strength determined by the 
field vane test varied with the time to failure. 

i.21 (fro.053 (2.64)
0 

' cr critical shear strength at time to failure t. 
, 0 shear strength in a standard test 
t any time to failure 
t 0 time to failure in a standard test (t0 = 1 min) 

If Tcr = Rs, , 0 = Rd, t = t2, t 0 t1 is considered, this equation 
can be written as: 

(.!.2)0.0530 83 (2.65), t1 

that is similar to Briaud's and Garland's equation (Eq. 2.58). The 
viscous damping, J, can also be written, using Briaud et al. approach: 

0.83(* )o.o53 = ( l+Jv) 

J = (0. 83(if-)o.o53 _ 1) / v (2.66) 

Again, we can see that the viscous damping factor depends on the time 
to failure and the velocity of the pile element. Assuming that 6 B = 
Q = 2.5 mm, t 2 = 3 hours, the damping factor according to Eq. (2.66) 
is 0.47 s/m, which is very similar to the value used in practice. It 
is obvious that the approach by Briaud et al. can be used to predict 
viscous damping for stress wave analysis, using Smith's soil model. 
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2.6.4 Hysteretic damping according to the method of Hardin &Drnevi ch 

Hysteretic damp i ng (material damping) represents the energy tranforma
tion in the shear zones along the pi l e shaft and at the pi l e tip. When 
a shear stress is cycled between equal positive and negative values 
it is called a comp l ete stress reversal and the stress-strain relati on
ship is a loop, as shown in Fig. 2.16. This stress-strain loop re l ati on 
can be defined by two parameters: the shear modulus, G, and the hyster
etic damping ratio, Dr. The damping ratio can be calculated as 

(2.67) 

area of soil hysteretic loop in the simple shear test 

(area abcdefa) 

total energy input as shown in Fig. 2.16 (area Oag) 


a 

stra111 

d 

Fig. 2. 16 Ve6in,,i,;t.i_on 06 damping na,t,i,o {a6~en VM, 7983). 

The logarithmi c decrement is given as 
,-- 2 

6 ln(xn/xn+ll 21r Dr/ \ 1-Dr (2.68) 

where xn and xn+l are successive amplitudes. The damping ratio is the 
ratio between actual resistance in a damped harmonic motion and the 
resistance necessary to produce critical damping, Cc. 
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CH 	 \f - (2 . 69) Dr =Cc= CH/2 ksm 

then 	 CH 2Am · Dr (2. 70) 

where 	 ks spring stiffness 

m mass of foundat ion. 


According to Hardin &Drnevich (1972a), the most important pa rameters 
affecting the material damping are 

- strain amplitude 
- number of load cycles 
- effective mean princi pal stress and void ratio. 
- vo id ratio 

The damping ratio, Dr, increases with the strain amp l itude. At large 
strain amplitudes, the damping ratio tends asymptotica l ly to a maximum 
va lue Dmax· Seed &Idriss (1970) have published results indicat i ng 
that the soil damping is dependent on the relative strain amplitude 
rather than on the frequency, see Fig. 2. 17. Typica l values of damping 
ratio for sand and for saturated clays are shown in Fig . 2.17. 

28 

24 11--------+- --- - -+---- ---+-- -r---- -
/ 
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For both non-cohesive and cohesive soils the damping ratio decreases 
approximately with the logarithm of the l oad cycles and with the square 
root of the mean effective stress (see Fi g. 2.18) . It also decreases 
with an increasing void ratio. 

http:Vamp-<.ng
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Hardin and Drnevich (1972b) proposed a method for empirical determination 
of hysteretic damping for both sand and clays, in which the damping ratio, 
Dr, is related to the shear modulus. The damping ratio can be expressed 
in the form: 

Dr (2. 71)
Dmax 

where 

(2. 72) 

a,b constant (Table 2.6) 

Dmax maximum damping, can be determined from Table 2.7. 


Yh hyperbolic strain 

Yr reference strain = Tmax/Gi, 

Gi initial slope of the hyperbolic curve. 


Ta.b.te 2. 6 	 Va£u.u 06 a. a.nd b to be u;., ed when detvuni.Jung hypVl.bo.e,i.c. 
1.,heM 1.,.-tJtcun, Y h, 60Jr. mai:vua.l damping c.a..tc.ula..uort1.,, NI 
,i,J., the nwnbVl. 06 .toa.d c.yc..tu (Hall.din &V~nevic.h, 1972b) . 

Soil type Value of a Value of b 

l _l_ 

Clean dry sands* 0.6Nl 
6 

-1 l - Nl 
12 

.! l 

Cl ean saturated sands* 0.54 Nl 
6 

- 0.9 0.65-0 .65 Nl 
12 

-0. 01;0 
Saturated cohesive soi l s l + 0.2/f 0,2 f e +0.0225 a O+ 0.3 log Nl 

* for Nl < 50,000 cycles. 

Ta.b.te 2.7 Va£u.u 06 Vma.x. in di66V1.ent Mili, (Hall.dirt & V~nevic.h, 1972b). 

Soil type 	 Value of Dmax in% 

Clean dry sands 	 33 - 1.5 log Nl 

Clean saturated sands 	 28 - 1. 5 log Nl 

Various saturated cohesive soils 31 - (0.3 + 0.003f)~ + 1.5ft - 1.5 log Nl 

Nl is the number of load cycles, f is the frecuency in cycles per second 
and a~ is the mean effective stress in kPa. 
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The relation given by Eq. (2.71) is presented in Fig. 2.19. Fig. 2. 20 
shows that Hardin &Drnevich's method is a very valuable tool. 
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After determination of the damping ratio, Dr, the damping coefficient 
CH can be evaluated using Eq.(2.70). 

2.6. 5 Radiation damping 

Radiation damping or geometrical damping takes into account the dissi 
pation of stress wave energy to the surrounding soi l. The rad iation 
damping along the pile shaft can be determined on the basis of Baranov's 
solut ion (Baranov , 1967). The distributed soi l reaction acting on the 
pile element, dz,at a depth z is: 

p(z,t)dz = G(Sw1 + i Sw2)u(z,t)dz 	 (2 .73) 

G shear modulus 

Swl vertical stiffness 

Swz vertical damping parameter 


Swl and Sw2 are shown in Fig. 2. 21 and are functions of a0 where: 

ao ro w/vs 
vs (G/p)0.5, p = mass density of soil 
u(z,t) displacement 
w circular frequency (rad/second) 
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(a.6~eJL Nova.k, 1978). 
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The shear stress at the pile- soil interface, according to Eq. (2.73), 
can be written as Eq . (2.40).Then the soil stiffness, as well as the 
damping factor can be derived according to Eq. (2.40) and (2.41). De
duction of the soil stiffness and damping dactor can be found in Appen
dix E. 

At the pile tip, radiation damping can be evaluated according to Lysmer's 
approach (Lysmer, 1965) as shown in Eq. (2.47)or Holeyman's method (Holeyman, 
1985) in which the concept of the equivalent soil is used for further 
development of Lysmer's approach. 

2.7 Review of the methods used to detennine the quake value 

2. 7 .1 Introduction 

The quake is the maximum soil deformation that may occur elastically 
and it is defined according to Eq. (2.32) and Eq. (2.33): 

the spring constant during elastic deformation 
the ultimate static soil resistance 

Values of the quake have been obtained empirically. According to Smith 
(1960) O = 2.5 mm is generally adopted. Some values of O suggested 
by Forehand &Reese (1964) can be seen in Table 2.4. Possib le procedures 
used to determine quake values from conventional soil parameters and 
pile dimensions are discussed below. 

2.7.2 Determination of quake values from laboratory tests 

The soil resistance, Ru, can be derived from static analysis of the 
pile. 

For shaft resistance: Os Asfs 

and for pile point: Op Nq Ap qp 

total resistance: Ru Os + Op

fs and qp are ca l culated from soil parameters (see sections 2.2 and 
2. 3). 

The compression modulus, M, can be obtained from compression tests 
and the quake can be calculated as 

- Ru (2. 74)0 -M 
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2. 7. 3 	 Quake values according to Holeyman (1985) 

Holeyman (1985) proposed the use of Randolph and Wroths' solution (Randolph
&Wroth, 1978) for calculation of the quake: 

_Q_ = ~ ln (~)
Tmax 	 G ro 

Q = 	_T ln ( Rm)ro 
G max 	 (2.75)ro 

where 

Tmax 	 ultimate shear strength

pi le radius
r0 

L pile length 

vp Passion's ratio for the pile material 


2. 7. 4 	 Quake values according to Randolph &Simon (1986) 

Randolph &Simon (1986) proposed a new soil model for pile driving
ana lysis. The soil displacement quake can be evaluated by: 

Q 	 ( 2. 76a) 

where spring stiffness 

If ks= rrG 


2 ro Tmax

Q 

G 	 (2.76b) 

pile radiusr0 
Tmax. = 	 ultimate shear strength 

2. 7 . 5 	 Concluding remarks 

0 	 The quake assumed in the pile driving analysis has a range 
of variation of 2-6 mm and can be larger than the displacement 
mob i lized at maximum shaft friction as reported from static 
load tests. 

0 	 The large quake is attributed to the development of excess 
pore pressure due to pile driving. 

It is possible to correlate the quake values with conventional 
soil parameters. 

0 The quake is dependent on the pile dimensions. 

0 
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2.8 	 Review of methods used to detennine the shear modulus,G,and 
the elastic modulus1 E 

2. 8. 1 	 The shear modulus 

The shear modulus is undoubtedly the most important parameter for the 
evaluation of the performance of soil under dynamic impact. The shear 
modulus is usually defined by: 

_ d T
G 	 tangent modulus (2. 77)- dy 

G = .0.. secant modulus 	 (2.78)
fl y 

According to Hardin &Drnevich (1972) the most important parameters 
affecting the shear modulus are: 

- strain amplitude 

- effective mean principipal stress 

- void ratio 

- number of cyclic loading 


The shear modulus can be obtained by using the resonance column test 
(Andreasson, 1979). Also , Bodare (1983) used the screw plate test. 
Empirical methods are summarized below. 

2.8. 2 	 The Hardin &Drnevich method 

The shear modulus for any strain can be defined by Fig 2. 22 and Eq. 
(2. 79 ): 

>

~ 
·r. 

Shear strain 'I 

Fig. 2. 22 	 NatU/1.e. 06 vaJUat-i,on 06 -6 he.M. modu.lu.,6 wdh -6.tltcun (a6.tvi 
HaJr.d-i,n &V~ne.vich, 1972 b) . 
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_G_ = _l_ 
(2. 79) Gi 1+Yh 

where 	 = ..:i (1 + ae-b(....1.)) (2.80)Yr Yr 

Y strain amplitude, the effect of the strain amplitude 
can be seen in Fig. 2.23. 

a, b constants in Table 2.8 
e the base of the natural logarithm 
Gi initial 	slope of the hyperbolic curve 

Shc·ar strain--, ,,, 

Fig. 2. 23 	 E66ect 06 -6-tlta-i.n amplilude on ,1,heM modu£U-6 (a.6,tVt Va-6 
7983 ) . 

The value of Gi can be determined from field tests by wave velocity 
measurement or model tests and 

Gi = Pvs 
2 	

(2 .81) 

Yr is reference strain and can be determined by 

T _ max 
- ~ 	 (2.82) 

Tmax is the shear stress at failure. 
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The Tmax-value depends on the initial state of stress in the soil under 
geostatic conditions. From Fig. 2.24 i t can be shown that 

(2.83) 

in wh i ch K0 is the coefficient of late ral stress in situ (K0 = 
1-sin<t>' Lav is the vertical effective stress and c' and <t> ' are the 
static strength parameters in terms of effective stress. 

lal lbl 

'i 
i:'. 
r. , = C + ii t~lll <:J 

Effl'l'.tiVl' 
norm..il 
strl'SS ii 

F-<-g. 2. 24 Ve6-<-YIAMOn 06 1max (a6tVt Headley, 1985) . 

Comparison between calcu lated and measured values of normalized shear 
modulus is presented in Fig. 2.25. The re sults show that the Hardin
Drnevich method is quite valuable. 
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00.2 
'-.. 
<.'.) 

00 0.5 lO 1.5 2.0 2.3 
hyperbolic strain Yh 

Fig. 2.25 	 CompCVU/.Jon be.-tween c.a£c.t..tla-t:ed and me.aJ.>UJLed va..f.u.eJ.> 06 
nol!ma..uzed J.ihe.M modu.lt.v.. (an-:tvi. Hall.~n & Vtc.nevic.h, 1972b). 

Tab.le 2. 8 Va..f.u.eJ.> 06 J.ioil c.onf.i.tan..t.6 a and b when de-tel!mi~ng hijpVtbouc. 
J.i he.M J.i.vtun Yh. 

Soil type Value of a Value of b 

Clean dry sand -0.5 0. 16 
Clean saturated sands -0.2 log Nl 0.16 
Saturated cohesive soils 1+0.25 log Nl 1. 3 

where Nl = number of load cycles 

2.8.3 	 Empirica l values of shear modu l us 

2.8.31 	 Empirica l methods are proposed by Hardin &Drnevich (1972) 
to eva luate Gi and the shear wave velocity 

for sand with ang ul ar grains 

2 
323 (2. 97 -e) ( o o ')o. 5 (OCR)k 	 ( 2.84) l+e a v 

34.9 (2.97-e)(o~J 0· 25 	 (2 .85) 

http:Va..f.u.eJ
http:va..f.u.eJ
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for sand with round grains 

Gi 691 (2 .17-e)2 (a a ay) 0. 5 ( QC R) k (2.86)l+e 

vs 51(2. 17-e)(oy)0· 25 (2.87) 

for clay 

= 323 (2.97-e)2 (a •) 0.5(0CR)kGi (2.88)l+e aa v 

=Ifvs = JGi(l+e)/(2.65+e) 

vs 56 8 ~ ( 'i0 · 25 (0CR)k/2 (2. 89)
· 2. 65+e a v 

where vs shear wave velocity in m/s 
e void ratio 
a'V = effective mean confining pressure in kPa 
aa = reference pressure, 100 kPa 
G shear modulus in kPa 
OCR overconsolidation ratio 
k = exponent, function of the plasticity index, see table 2.9. 

Table. 2. 9 Value. 06 k 

Plasti city index, % k 

0 0 

20 0.18 

40 0. 30 

60 0.41 

80 0.48 


>100 0.50 

2.8.32 Seed & Idriss (1970) proposed a formula for al l sands 

(2.90) 

Gi and ay in MPa, values of K2 are shown in Fig. 2.26. 
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2.8.33 	 Seed et al (1986) studied the damping ratio and shear modulus 
and concluded that Eq. (2.90) can be conveniently used for 
most practical purposes. 

They also proposed a useful guide for determination of appropriate 
va l ues of K2. 

Values of the modulus coefficient, K2, for gravel are generally 
larger than those for sands by a factor ranging from about 
1. 35 to 2. 5. 

Values of (K2lmax for sand are generally in the range of 
30 for very loose sand to about 75 for very dense sand. Values 
of (K2lmax for relatively dense gravel are generally in the 
range of about 80-180. 

2.8.4 	 Shear modulus as a function of undrained shear strength 

The shear modulus can be determined from the undrained shear strength. 
For Swedish clays, Andreasson (1979) recommended that 

Gi = 411 Cu 	 (2.91) 

Hara et al (1974) presented the results from investigations on the 
relationship between Gi and Cu for Japanese clays (Fig. 2.27) and 
found that 

= 516 cul.012 	 ( 2. 92)Gi 

with a coefficient of correlation 0.95. 

1,000 ...-~ - ----.-- ----,------,---.--~ 

f/) 
::, 

:g 30 l----+- ----+.r...J~i.+"---- --+--- ----1 
0 
E 

~ l 101----1-- ~ .......~ --+- - -+--- ----I 

rt) 

~ 
-~ 3 5L._.__j___-1..._- ----'---~ - --:' 

10 30 100 300 1,000 

undrained shear strength c u. kPa 

fag. 2 . 27 Rei.JJ..,uo rv., /up be,tween G;_ and cu. 601t Japane.J.ie cfay-0 (a6,tvz. 
Ha1ta e,t al., 1974). 

http:Japane.J.ie
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2.8. 5 	 Shear modulus determined from fie l d tests 

Shear modu l us from pressuremeter test 

Hansbo (1981), Meynard &Corte (1984) recommended us i ng t he shear modulus 
deduced from pressuremeter tests assumi ng elastic material with a Poisson 
ratio, v = 0. 3. 

Gi 	 (2.93) 

EM = pressuremeter modulus 

o 	 Shear modulus from Standard Penetration Tests 

According to test data from all types of soi l , Ima i et al. (1979) suggested 
the expression: 

12.0 N0.737Gi 	 ( 2. 94) 

N i s the number of blows per 0.3 m penetration using SPT. 

(Gi in MPa) 

The coefficient of correlation of the total set for data is 0.89. 

Based on field test data Imai &Tonouchi (1982) derived a correlation 
of N with the shear wave velocity and the shear modulus. 

vs = 97·N0.314 (m/s) 	 ( 2. 95) 

and 

Gi = 14 N0.68 (MPa) 	 (2.96a) 

for all types of soil. If the relationship between N and N20 is taken 
into account (number of blows per 20 cm of penetration in the Swedish 
ram sounding test) according to Dah l berg (1975), Eq. (2.96a) can be 
written as: 

Gi 13 N~o68 (MPa) 	 (2. 96b) 

Troncoso (1982), studi ed t he wave propagation effects induced by SPT. 
His results indicate that SPT may be used as a source of waves for 
determi nat i on of the shear wave veloc i ty and the shear modulus. 

o 	 Relationship between the cone resistance and the shear modu l us 
for sand 

Fig 2.28 shows the correlation between the dynamic shear modulus number 
and the relative density after Robertson &Campanella (1983) where: 
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ov 0.5 
OGi kG a· ( o) 	 (2. 97)

a 

kG = modulus number 

0 1 = mean effective stress 

a~ = reference stress 


A HARDIN 8 DRNEVICH(l972),emo•.=0.9,emin.=·0.4 

0 SEED a I0RISS(l970)2000 
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(I) 
::, 
~ 

::, 
'"O 
0 500 
~ 

0 

0

I..._._._.._____.____,_...,__..._.....___ 
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Relative density 

F-i.g. 2. 28 	 CoMe..ea..t-i.on be..tween .the dynam-i.c. f.>heM. modu..ltUl nwnbe11. 

and the ~e..ta..uve deMily (a6te11. Rob~on &Campane.le.a, 

1984). 

If the proposed relationship for kG in Fig. 2.28 is combined with the 
relative density versus the cone resistance, a series of curves can 
be developed as shown in Fig. 2.29 . Fig. 2.29 also shows the relationship
of Imai &Tonouchi (1982) considering 

CJc
N = 0.45 (qc in MPa) 	 (2.98) 

substituting (Eq . 2.98) in the equation G = f(N) (Eq. 2.96a) in curve 
2.29 (Imai et al, 1982) , thus 

Gi 20.3 (qc)0.611 (G=MPa) 	 (2.99) 
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Holeyman (1985) proposed an empirical relationship: 

Gi = (8-10 ) qc 	 ( 2 . 100) 

http:Campane.Ua
http:c.on/2ol-i..da.te
http:noll.ma,t.ey
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2.8.6 	 Relationships between the shear modulus and the elastic modulus 
(Youngs' modulus) 

In the FEM analysis of pile driving and other approaches, the elastic 
modulus, E, is generally required. On the other hand, the relationship 
between the shear modulus and Young's modulus is expressed as: 

- EiGi -	 2{T+vf (2.101) 

Thus, a brief summary of the methods used to determine the elastic 
modulus is given below. 

There are many difficulties in determining the initial elasticity modulus. 
Duncan and Changs' approach (Duncan &Chang, 1970) is generally adopted. 

Ei (2.102) 

K3 non-dimensional coefficient 
p~
03 

atmospheric pressure 
lateral effective pressure of consolidation. 

n 	 the exponent determining the ratio of variation of 
Ei with 03 

In the case of a sand with~ 32° and a relative density of 80%, Hol loway 
et al.(1975) proposed 

K3 1530 
n 0.6 

0
Ei 	 1530 (- 1)0 . 6 (2.103)

Pa 

Ei, 03 and Pa are in MPa. 

Holeyman (1985) proposed an empirical relationship between the initial 
tangent modulus and the cone resistance, qc: 

Ei = 	 (15- 20) Qc (2.104) 

Acccording to Hansbo (1972) the initial deformation modulus for normally 
consolidated clays is 

Ei 

Cu = 150 ( 2. 105) 




58 


and for overconsolidated clays 

Ei 
250-500 (2 .106)Cu 


Cu undrained shear strength 


To calculate the maximum value, it is customary to multiply the above 
value by 10, then for v = 0.5 and Gi = Ei/3: 

Gi 
= 500 (2.107)Cu 

for normally consolidated clay and 

Gi 
= 800-1700 (2.108)

Cu 
for overconsolidated clays. 

The equation 2.107 is very similar to Eq. 2.92 for Japanese clays . 

Empirical values of the elastic modulus are summarized in Appendix C. 
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3. A NEW SOIL MODEL FOR PILE DRIVING ANALYSIS 

3.1 Introduction 

A review of the rheological model utilized for pile driving analysis 
is presented in Chapter 2. In Chapter 3 concluding remarks on these 
models and a new soil model for pile driving analysis are presented. 
The new soil model is based on Smith's approach which is well founded 
mathematically. However, all soil parameters for analysis can be derived 
from conventional soil mechanics and taking into account the hysteretic 
damping and radiation in the soil due to pile driving. 

3.2 Drawbacks of the existing soil model 

A summary of the existing soil models utilized for pile driving analysis, 
discussed in detail in Chapter 2, is presented in Table 3.1. The follow
ing remarks can be made: 

Table 3. I 

Author 	 Equations Limit stress Comments 

Rd=ksu+RsJv u<Q Rs=ksu 	 J = viscous damping 
Rd=Rs(l+Jv) u>Q Rs=Ru 	 Rd=total dynamic response 

Rs=stati c component 
Ru=ultimate soil resis t ance 

Smith (1960) 

Coyle &Gibson (1970) Rd=Rs(l+JvNe ) Ne = exponent 
Litkouhi &Poskitt (1980) Ne=O, 2 for sand 

Ne= 0.18 for clay 

Randolph &Simon pi le shaft: whenT ~1inax kp and CRp are evaluated 
(1986) Rd =ksu+CRv CR = 0 according to Lysmer's approach 

ks=(2.9-3.14)G 
Corte et al. (1986) 	 CR=(Gp)0.5 211ro 

pi l e point: 
Rd=kpu+CRpv 

Holeyman (1985) 	 pile shaft: T r = unit resistance 
T=(T+l') T+T'.S.Tr(l+JvD.2) CK = resistance damping 
T= Tr(l+JvO · 2)/(1+Q/u) 
T'=v {G 
pile point: 
Rd=kpu+(Cv+CR+CH+CK)v 
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3.2 . 1 Remarks on Smith's soil model 

The model suggested by Smith is mathematically valid. 

In most computer programs, the soil - pile interaction is in accord
ance with Smith's soil model. This model is simple and adjustments 
can be made between measured and calculated response signals. How
ever, the soil parameters in this mode l are empirical and not devined. 
Radiation damping is not considered. The pile and soil disp l acements 
are the same in this approach. 

The viscous damping evaluated according to Eq. (2.36) is plotted 
in Fig. 3.1. If the fact that the ratio Rd/Rs is about 1-3 is taken 
i nto account and that the average particle velocity is about 1-3 
m/s, then the range of vari ation of the viscous damping is only 
from 0.5 to 2.0 s/m. The same conclusion can al sobe drawn from test 
results and practical applicati ons, see Tables in Appendix B. Thus, 
large dampi ng reported in practice can include other damping effects. 

E 
'a, 6. 00 

...., 
L 
0 
+>
() 4 . 00 
0 


4-

0") 1 
C 
·a.. ·2- 00 

E 
0 

D 

4. 50 

Ratio of Rd/Rs 

Fi g. 3. 7 Va.Jua,lion 06 dampi ng coe66iuerit w.U.:h ve.£oc.v.:y and Rdl R-0. 
* v = 4. 0 m/ -0, + v = 2.0 m/ -0, o v = 1 m/ -0, xv = 0.5 m/ ~. 

3.2.2 Remarks on Smith and Chows' soil model 

Smith &Chow (1982), To (1985) and Simon &Randolph (1985) have 
used FEM for pile driv ing analysis. The soil has been modelled as 
a non-viscous elastic, perfectly plastic material with von Mises 
failure criterion. The main advantage of the finite element analysis 
is that conventional soil parameters can be used and that radiation 
and material damping is automati cally t aken into account by the 
pi l e-soil system. FEM is a good tool for ca l ibration and comparison 
with other different one-dimensional algorithms. 
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The FEM method is difficult to use in practice as the computational 
costs are higher than for a traditional stress wave equation analysis. 
The method might be attractive when available micro-computers are 
faster. 

Simon &Randolph (1985) also pointed out that the high frequency 
nature of pile driving, the generation of spurious wave reflections 
by the element mesh, and the occurrence of failure in a thin zone 
adjacent to the shaft, severely limit the accuracy of this method. 

3.2.3 	 Remarks on Randolph &Simon's soil model and the soil model 
by Corte et al . ( 1986) 

The Randolph &Simon model is based on Smith's soil model. However, 
conventional soil parameters are used for determination of radiation 
damping and spring stiffness. Soil displacements as well as soil 
velocities can be calculated separately from pile displacement.
The soil model limits the total dynamic resistance to limit skin 
friction. However, in practice when Tmax is reached, the damping
force due to viscous and hysteretic damping still affects the system. 

Recently, Corte et al. (1986) proposed also considering internal 
damping after Tmax is reached. 

The soil stiffness per unit of pile length defined in this soil 
model is a function of the shear modulus,ks =(2.9-3.14)G. However, 
the shear modulus must correlate with the amplitude of strain or 
effects from the installation of the pile must be considered. 

3.2.4 	 Remarks on Holeyman's soil model 
In Holeyman's soil model for the pile tip, separation of the damp
ing effects, i.e. viscous damping, hysteretic damping, radiation 
damping and resistance damping can be made. Experience shows that 
the radiation damping and the material damping have a greater effect 
on the pile driving analysis than the other damping types. Holeyman's 
simple soil model for pile shaft resistance is very similar to the 
sum of Smith's soil model (Smith 1960) and Randolph and Simons' 
soil model (Randolph &Simon, 1986). However, the total stress pro
duced by the spring and dashpot ~s limited to a viscous damping 
effect . 

The soil and pile displacements are the same in this soil model. 
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3.3 The new soil model 

3.3.1 Background of the new soil model 
A new soil model has been developed by the Author. It is an improve
ment of existing models, in that it takes into account 

-	 elastic ground deformation= ksu 

ultimate soil resistance Ru 

viscous damping Cv 

hysterestic damping CH 

radiation damping CR 


The background to the new soil model is: 

The new soil model is based on Smith's approach, and is a furthe r 
development of several more sophisticated soil models that are dis
cussed (Holeyman 1985, Corte et al., 1986, Randolph et al., 1986) . 
The model takes into account experiences and knowledge of soil dy
namics. 

The soil parameters for pile driving analysis are correlated with 
conventional soil parameters and their evaluation can be based on 
laboratory tests, field tests or well known empirical methods. 

The soil stiffness and damping are evaluated based on the following 
observations: 

o 	 The ground response during pile driving is similar to that ob
tained under seismic loading conditions, but is produced in t he 
vertical direction. Thus, the soil response during pile dri ving 
is governed mainly by the shear modulus, and the damping charac
teristics of the soil under cyclic loading conditions. 

o 	 As pile driving produces large strain amplitudes, both the shea r 
modulus and the damping factor must be determined as functions 
of the induced strain in a soil deposit so modification of soil 
parameters due to pile driving must be taken into account. 

o 	 Pile driving produces not only a cyclic loading condition in 
the soil, but also lateral vibration in the pile shaft and com
pression in the pile tip. Thus, the energy loss to the surrounding 
soil is a function of the shear modulus, soil density or shear 
wave and compression wave velocity. Transfer of energy from the 
pile to the surrounding soil, represented by radiation damping, 
exists when the pile and soil move together or the inertia of 
the surrounding soil is considered. 

The quake value, i .e. maximum elastic displacement, must be a func
tion of the soil resistance, soil stiffness (shear modulus) and 
the dimensions of the pile. 
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3.3.2 Description of the new soil model 

The new soil model is presented in Fig. 3.2 and consists of: 

Spring, ks, representing the soil stiffness and producing a static 
soil response. The spring stiffness is evaluated for every soil 
element. 

Plastic slider, limiting the static soil resistance to Ru, where 
Ru is the ultimate soil resistance of the soil element. 

Dashpot a representing the effects of radiation damping, CR, or 
the energy loss in the surrounding soil of the system. This dashpot 
disjoints the system when the shear stress is equal to or larger 
than ,max• where , maxis the ultimate soil resistance, or when plas
ti c flow is produced. This damping takes into account the inertial 
effect of the sur rounding soil. The pile element and soil element 
will have different displacements when plasti c flow is produced. 

Dashpot b represents the effects of material damping, both vi scous 
damping, Cv, and hystereti c damping, CH. The hystereti c damping 
as well as the viscous damping takes into account the energy loss 
due to interparticle shear stress. As pile driving represents cycl i c 
loading, the strain amplitude, damping ratio, the mass of pile el 
ement, number of blows count, as well as the type of soil, soil 
stiffness etc, must be taken into account in the evaluation of t he 
hysteretic damping. The effect of hysteretic damping is limited 
by the maximum damping ratio, but not by the ultimate soil resis t 
ance. 

pile 

node 


Fig . 3.2 The new -0oil mode.l 60~ pile dluving analy-0~ . 
a. ~adio.;Uon damping, b. v~col.L6 and hy-0~~e.u.c damping , 
c. -0p~ng, d. pla.1,tic -0lid~. 

http:v~col.L6
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3.3.3 Pile shaft resistance 


The pile shaft resistance is ca l culated according to: 


Rd ( 3.1) 

where ks spring stiffness of the soil element, from Eq.(2.40) 
ks 
ll L 

1rG t. L 
length of pile element 

(3. 2) 

G 
u 

= shear modulus for a certain strain amplitude 
displacement 

V particle velocity 

The static component is limited by a plastic slider or 

ksO = Ru 

where 	 Q Quake value 
Ru ultimate soil resistance 

When the shear stress is larger than the maximum skin friction, T 2_ 
Tmax• then 

(3.3) 

The dynamic soil response is evaluated according to different damping 
types and particle velocities, v. The viscous damping, Cv, hysteretic 
damping, CH, and radiation damping, CR, can be evaluated for every soil 
e l ement and can be given different values in the analysis. 

Further explanation of the methods of calculating the shear modulus 
for any strain ampli t ude, hysteretic damping or radiation damping can 
be found in section 3.4 

3.3.4 	 Pile tip resistance 

A soil model similar to that for the pile shaft is used to model the 
pile tip. The total resistance is calculated by: 

kpu + (CHp+Cvp+CRplv 	 (3.4) 

spring stiffness, calculated according to 
Lysmer's approach 
(4Gr0 )/(l - v) (3.5) 

hysteretic damping at the pile 
viscous damping at the pile 
radiation damping at the pile 
partic l e velocity at the pile point 

The static component kpu is limited by kpO(p) = Op, that is ultimate 
soil resistance. The procedures used to evaluate damping factors can 
be found in 3.4. 
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3.3.5 	 Soil di splacement and pile displ acement 
The pile- soi l system can be discretized in a nu~ber of el~ments: The 
pile displ acements are ca l culated by wave equation analy~is (Smi th 1960), 
while the increment of the soil displacement llUs, occurring at T)Tmax 
and acting during the t ime, lit, i s calcu lat~d by the modification of 
Randolph and Simons' approach (Rando l ph &Simon, 1986) : 

ks lit (3.6)(Q-u~(m, t- ll t) )[1-exp(er· ] 

where C total damping= CH+Cv+CR 
Q quake value 
ut(m,t- lit)= soil displacement at the start of the time in-
s crement 

Thus, the 	new soil disp l acement can be evaluated. 

If T~ Tmax• then the pile and the soil rejoin again and_the ~il~ and 
the soi l have the same increment of displacement. The skin frict i on 
is evaluated by: 

1 	 (3. 7)T = ---{ksus + ~v211r0 llL 

where 	 Us soil displacement 
V pile velocity 
CT total damping 

3. 4 	 Evaluation of the soil parameters for the new soil model 

3. 4 . 1 	 Shear modulus 

The shear 	modulus can be evaluated by empirica l methods. The correla
tion between the shear modulus and the pressuremeter modulus, N values 
from SPT and qc values from CPT, and empiri cal expressions accord i ng 
to Seed et al . (1970) seem to be useful in practice. A summary of the 
methods used for determination of the shear modulus is presented in 
Table 3.2. 

The shear modulus determined according to Table 3.2 is the initial shear 
modu l us. The method of Hardin & Drnevich (Ha rdin &Drnevich 1971) i s 
recommended to be used for eva l uation of the shear modulus as a func
tion of the amplitude of strain . 

The amplitude of strain is calculated according to: 
V _ V (3.8)

y = VS-	 (G/p)0.5 

where V particle veloc i ty of a pile element 
vs shear wave veloc i ty 

The particle velocity for every pile element can be calculated according 
to stress wave theory (Smith's approach) for every time increment. How
ever, this would i ncrease the time required for calculation and there
fore evaluation of the average amplitude of strain will be based on 
average part i cle pile velocity. 
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The shear modulus for any strain,y,can be calculated according to Eqs.
(2.79), (2.80) and Table 2.8. The number of load cycles can be assumed 
to be equal to the number of blows count for the last metre of penetra
tion of the pile during pile driving. 

Table. 3.2 	 Summo.Jty 06 me.thodo app.Uca.ble. 6M de.tvunin.a.tion 06 -the. 
I.> he.o.Jt m o dulcu, . 

L.:ibor&;:;ory t2s·.:s Resonant colLmn method 

Field test Screw plate method (Bodare 1983) 
Cross hole method 
Down hole method 

Empirical method o Hardin &Drnevich method (1972) 

0 _§_" _1_ 
Gi 1 + Yh 

o Equation 2.84 for angular grained sand 
o 	Equation 2.86 for round grained sand 
o Equation 2.88 for clay 

o Seed and Idriss (Eq. 2.90) 
Gi = 7 K2 V°O 

o Hansbo (1972), Andreasson (1979) 
NC : Gi = 500 Cu (Eq.2.107) 
QC : Gi= (800-1700) Cu (Eq.2.108) 

o Andreasson (1979): Gi = 441 cu (Eq.2.91) 

o 	Hara (1974) 
(Eq.2.92)Gi = 516 cu l.01 2 

Emp irica l corre o Pressuremeter tests (Meynard &Corte, 

lations from con 1984), Hansbo (1981) 

ventional field EM 

tests 	 Gi = _2. 6 (Eq.2.96) 

EM= pressuremeter modulus 

o SPT for all 	soil types (Gi = MPa) 

Gi = 14 N0.68 (Imai et al, 1982) 

Gi = 13 N~a68 (Swedish ram sounding) 


o 	CPT 
Assume qc/N = 0.45 (qc=MPa) according 
to Robertson & Campanella (1984), 

Gi = 20.3 (qc)0,611 (Eq.2 .99) 
(qc 	and G are in MPa) 
Gi = (8-10) qc (Holeyman, 1985)(Eq.2.100) 
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3.4.2 Hysteretic damping 
Hysteretic damping can be evaluated using laboratory tests or field 
tests. The empirical method suggested by Hardin &Drnevich (1971) is 
used in this new soil mode l to evaluate the damping ratio. 

The damping is 	expressed by: 

CH = 2 Dr(ks m)0· 5 	 (3.9) 

where 	 ks = spring stiffness= 11Gt1L (See Eq. 3.2) 
m mass of pile element= Pp 11ra2t1L 

density of pile material
:E length of pile element 

Dr damping ratio 


The hysteretic 	damping per element llL is: 

CH= 2nr0 	 llLDr(PpG)O.S (3.10) 

G = shear modulus of the soil 

The hysteretic 	damping at the pile base can be evaluated by: 

CHp = 2 Drp(kpm)0.5 	 (3.11) 

kp = spring stiffness at the pile base 

m = pile mass= 1rra2 L Pp 


The spring stiffness can be calculated according to Lysmer's approach 
(Eq. 3.5) and the hysteretic damping at the pile base is: 

_ 1r G L Pp ) (3. 12)CHp - 4 roDrp ( 1-v 

where 	 shear modulus for a certain strain amplitude 
density of pile material 
pile length
damping ratio at the pile tip 

The damping ratio, Dr, can be evaluated by Hardin &Drnevich's method 
(Eq. 2.71, 2.72 and tabl es 2.6, 2.7). The damping ratio is limited by 
Dmax· 

3.4.3 Viscous damping 

Viscous damping can be evaluated using the following procedures: 


i) 	 Determination of Rd/Rs by any empirical or theoretical method. 


Estimation of the average partic le velocity in the field. 

The damping factor J can be evaluated using Eq. (2.36) or 
Eq. (2.37). 
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1 Rd
J = - (- - 1)

v Rs 

and 


CV JksQ JRu 	 (3.13) 

where 
ks spring stiffness of the soil 

Ru ultimate soil resistance 


ii ) Use the expression of Briaud et al, Eq. (2.59). 

(t2/t1 )n -1


J 
V 	

(3.14) 

time to failure at static load test 
(depending on the test method) 
time to failure at dynamic load test 

t1 = _g_ 	 ( 3.15) 
V 

Q quake value, determined by Eq. (2.75) and Eq. (2.76) 
v average pile element velocity 
n viscous exponent, can be measured by performing a simple 

shear test for two different loadings. 

3.4. 4 Radiation damping 

3.4.41 Along the pile shaft 
Radiation damping can be evaluated by Randolph et al. (1986) and Corte 
et al. (1986) according to Eq. (2.41), and for the length of pile el 
ement t1 L, 

= 211r0 (G p)0.5 ll l 	 (3.16) 

where 	 shear modulus 
soil density 
pile radius 
length of the pile element 

3.4.42 At the 	pile base 

Lysmer ' s approach can be used for determination of the radiation damp i ng 
at the pile base 

r 2 

CRp = Zi~v) ( pG)0.5 (3.17) 

where \) = 	Poisson ratio 
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3.4.5 Quake values 

The quake value is the limit soil displacement for elastic behaviour 
often varying between 2 and 6 mm. The same va l ues are often obtained 
in static load tests where the skin friction is limited. It is obvious 
that the quake value depends on the limit skin friction and the dimensions 
of the pile as shown i n Eq. 2.75 and 2.76. 

The procedure to obtain a Q-value recommended in Table 3.3 can be used 
as a substitute for empirical methods. 

Table 3. 3 SwnmaJuJ Ofi me,thod/., U/2 ed oOJt 	 du eJtmin.a.,;uon oo the quak.e . 

Quake values according to 	 Equations and values 

o Test 	results and static analysis Determination of static 
soil resistance 

and compression modulus, 
from laboratory tests 

Q = ~ 	 (Eq.2.74) 

Q = roTmax ln (Eq.2.75)o Holeyman (1985) G 
2 ro

Q = - -G-- (Eq. 2.76) o Randolph and Simon (1986) 

For example, if assuming G 500 Tmax (Hansbo, 1972) the quake value 
in Eq. (2.76) is 

Q (2r0 / 500) 

and according to equation (2.75) 
ro ~ 


Q = 500 ln (fa) 


where Rm = 2.5 L(l- vp). 

For L 10 m, and vp = 0.4, Rm 13.75 m 
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Table 3.4 Quake value.I.> accokcli.ng ~o equation [2 . 75) and [2. 76). 

Equation 	 ro Quake
(m) 	 (mm) 

Eq. 	 2.75 0.14 1. 2 

0.50 3.3 


Eq. 2. 76 	 0.14 0.5 

0.50 2.0 


Resu1ts from the ca1cu1ation of the quake shown in Tab1e 3.4 are simi1ar 
to va1ues used in practice and are a function of the soi1 stiffness, 
soi1 resistance and dimensions of the pi1e. The quake va1ue according 
to Eq . (2.75) is about twice the quake va1ue determined by Eq. (2.76). 
The average quake va1ue can be ca1cu1ated from Eqs. (2 .75) and (2.76) 
as: 

R 
Q = ~ (1n(~) + 2) (3. 18)2G r0 

where 	 Rm 2. 5 L (1-v p) 

Thus, the quake va1ue for every soi1 1ayer can be ca1cu1ated from con
ventiona1 soi1 parameters and pi1e dimensions. This quake va1ue can 
be used as initia1 input for pi1e driving ana1ysis, and wi11 vary as 
a function of other soi1 parameters, such as shear modu1us, G, and unit 
skin friction. 

The quake va1ue at the pi1e tip can be ca1cu1ated by: 
Q 

O(p) = i; (3.19) 

where 	 Op soil resistance at the pi1e tip 
kp so i1 stiffness at t he pi1e tip 

3.4 .6 	 Soi1 res istance 

The static soi1 resistance distribution a1ong the pi1e shaft, as we11 
as point resistance, can be eva1uated by static approaches (section 
2.2 and 2.3). The skin friction, as we11 as the point resistance, can 
be ca1cu1ated according to avai1ab1e soi1 parameters. 

3.5 	 Simp1ified soi1 mode1 

In order to reduce the time of ca1cu1ation, the viscous damping factor, 
Cv, is ass umed to be zero. It is supposed that the viscous damping is 
taken into account by a sma11 increment of damping ratio in the eva1ua
tion of hysteretic damping. 

http:accokcli.ng
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3. 6 Reconmended procedures used to obtain soil parameters 

The soil parameters for the new soil model are discussed in Chapter 
2 and Chapter 3. The recommended procedures used to obtain soil par
ameters are summarized in this section . 

3.6.1 Soil stiffness 

o 	 Obtain the initial shear modulus from available methods (Table
3.2) 	or 

CPT test: Gi = 20 .3 (qcJ0.61 {MPa) (Eq. 2.99) 
SPT test: Gi = 14.4 N0.68 {MPa) (Eq. 2.96a) 
Swedish ram sounding: Gi = 13 N20 (Eq. 2.96b) 
Pressuremeter: Gi = EM/2 . 6 (Eq. 2.93) 
Vane test: Gi = 411 cu (Eq. 2.91) 

Empirical expressions (Eqs. 2.84, 2.86 and 2.88) 

o 	 Obtain the shear modulus for a certain strain amplitude according 
to Hardin &Drnevichs' method. 

G - 1 (Eq . 	 2. 79)Gi 	 - l+Yh 

=~ (1+ a e_b(y~)) 	 (Eq . 2.80)Yh Yr 

y = amplituge strain 
y = v/(G/p) . 5 (Eq . 3.8) 

v = average particle velocity of a pile element 
Yr = Tmax/Gi (Eq. 2.82) 

a,b = f(soil type, number of blows count) 
see Table 2.8. 

o 	 Spring stiffness at the pile shaft for element m 

ks (m) = TT G(m) Ill 	 (Eq. 3. 2) 

Spring stiffness at the pile tip {Lysmer's approach) 

4 G ro 
 (Eq . 3. 5) 
( 1- v) 

0 
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3.6.2 Radiation damping 

o 	 Use the shear modulus obtained from the calculation of soil stiff 
ness (Eq 2.79). 

o 	 Radiation damping in the pile shaft: 

CR 211 r 0 (G )0. 5 ti L 	 (Eq. 3.16) 

p soil density 

G shear modulus 

ro 	 pile radius 

0 	 Radiation damping at the pile tip. 

3.4ro 2 ( G)0.5 CR p {1- v) P 	 (Eq. 3.17) 

\) Poisson ratio 

3.6.3 Hysteretic damping 

o 	 Determine the damping ratio according to Hardin &Drnevich's method . 

Dr - Yh 

Dmax - l+Yh 
 (Eq. 	 2 . 71) 

hype r boli c shear strain de t ermined by Eq. (2.7 2). 

a,b constant, Tabl e 2.6 

y strain amplitude, determined by Eq. (3.8) 

Yr reference strain (Eq. 2.82) 

Dmax 	 maximum damping, can be determi~ed by Table 2.7. It 

is assumed that the number of load cycles is the same 
as the number of blows count. 

0 	 Hysteretic damping at the pile shaft 

CH 	 2 nr0 ti LDr(PpG)0- 5 (Eq . 3.10) 

ti L length of pile element 

Pp density of pile material 

Dr damping ratio 

G shear modulus 
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Hysteretic damping at the pile tip 

C 4 r . D (rr GLP p ) 0 • 5 (Eq. 3.12) Hp o rp 1- v 

v Poisson ratio 

Drp damping ratio at the pile tip 


3.6.4 Viscous damping 
As material damping consists of hysteretic damping and viscous damping 
and that the discussion in chapter 3.2 shows that Cv is often limited 
to 1-1.5 s/m, it is assumed that a small increase of the damping ratio 
(Eq. 2.71) can take into account the viscous damping factor. 

3.6.5 Quake values 

The quake value in the pile shaft 

r T R 
= o max (1n(.J!!) + 2) (Eq.3.18)

Q 2G r0 

Tmax ultimate shear strength 
Rm 2.5 L(l-vp) 

The quake value can also be determined by Eq. (2.75) or (2. 76). 

2nro Tmax (Eq. 2. 75) Q G 

Rro Tmax 
l n (.J!!) (Eq. 2. 76)Q G ro 

The quake value at t he pile tip 

Q


Q( ) = ~ (Eq . 3.19)p kp 

Op soil resistance at the pile tip 
kp soil stiffness at the pile base (Eq. 3.5) 
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4. COMPUTER PROGRAM FOR PILE DRIVING ANALYSIS 

4.1 Introduction 

A new computer program, SVIDYN, is developed in this research work. 
Using the program the static-dynamic behaviour of driven piles can 
be studied. The program can be used to confirm results of theoretical 
studies and as a tool for practical application. The new computer pro
gram SVIDYN is a further development of Smith's approach and has some 
advantages: 

SVIDYN can easily be run on a micro computer. 

New soil models, as well as Smith's soil model can be used. 

SVIDYN can be used for stress wave analysis with measured data as 

well as for driveability problems. 


The SVIDYN computer program consists of: 

The SVIDYN-1 program for stress wave analysis. Calculated results 
and measured data can be compared to obtain the best match. 

The SVIDYN-2 program for simulation of pile driving. The force-time 
history, velocity-time history, blow count, and permanent set and 
static load test curves can be obtained from the initial input vel
ocity of the hammer. 

The system also contains the following subroutines: 

The subroutine DATA is used for preparation of the soil parameters 
for pile driving analysis with application of the new soil model. 

The subroutine CASE is used for stress wave analysis with applica
tion of the CASE method. 

The subroutine TRANS FER is used for transferring the measured data 
from the oscilloscope to the computer. 

The subroutine STATIC is used to simulate a stati c load test. 

The subroutine RESULT carries out the static analysis and plots 
the results of the analysis carried out by SVIDYN-1 and SVIDYN-2 
at the printer. 

The subroutine PLOTTER for final plotting of the results. 

The description of the computer system, measuring system and computer 
program is given in this chapter. 

4.2 Description of the measuring and analysis system 

The SVIDYN system for stress wave measurement and analysis was developed 
at SGI within the co-operation program between SGI and IBST. A detailed 
description of the system is given by Nguyen Truong Tien et al. (1986).
The system consists of: 

Signal unit (SGI type) 

Cassette tape recorder 

Digital storage oscilloscope 

Micro-computer 
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Fig. 4.1 shows the measurement and computer system for application 
of the stress wave theory for driven piles. 
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During field measurements, the signal equipment (signal unit, cassette 
tape recorder and oscilloscope) i s used. Measured accelerations and 
strains from the pile top are transformed into an electrical signal, 
amplified, recorded and displayed by this equipment. During replay 
in the off i ce, the tape recorder and the oscilloscope are connected 
to the computer to transfer the signals into the computer using a com
puter transfer subroutine. 

4.3 The SVIDYN-1 program 

4.3.1 The program and input data 

The SVIDYN- 1 program i s used for app l ication of the stress wave theory 
for driven piles. The program is based on Smith ' s approach and is a 
further deve l opment of Bowles' program (Bowles, 1974) and Litkouhi's 
program (Litkouhi, 1979). A similar procedure as the CAPWAP method 
is used to obtain the best match between measured and calculated force 
curves. Parameters i n the new soil model, as wel l as Smith's soil model, 
can be used as input data. 



76 

A fl ow cha rt fo r the SVIDYN- 1 program i s shown in Fig. 4.2. 

Measured l oad and 
velocity history 

Input of so i re
s is tance model and 
wave propagation 

Comparison between 
F measured and F 
calculated 

New soil 
parameters 

Qua l ity cr i terion no 

ok 
St atic load sett l e
ment 

F-i.g. 4. 2 Flow c.hM-t 6oJt SVIVYN-1 . 

The i nput data cons i sts of a measured force and velocity, soi l res i st
ance , pi l e data and other so i l paramete rs . The dynamic fo rmu l ati on 
has been developed based on Smi th ' s approach. The most importan t steps 
of SVIDYN-1 for appl i cation of the new soil mode l and Smi th ' s so il 
model are given be l ow : 

Step 1: Preparation of data for analysis and eva l uat i on of pile stiff
ness values K(m) for every pile el ement using Eq . (2 . 31) . Comput at i on 
of the static resistance stiffness values, k(m) and kp, for t he shaft 
and tip resistance models respectively, using one of t wo soi l models: 
the new soil model or Smith's soil model . Ca l ling the subrout i ne DATA 
to ca l culate the strain amp l itude, shear modulus, damp i ng ratio, hyster
eti c damp ing, radiation dampi ng, soi l stiffness, quake and other input 
data for the new soi l model . The most important parameters for input 
are summarized i n Table 4.1 and Table 4. 2. 
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Table 4. 1 Input cia,ta 6M -two Sm.Uh1 -6 <1oil modw and -the new <1oil 
mode.t. 

Smith ' s soi l model 	 New soi l mode l 

Soil resistance distribution Soil resistance di stribution 
Damping coefficients Initial shear modulus 
Quake values Pile dimensions 
Pile dimensions 	 Soil density 
Pile density 	 Poisson's ratio of the soil 

Number of blows count 
Soil type 
Average particle velocity 
Pile density 

Table 4. 2 Evaluation 06 .tioil pMame.-tvu.i 601t -the new -6oil mode.t. 

Soil parameters 	 Input data 

Soil stiffness 	 Initial shear modulus 
Amplitude of strain (soil type, 

number of blows count, average 

particle velocity) 

Length of soil elements 


Radiation damping 	 Shear modulus 
Pile radius 
Soil density 

Hysteretic damping 	 Soi l stiffness (shear modulus) 
Mass of pile element 
Damping ratio (soil type, 
number of blows count, 
amplitude of strain) 

Quake 	 Soil stiffness (shear modulus) 
Skin friction and point re
sistance 
Pile dimensions 

Step 2: Calculati ng the increment of displacement (assuming v constant 
during fit) and accumulating the total displacement of the pile elements 
Using Eq. (2.23). 

Step 3: Calculating interelement spring forces using Eq. (2.25) based 
on total displacement differences times the spring constant. All "no 
tension" spring conditions are satisfied. 
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Step 4: Evaluating the instantaneous dynamic element resistance forces 
using one of two dynamic models: Smith's soil model or the new soil 
model. The static soil resistance is limited by the ultimate soil resist 
ance (plastic sl ider 1). Ca lling the subroutine SSOIL for the new soil 
model. Skin friction of every soi l element, r(m), is computed by Eq. 
(3.7) and r(m) is compared with r(m)max· If r(m) < r(m)max• Eq. 3.3 

is used. The increment of the soil displacement is also evaluated. 


Step 5: Computing the changes in velocity during the integration step, 
and the velocities at the end of this step using Eq. (2.27). 

To continue the integration with time, steps 2 through 5 are repeated 
for the new measured velocity at the pile top, and the computer program 
will be stopped when the last input of measured velocity is completed. 

The agreement between the calculated forces and the measured forces 
can be improved iteratively by changing the assumed soil resistance 
parameters, quake and damping of every pile element and at the pile 
tip. In the analysis with the new soil model, besides the assumed soil 
resistance the shear modulus and damping ratio can be varied as a func
tion of the average particle velocity, number of blows count etc. Con 
sequently, the quake values can be computed according to Eqs. (2.75),
(2.76) or (3.18). 

When the agreement between calculated and measured forces cannot be 
further improved, the associated soil parameters are considered to 
be the best estimated values. The subroutine RESULT and PLOTTER will 
be called upon for presentation of the results and the subroutine STATIC 
can be used to predict the static load test curve (load versus settle
ment). 

4.3.2 Output 

The output data from the stress wave equation analysis by SVIDYN-1 
consists of: 

Computed force history and velocity history . 
Static soil resistance for the best match between calculated and 
measured data. 
Pile motion and pile element forces as a function of time. 
Soi l motion as a function of time . 
Load settlement curve from static analysis . 

4.3.3 Utility of the SVIDYN-1 program 

The computer program SVIDYN-1 can be used for stress wave equation 
analysis with Smith's soil model. Similar procedures as CAPWAP can 
be used to obtain the best match between measured and computed force 
history and velocity history. The intermediate results of the analysis 
can be presented on the computer screen and the user can easily vary 
the soil parameters to obtain the best match. The static load test 
can be predicted as the final result of the analysis. 

Parameters in the new soil model can be input for stress wave analysis. 
The soil parameters can be directly evaluated by using subroutines. 
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4.3.4 Limitations of the SVIDYN-1 program 

The time required for stress wave analysis is longer using SVIDYN- 1 
than CAPWAP, due to the more soph i sticated soil model (the number of 
unknowns is larger than in the CAPWAP analysis). 

4 . 4 The SVIDYN-2 Program 

4.4.1 The program and input data 

The computer program SVIDYN-2 is used for the analysis of driveability 
problems. In this computer program, simulation of pile driving can 
be made, using the new soil model or Smith's soil model. The pile driving 
ram W(l} impacts the pile top and produces an initial velocity. The 
stress wave equation used for analysis is that described by Smith (1960) 
with further input data such as pile stiffness, soil resistance and 
soil parameters. The flow chart for SVIDYN-2 is presented in Fig. 4. 3. 
The most important steps are presented below: 

Input data: 
- Initial velocity 

- Hammer system 
- Soil parameters 

Stres s wave equation analysis with the 
new soil model or Smith's soil model 

New load increment 
blowyes 

no 

Output: 
- F/t and V/t curve 
- Bearing graph and 

permanent set 
- Static analysis 

Fig . 4. 3 Flow c.hM-t 6011.SVIVYN- 'l . 
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Step 1: The initial ram ve l ocity at impact is comput ed according to 
Eq. (2.30), as a function of the ram fall he ight and the efficiency 
of the hammer . 

Step 2: Internal spring constant, K(m) of the pi le is evaluated by 
Eq. (2.31). The spring, K(2), representas both the cushion and the 
top pile element and is ca l culat ed using Eq. (2.21) . The defo rmati on 
properties, spring constants and coeffic ient of restitution of the 
cap block and cushion material must be defined . The weight of the ram 
and he lmet or driving head are specified and are assumed to be rigid. 

Step 3: Stiffness values, ks(m) and kp, for the shaft and tip resist
ance models are computed using Eq . (2.32) and Eq. (2 . 33) if Smith's 
soil mode l is used. 

The subroutine DATA computes the strain ampl i tude, shear modu l us, damp
ing ratio, hysteretic damping, rad i ation damping, soil stiffness, quake 
and other input data for the new soil model. A summary of the most 
important parameters for the input data is presented in Table 4.3 . 

Table. 4.3 

Components of 
the system 

Input data Comments 

Hammer Initial velocity of the ram 
- height of ram fall 
- weight of hammer 
- effic i ency of hammer 

Cap block 
and cushion 

- Weight of cap block 
- Cross-sectional area 
- Leng th of cap block 
- Elastic modulus 

The cap block and cushion 
spring can be input directly 
or computed by subroutine 

- Coefficient of restitution 

Pile - Material density, Pp The time i ncrement, t,t, 
- Modulus of elasticity, E 
- Length of the pi l e 
- Cross-sectional area 

can be input directly 
or computed by subroutine 

- Number of pile elements 
and length of pile elements, 
"' L 

- Time increment 

Other data - Number of time i ntegra NI can be computed ac
tion, NI cording to values of L/c 

- Number of load i ncrements and H 
- Coefficient to vary soil 

resistance diccri bution 
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Step 4: Critical time increment for each element in the total system, 
6t, is computed. The time increment, 6t, is calculated by the equation: 

6t 	 ( 4.1) 

where 	 a user-assumed constant 
length of the pile element 
stress wave velocity (c=VE/pp) 

Step 5: Initial conditions and boundary conditions for all elements 
in the hammer-pile-soil system are established for the first blow. 

All element velocities, ,displacements and internal spring forces are 

set to zero. 


Step 6: Initial and boundary conditions for the next hammer blows to 

come are prescribed. 


Step 7: Increment pile element displacements are calculated and the 

total displacement is developed in an integration step using Eq. (2.23). 


Step 8: Internal spring forces are calculated using equation (2.25). 

The internal spring forces of the cap block and the cushion block are 

evaluated using Eq (2.28). All zero tension spring conditions are satis

fied. 


Step 9: Instantaneous dynamic element resistance forces are computed 

using one of two soil models: the new soil model or Smith's soil model. 

Subroutine SSOIL computes skin friction of every soil element using 

Eq. (3.7) and comparison with -r (mlmax is made. If , (m) < -r (mlmax• radi

ation damping is taken into account when evaluating dynamic soil resist 

ances. If -r (m) > -r (mlmax, then dashpot to produce radiation dis j oint 

from the syste·m-and increment of the soil displ acement is computed 

for the next time incremen t . 


Step 10: The changes in velocities of every pile element during the 

integration step, as well as the velocities at the end of this step 

are computed using Eq. (2.27) . The velocities are st ored for the next 

time integration. 


Step 11: Step 7 through to 10 are repeated, using the velocity at the 

pile top of the last time integration. The computer program continues 

to the specified number of integration steps, NI. 


Step 12: If the number of load increments is specified, the analysis 

will continue with a new soil resistance distribution and step 5 to 

step 11 are repeated. The computer program will stop when the last 

load increment is finished. 


4.4.2 Output 

The output data consists of: 

Pile motion and soil displacements (for the new soil model). 
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Computed pile element forces and velocities of the pile top element 
as a function of time. Th i s means that measured forces and velocities 
from stress wave measurements can be predicted. 

Permanent set or stop criteria and number of blows count for the 
last metre of penetration of the pile. Bearing graph (bearing capacity 
/blow count or bearing capacity/permanent set) can be plotted. 

Pile stress prediction. 

Simulation of a static load test. 


4.4.3 Utility of the program SVIDYN-2 

The program SVIDYN-2 can be used for studies on driveability problems
with the new soil model or Smith's soil model. The program can be used 
to choose a suitable hammer, as well as drop height, predict permanent 
set and number of blows count for certain soil conditions. The soil 
parameters such as soil stiffness, damping factors and quake can be 
determined directly from conventional soil parameters and pile data. 
Input data according to Table 4.3 can be tested to obtain a suitable 
hammer, height of ram fall, properties of cap block and cushion, pile 
length and bearing capacity. 

Different applications of SVIDYN-2 can be seen in Chapters 6 and 7. 

4.4.4 Limitations 

Further development of SVIDYN-2 using the new soil model and taking 
into account the residual stress analysis (RSA) will be necessary. 

4.5 Subroutines of the system 

The SVIDYN system consists of the following subroutines for stress 
wave analysis and presentation of the final results: 

- TRANSFER 

- CASE 

- DATA 

- SSOIL 

- RESULT 

- PLOTTER 


The utility of the subroutines as well as INPUT and OUTPUT data are 
summarized in Table 4.4. 
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Table. 4. 4 Sub~out,i,ne.d ~n the. SVIVYN ~y~tem. 

Subroutine Utility Input Output 

TRANSFER Transfer measured data 
from oscilloscope to 
computer 

Forces and accel erometer 
factors 

Initial measured curves, 
F/t and V/t or a/t 

CASE Application of the CASE 
method 

- Pile data 
- Damping, Jc 
- Measured forces and 

velocity 

Static bearing capacity 
Energy of the harrmer 
Integrity study 

DATA Preparation of the soil 
parameters for the 
application of the new 
soil model (see 3.6) 

Initial shear modulus, - Shear modulus 
soil density, pile density, - Radiation damping 
pile data, average par - Damping ratio 
ticle velocity, soil type, - Hysteretic damping 
No. of blows count, soil - Quakes 
resistance 

SSOIL Computes skin friction 
for the new soil model 

Maximum skin friction and 
other data from stress 
wave equation and DATA 
subroutine 

Dynamic soil resistances 
at the pile shaft and 
pile tip 

RESULT Static analysis and 
storage of results 

Results from stress wave 
equation, quake, static 
soil resistance 

Load-settlement curve 

PLOTTER Plotter results of 
the analysis 

Results from stress wave 
analysis and RESULT 

- F/t and V/t 
- Load settlement 
- Bearing graph 
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5. BEARING CAPACITY OF DRIVEN PILES 

5.1 Introduction 

In this chapter application of the new soil model and the new computer 
program SVIDYN-1 for studying the bearing capacity of piles is described. 
The results from three field tests are analysed by CAPWAP and SVIDYN
1 using the new soil model and Smith's soi l model. Comparison between 
measured and calculated data, as well as discussion of the results, 
show the possibility and reliability of applying the new soil model 
and the new computer code for practical purposes. 

5.2 Field test at Fittja 

Fittja is situated 20 km south of Stockholm city. Dynamic and static 
load tests on instrumented model steel pipe pi l es were carried out. 
Results of stress wave measurements and static load tests w2re reported 
and discussed by Moller (1986). Some results from this field test are 
studied in this section. 

5. 2. 1 Results from the soil investigation 

The soil investigation consisted of dynamic sounding, weight sounding 
and static cone penetration tests. A number of soil samples were taken 
for laboratory tests. Fig. 5.1. sho1-1s typical results from the soil 
investigation. 

From 1 m depth to 10.0 m the soil is loose sand , the point resistance 
qc, varies between 3.5 to 5 MPa. The number of halfturns from weight 
sounding for every 20 cm of penetration varied between 2 and 4. The 
soil resistance increases from 10.0 m depth. 

The average value of soil resistance for every 1.0 metre of depth from 
different penetration tests is shown in Fig. 5.2. The point res i stance 
from CPT test, the number of blow counts per 20 cm of penetration of 
the Swedish dynamic sounding and the force in kN of the static dynamic 
sounding can be seen in Fig. 5.2 a-c. 

5.2.2 Instrumentation of the tes t pile 

The pipe pile in the test had an outer diameter of 101.6 mm, a thick
ness of 5.6 mm and a cross- sectional area of 1689 mm2. The length of 
every pi l e segment was 1. 5 m, except for the pile tip segment that was 
2.5 m. The total length of the test pile was 10.65 m. 
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The pile was instrumented using strain gauges and accelerometers to 
record the dynamic and static measurements. Acce lera tions and strains 
were measured at the top and bottom of the pi le. Strain gauges to record 
dynamic and static strain were installed at different levels of the 
test pile, in order to obtain the distribution of so i l resistance. 

The system for dynamic and static load tests was carefully calibrated 
before the test. 

5.2.3 Pile driving 

The pile was driven using a light pneumatic drop hammer. The weight 
the of hammer was 200 kg and the ram fal l could be varied from 0. 5 to 
1.6 m. The pile cou l d be driven automatically with the maximum frequency 
of 1 Hz. Fig. 5.3 shows the hammer and the test pile . Ram fall, number 
of bl ows count and penetration of the pile were recorded. The final 
set was 2 mm per blow, which is used for the analysis in this report. 

I 

hg. 5.3 Tv.,,t pile. and hammvz. (a6,t:vz. MciUvz., 1986) . 
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5.2.4 Results of stress wave measurements and CAPWAP analysis 

Stress wave measurements we re carried out during redriving of the pile. 
The pile was redriven 18 hours after installati on. Results from stress 
wave measurements from blow No.l are shown in Fig. 5.4. The top force 
and velocity history curves were obtained from measured strain and ac
celeration. 
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Analysis of stress wave measurements was carried out by CAPWAP. The 
in put data is shown in Table 5.1. 

Table 5. 1 Pa!Lame.tvu., 6OIL CAPWAP anai..y-6,u.,. 

Parameters Pile shaft Pi le toe 

Smith damping (1/m/s) 1.077 9 .891 
Quake (mm) 2. 54 2.54 
Soi l resistance ( kN ) 87 . 2 2.8 

The computed force history and velocity history by CAPWAP are presented 
in Fig. 5.5, together with measured data. The agreement between computed 
and measured curves is fairly good. Fig. 5.5 also shows the simulation 
of a static load test. 
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5.2 . 5 Static load test 

The static load test was carried out according to Report 59 from the 
Commission on Pile Reserach. The load-settlement curves, measured at 
the pi l e top and at different levels during the static l oad test are 
shown in Fig. 5.6. The step load increment test used in the static load 
test. The ultimate bearing capacity of the pile is determined as the 
load under which the pile head settles 08 in accordance with the fol
lowing formula (Report 59 from the Commossion on Pile Research). 

d PL 
20 + - +- ( 5. 1)

20 AE 

where d pi le diameter in mm 
PL/AE= the compression of the pile when it is loadad as 

a column (mm) 
E the modulus of elasticity of the pile material 
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The failure load, determined according to Eq. (5.1), is P = 87 kN at 
= 25 mm where 70 kN is due to skin friction and 17 kN is due to tip 

resistance. 

The variation of the measured force in the pile is plotted in Fig. 5.7. 
This figure shows that the skin friction is largest from 3 m to 6 m 
depth at the last load increment. 
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5.2.6 Results from SVIDYN-1 analysis 

5. 2. 61 SVIDYN-1 analys i s using Smith ' s soil model 

The input data for analysis consists of the quake, damping factors and 
soil resistance for every pile element. The pile is descretized into 
14 elements and the quake, damping and soil resistance are varied to 
obtain the best match between measured and computed curves, see Fig. 
5.8. The agreement between measured and computed data is fairly good. 
Simulation of a static load test can be seen in Fig. 5.9, where the 
load-settlement curve at the top and bottom of the pile can be obtained. 
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5.2.62 SVIDYN-1 analysis using the new soil model 

The input data for SVIDYN-1 analysis is evaluated from the results of 
the soil investigation. Some input data is: 

soil density, P = 1,8 t/m3 


Poisson's ratio, v = 0.45 

pile material density, Pp= 7. 75 t/m3 


Young 's modulus of pile material = 210 GPa 


The initial shear modulus is obtained from the empirical relationship 
between qc (CPT) and Gi (Eq . 2.99). The shear modulus , hysteretic damp ing, 
radiation damping are derived according to recommended procedure, (see 
section 3.6). Additional data is: 

soil type = saturated sand 

number of blows count/m = 500 (observed) 

average particle velocity= 1 m/s 


http:S-i.mu.tat.i.on
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The input data can be prepared by calling the subroutine DATA. The shear 
modulus, damping ratio, radiation damping and soil resistan ce can be 
varied to obtain the best match between measured and computed data. 
The shear modu l us f or fina l analysis is plotted in Fig. 5.10 and i s 
used to define soil stiffness, radiation damping and hysteretic damping. 
The shear modulus in Fig. 5.10 can be compared with the penetration 
resistance i n Fig. 5.2 . The damping ratio varies between 0. 15 and 0. 28 
in most of the soil elements. 
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Results from SVIDYN - 1 analysis, using the new soil model, are shown 
in Fig. 5.11. The agreement between computed force history and measured 
force history is rather good. 
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The simulation of static loading is carried out by cal l ing the subroutine 
RESULT. The simulation of static loading is based on the soil resistance 
and quake values . Quake values are determined from ski n friction, shear 
modulus and dimensions of the pile. The quake val ue used in the analysis 
at the pile tip is 1. 5 mm, and ranges between 1.7 mm to 2.75 mm at the 
pile shaft. Fig 5.12 s hows the results of simulation of the static load 
test. 

http:1U>-i.ng
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5. 2. 7 Evaluation of the pile bearing capacity by other methods . 

5.2.71 Evaluation of the pile bearing capacity by CPT 

The unit skin friction, fs, is evaluated from t he point resistance, 
qc, (Fig. 5.2 a) and according to Eq. (2.8): 

fs 0.01 qc 

The unit point resistance, qP., is calculated from the average value 
of qc over the depth of 3.5 d above t he pile tip and 1.0 d below the 
pile tip giving 

65 kPa 
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The calculated ultimate load bearing capacity is computed using Eq (2 . 1) 

where 	 area of the pile tip= 0.008 m2 
pile perimeter = 0.319 m 
length of the pile shaft= 10.65 m 
embedment length in the bearing soil 5.65 m (see 
Fig. 5.2) 

Substituting the unit skin friction, according to Eq. (2.8), the value 
of the unit point resistance and other data into Eq. (2.1), gives 

Ru (35+38+38+42+45) 0.319xl + 65x0.319x0.65 + 0.0081x65 

Ru = 76 + 1 = 77 kN 

5.2.72 Evaluation of the pile bearing capacity by SPT 

The unit skin friction is evaluated from the SPT number and according 
to Eq. (2. 11 ) 

N 
= - + 10 

0.3 

The value N can be derived from the relations hip between N and N20 (Fig. 
5.2), according to Dahlberg (1975) 

N 0.9 N2o 	 ( 5. 2) 

Then the average value of N along the s haft is 5.22 and the unit skin 
fri ction i s : 

5. 22 
- + 10 27. 5 kPa 

0.55 

The skin friction resistance is given by: 

Qs C Lfs 0.319x5.65x 27.5 50 kN 

The point bf.aring capacity is given by Eq. (2.12): 

Qp = Ap Kl N 

(Table 2.1)Nat the pile point is 7.2 and K1 250 

http:65x0.319x0.65
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Qp = 0.0081 X 250 X 7.2 = 14.6 kN 

The calculated ultimate bearing capacity of the pile is: 

Ru = 50 + 14.6 = 64.6 kN 

5. 2. 73 Evaluation of the pile bearing capacity using driving formula 

The ultimate bearing capacity of the pile is derived from Eq. (2.16), 

using the following data: 


Wh weight of the hammer= 0.2 ton 
W total weight of the pile, including the helmet 0.174 

ton 
s permanent set for the last blow= 0.002 m 
c rebound of soil = 0.0050 m 
h height of drop of hammer= 0.85 m 
ef correction coefficient= 1.0 

The calculated ultimated bearing capacity is: 

0.8 X 0.85(1-0.1 X 0.174 )·2 
0. 2 275 kN 

0.002 + 0.00250 

5.2.8 Discussion 

In the previous sections results from static and dynamic load tests, 
as well as results from CAPWAP analysis and SVIDYN-1 analysis are pre
sented. Comparison with and discussion of measured and computed data 
from different approaches will be made in this section. 

5.2.81 Soil resistance distribution 

The soil resistance distribution along the pile shaft and at the pile 
tip according to measured data, CAPWAP and SVIDYN-1 analysis using the 
new soil model are plotted in Fig. 5.13. 
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The following observations can be made from this figure: 

The form of variation of static soil resistance measured in the static 
load test is very similar to the form that is predicted by CAPWAP 
and SVIDYN-1. 

From the ground surface to the pile element No.8, and close to the 
pile tip, the shaft resistance predicted by CAPWAP and SVIDYN- 1 is 
nearly the same as the measured data from the static load test. 

From el ement No.9 to element No.12 the shaft resistances predicted 
by CAPWAP are l arger in comparison with measured data from the static 
load test and SVIDYN-1 analysis . 

In general, SVIDYN-1 ana lysis using the new soil model predicts fairly 
well the distribution of the soil resistance along the pile shaft. 

The tip resistance predicted by CAPWAP analysis is only about 16% 
of the measured tip resistance from the static load test. 

The tip resistance according to the SVIDYN-1 analysis is 76% of the 
measured tip resistance. 

Table 5.2 shows the soil res istance distribution according to different 
approaches. The static methods (CPT and SPT) underestimate the bearing 
capacity of the pi l e, whi le the driving formula overestimates the bearing 
capacity of the pile . 

Table. 5. 2 Soil 1tu,u.,.tanc.e fu-t.Jubu.tion. 

Method Pile bearing Shaft Tip 
capacity resistance res i stance 

( kN) ( kN) ( kN) 

Static load test 87 70 17 
CAPWAP 90 87 3 
SVIDYN-1 86 73 13 
Static (CPT) 77 76 1 
Static (SPT) 65 50 15 
Driving formula 275 

5.2.82 Simulation of the static load test 

The load-displacement curves predicted according to CAPWAP and SVI DYN
1 analysis and measured from the static load test are shown in Fig. 
5.14. 
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The following observations can be made for this figure: 

The initial parts of the curves determined according to CAPWAP and 
SVIDYN-1 analysis have nearly the same stiffness as the measured 
curve from the static load test. 

The total resistance and t i p resistance versus displacement curves , 
predicted by SVIDYN-1 are similar to the measured curve from t he 
static load test. However, the pred i ct ed displacement is small for 
the f inal part of the simu la tion in comparison with the measured 
data. As the ultimate bearing capacity is reached, the displacement 
from the predicted curve can be extended to reach the real value 
in the field test . 

The CAPWAP analysis gives a small mobilization of the tip resistance, 
and depends on a high tip damping fa ctor that is assumed in this 
analysi s . 
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5.2.83 Distribution of damping factors 

Damping factors evaluated by CAPWAP and SVIDYN-1 analysis are plotted 
in Fig. 5.15 for the purpose of comparison. In the SVIDYN- 1 analysis, 
the hysteretic damping, CH, and radiation damping, CR , of every soil 
element, including the pile tip element, are defined by subroutine DATA 
(Eqs. 3.10. 3.11, 3.16 and 3.17). The viscous damping, Cv, (modified 
Smith 's damping), is defined by Eq. (2.38) and used in the CAPWAP analysis. 
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The following observations can be made for this figure: 

The damp ing effect in the new soil mode l is greater than in Smith's 
model, leading to a larger effect of the dashpot component in the 
system and to a faster decay of vibration following each blow. 

The radiation damping at the pile shaft, as usual, is larger in com
parison with hysteretic damping and viscous damping except at the 
pile tip. Thi s fact may represent the real situation for the problem: 
the shear wave produced in the pile shaft transfers the energy from 
the pile to the surroundings mainly via the soil, while at the pile 
tip a compression wave is mainly produced, which increases the pore 
pressure. 

The damping ratio, Dr, for determination of hysteretic damping, see 
Fig. 5.15, ranges between 0. 15 and 0. 28, and is similar to values 
that are reported in practice (Table 2.7). 

Table. 5.3 

Method k 
( kN~m) 

Assumed Op 
for analysis (kN) 

Computed Op 
(kN) k u 

CAPWAP 1000 2.8 2.0 
SVIDYN-1 10000 13.5 20 
Stati c load test 17 

As the final set was 2 mm the computed point resistance, O , ca n 
be evaluated. Assumed and computed point re sistance using tAPWAP 
and SVIDYN-1 are shown in Table 5.3. It is obvious that assumed and 
computed point resistances by SVIDYN-1 are close to measured data. 

In CAPWAP analysis or Smith's approach , the soil stiffness is derived 
from an assumed quake. However, in the new soil model the quake value 
is calculated from the shear modulus, ski n friction and pile dimens i ons. 
As the soil stiffness is higher in the new soil model than in the 
CAPWAP analysis, see Fig . 5. 161 it is natura l that the quake value 
is sma l ler in the new soil model. 
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5.3 Field test at Hallsfjarden 

Hallsfjarden is situated outside Soderta l je, 40 km south of Stockholm. 
Dynamic and static load tests were carried out on a steel tube pile 
in order to check the bearing capacity, the driveability problem and 
design of a foundation for a new bridge. Some results from this test 
field have been analysed using CAPWAP and SVIDYN-1, the new soil model 
and Smith's soil model. 

5.3.1 Results from the soil investitagion 

The soil at the site consists of sand and gravel from the ground surface 
to a depth of 40.0 m. Swedish dynamic sounding was used in the soil 
investigation. A typical result is shown in Fig. 5.17. The number of 
hammer blows per 20 cm of penetration is plotted. The N20 value varies 
between 4 and 10 to a depth of 20 m. After this level, the soil resist
ance starts to increase . At the pile tip, the number of hammer blows 
is about 140. 
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5.3.2 Test pile and pile driving 

A steel tube pi l e was used for dynami c and static tests . The outer dia
meter of the pile was~= 812 mm, thickness t = 14.2 mm, and the total 
length L = 35.4 m. The test pile was instrumented with strain gauges 
and accelerometers at the pile top for stress wave measurement. Strain 
gauges were also installed at the pile tip and at the pile top for static 
load test. 

The pile was redriven into the soil by a free falling hammer of 6 tons. 
The ram fall was 3.0 m. The embedment length of the pile in the soil 
was 32.0 m, the total number of blows count was 4075 and the permanent 
set at redriving one day after installation was 14 mm. 

5. 3. 3. Results from stress wave measurement and CAPWAP analysis 

The pile was driven and redriven for dynamic tests. Results from stress 
wave measurement from the first blow of redriving are shown in Fig. 
5.18. 
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Data from the stress wave measurement was analysed by CAPWAP, the pile 
was divided into 17 pile segments. The other input data are shown in 
Table 5.4. 



107 


Tab.le 5.4 

Parameter Shaft Toe 

Quake (mm) 3. 2 2.5 
Damping 1/m/s 0.47 0.35 
Resistance (kN) 2780 480 
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Fig. 5. 19 shows the results of analysis using CAPWAP and measured data 
from the field test. The soil resistance distribution along the pi le 
shaft and at the pi le tip,as well as results from simulation of the 
stati c l oad test, are shown in Fig. 5.20. The load displacement curves 
at the top and tip of the pile are plotted. 

5 
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5.3.4 Results from SVIDYN-1 analysis 

5.3.41 SVIDYN-1 analysis using Smith's model 

The input data for SVIDYN-1 analysis using Smith's soil model is similar 
to the data used in CAPWAP analysis (see Table 5.5). There is only a 
small variation of quake values and skin resistance to obtain the best 
match between computed and measured force history. The result of the 
f inal analysis by SVIDYN-1 is shown in Fig. 5.21. 
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Table. 5. 5 

PointParameter 	 Shaft 

Quake (mm) 3.85 2.25 
Damping (1 / m/s) 0. 47 0.35 
Resistance (kN) 2810 480 

The simulation of static loading can be carried out by SVIDYN-1 based 
on the results from the stress wave analysis. Prediction of the load
settlement curve is shown in Fig. 5.22. 
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5.3.42 SVIDYN-1 analysis using the new soil model 

Soi l parameters for stress wave analysis are computed from the soil 
i nvestigation resu l ts. The initial shear modulus is calculated from 
the dynami c sounding results. The s~ear modulus for every soil el ement 
can be defined accordi ng to average particle pile velocity, soil type, 
number of bl ows count, as explained in section 3.6. The shear modulus 
is evaluated according to Eq . 2. 96 band the va lues for the final analy
sis are shown i n Fig. 5. 23. Other input data is: 

Soi l density p = 1.8 t/m3 


Poisson's ratio v = 0. 45 

Pile density Pp= 7.78 t/m3 


Young's modulus of pile mater ial 210 GPa 
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The radiation damping is calculated according to shear modulus values. 
The damping ratio and the hysteretic damping for every so i l element, 
are also evaluated according to Chapter 3. The input data can also be 
prepared by calling the subroutine DATA. 

Shear modulus, damping ratio and soi l resistance of every so i l element 
can be varied duri ng the analysis by the user to obtain the best match 
between computed and measured force history. 

Results from SVIDYN- 1 analysis are shown in Fig. 5.24. Agreement between 
calculated and measured force history can be obtained. The soil resist
ance distribution and simulation of static load test can be seen in Fi gs. 
5.25 and 5.26 . Load-settlement curves at the pile tip and the pile top 
can be obtained. 
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5.3.5 Evaluation of the pile bearing capacity by other methods. 

5.3.51 Evaluat i on of the pile bearing capacity using SPT 

Resu l ts from Swedish dynamic sounding are shown in Fig. 5.17. The average 
values of N20 and the corresponding values of N are tabulated in Table 
5. 6. 

Table 5.6 

Layer Depth (m) N20 N 

1 0-10 5 4.5 
2 11-22 8 7.2 
3 23-28 20 18 
4 29  35 .4 100 50 (max) 

Point >35.4 140 50 (max) 

The un it skin friction is evaluated according to Eq . (2.1 1) for eve ry 
layer and gives. 

fsl 25 kPa 	 f s3 70 kPa 

fs 2 34 kPa 	 fs 4 176 kPa 

The skin friction resistance is given by: 

Os = Clfs = 2.55(25x7 + 34x12 + 7Qx6 + 176x4.0) 4350 kN 

The point bearing capacity is given by Eq . (2 .12) 

where 	 400 (Table 2.1) and N = 50 
K1N = 400x50 = 20 ,000 kPa = 20 MPa 

The unit po i nt resistan ce, qp, is larger than the limiting value that 
is i s reported. This limit is often taken con servatively as 11 MPa 
(Tomlinson, 1977), although q in cl ean dense sand can reach a value 
of 15 MPa, as reported by Coy~e & Caste llo (1981). If the limiting value 
of qp = 11 MPa, the 

Op = 0.52xll,000 5720 kN 

and the calculated ultimate bearing capacity is 

Ru = 7720 + 4350 = 10,000 kN 
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5.3.52 	 Evaluation of the pile bearing capacity using the static con
cept 

According to the results from the soil investigation (Table 5.6), the 
soil conditions along the pile shaft is from loose to medium dense and 
at the pile tip the soil density is from dense to very dense . In Fig. 
2.5 	it can be seen that 

the average angle of internal friction at the pile shaft 0 = 34° 

- at pile tip, 0 = 45° and 0' = 42° (Eq. 2.6). 

Similar average angles of internal friction at the pile shaft can be 
estimated from Eq. 2.9. 

The critical depth can be determined according to Fig. 2.2 or the 
Australian standard (Table Al of Appendix A) 

zc/d 6.5 

zc 6.5x0.812 = 5.28 m 

The effective overburden pressure at critical depth 

a~p = yzc = 9.8x5.28 51. 7 kPa 

The unit point resistance: 

qp 	 = a'vp = Nq 

= 180 or Fig. 2. 2) For 0 1 = 42° .. Nq (Table Al 

= 51.7x180 = 9300 kPa 

The total point resistance 

Op = qpAp = 9300x0.52 = 4836 kN. 

The unit 	skin friction is derived using Eq. 2.7 with 

(Fig. 2.2c) 

a~ =51.7 kPa (average effective overburden) 
fs = 0.55x51.7 = 28.43 kPa 

The shaft resistance is calculated from 

Os = Asfs = 2.55x32x28.43 = 2320 kN 

The calculated ultimate bearing capacity of the pile: 

Ru = 4830 + 2320 = 7150 kN 

http:2.55x32x28.43
http:9300x0.52
http:9.8x5.28
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5.3.53 	 Eva l uation of t he pile beari ng capaci ty using the driving 
formula 

The calcu l ated ult imate beari ng capac i ty of the pi le i s derived us ing 
Eq. (2.16) with the following data: 

weight of hamme r = 6.0 ton 
total weight of pile, i ncluding helmet= 8.72 t 
permanent set for the last blow= 0.014 m 
rebound= 0.028 m 
height of drop of hammer 3.0 m 

0.8x3x6(1- 0.lx8.72/6 .0) 
4390 kN 

0.014+0.014 

Fors= 10 mm and c 20 mm (redriving one month after the pile was 
installed) 

Ru 6150 kN. 
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5.3.6 Discussion 

5.3.61 Soil resistance and the static load test 

The static load test was carried out 50 days after completion of pile 
driving. The maintained load procedure was used for the load test. The 
results of the static load test are shown in Fig. 5.27, where the ulti 
mate bearing capacity of the pile was 7300 kN and corresponding displace
ment was 78 mm. The redriving was carried out after the static load 
test and the permanent set was only 3. 5 mm. 
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Fig. 5. 27 Rv.,U-UJ., 61tom .the. -6.tatic. load .tv.,.t. 

Simulation of the static load test using CAPWAP and SVIDYN-1 analysis 
and the new so il model are plotted in Fig. 5.28. 
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The following observations can be made from Fig. 5.28: 

The initial stiffness of the curve, according to CAPWAP and SVIDYN- 1 
analysis is similar to the measured data from the static load test. 
The difference is dependent mainly on the time between pile driving 
and the dynamic and static l oad test. 

Only about half of the ultimate bearing capacity is predicted by 
CAPWAP and SVIDYN-1. This means that the hammer could not mob i lize 
the total bearing capac i ty of the pile. To obtain better resu lts 
of analysis it is necessary to increase the hammer weight. 

Table 5.7 shows the soil resistance distribution according to different 
approaches. The stat i c method can predict fairly we l l the bearing capacity 
of the pile, while the driving formula underestimates and the static 
method (SPT) overest imates the bearing capacity of the pi le. 
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Ta.b.le. 5.7 Soil. Jte/2-W.ta.nc.e. cli./2.tJubuti..on. 

Method Pile bearing capacity Shaft resistance Tip resist
ance 

(MN) (MN) (MN) 

Static load test 7. 3 
CAPWAP 3. 3 2.8 0.5 
SVIDYN-1 3.4 2.9 0.5 
Static (SPT) 10 5.7 4.3 
Static method 7 .2 4.8 2.4 
Pile driving formula 4.4 

5.3.62 Distribution of damping factors 

Damping factors from CAPWAP analysis and SVIDYN-1 analysis with the 
new soil model are plotted in Fig. 5.29. The following observations 
can be made: 

- The hysteretic damping and Smith's damping for CAPWAP analysis have 
a similar variation. 

The damping effects in the new soil model is greater than in Smith's 
model. 

The radiation damping is larger in comparison with the hysteretic 
damping and produces a dominant dynamic response when the soil be
haviour is elastic. 

5.3.63 Soil stiffness and quake values 

The soil stiffness or soil spring evaluated using SVIDYN-1, the new 
soil model and Smith's soil model (CAPWAP) are presented in Fig. 5.30. 
The following observations can be made from this figure. 

- The soil stiffness according to CAPWAP and SVIDYN-1 have a similar 
form of variation. 

From the ground surface to element 13,and at the pile tip, the soil 
becomes stiffer in the new soil model in comparison with Smith's 
soil model. 

http:cli./2.tJubuti..on
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5.4 Fi eld test at Edet 

Dynamic tests and stress wave measurements on driven concrete piles 

were carried out at Eket 40 km north east of Helsingborg. Data from 

the stress wave measurements were studied using CAPWAP and SVIDYN- 1 

analysis and the new soil model. 


5.4.1 Results from the soil investigation 

The soil strata at the test field are silty sand and gravel to 20 m 
depth . Below this level the soil is a stiff moraine. Fig. 5.31 shows 
the results from a Swedish dynamic sounding test and weight sounding 
test. From the depth of 1.5 m to 14.0 m, the average value of N20 from 
dynamic sounding varied between 8 and 10. From 14 m depth the soil re
sistance increased and N20 reached the value of 80 at 19 m depth. 
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5.4.2 The test pile and pi le driving 

A concrete pile of 0.275 x 0.275 m section, and length 18.7 m was used 
for the test. The pile was instrumented with strain gauges and accelero
meters at the top. 

The pile was driven by a free falling hammer of 4 tons. The ram fall 
was varied between 20 and 30 cm. The stop criterium was 15 mm per 10 
blows. 

5.4. 3 Data from stress wave measurement and analys is using CAPWAP 

Redriving of the pile was carried out one day after the pile was instal
led. Fig. 5.32 shows the results of stress wave measurements from the 
first blow of redriving. 
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Fig . 5.32 

The pile is divided into 12 pile elemen t s for CAPWAP and SVIDYN-1 analy
sis. Soil parameters for CAPWAP analysis are shown in Table 5.8. 
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Table 5.8 

Parameter Shaft Po i nt 

Quake (mm) 
Damping factor 1/m/s 

1. 5 
0.16 

2.5 
4.10 

Soil res i stance (kN) 1180 100 

Results of CAPWAP analysis are presented in Fig. 5. 33. A fair ly good 
agreement between measured and computed force history and velocity his
tory can be obtained. The simulation of the static load test i s shown 
in Fig. 5.34. The load- settlement at the pi l e top and pile tip can be 
obtained. 
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5.4.4 Resu l ts from SVIDYN -1 analysis 

Application of SVIDYN-1 using the new soil model for stress wave ana ly
sis is carried out in this section. The input data are the results from 
the soil investi gation and the data recorded from the stress wave measure
ments. 

5. 4.41 Input data 

Soil parameters and pi le data are : 

soi l density= 1.84 t / m3 
Poisson's ratio= 0. 45 
pile material density= 2. 5 t/m3 
elastic modulus of pile ma terial 38,000 MPa 

The initial shear modu l us is evaluated by the empirical relationship 
between Gi and N20 (Eq. 2.96b) and the shear modu l us for every soil 
element is computed by assuming an average particle velocity, v = 1 
m/s and according to Hardin &Drnevichs' method (see section 3.6). Hys
teretic damp ing and radiation dampi ng fo r every soil element are al so 
calculated as a function of the shear modu lus. 
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The shear modulus, radiation damping, damping ratio and the soil resist 

ance can be varied during the analysis to obta in the best match. 


Results of SVIDYN-1 analysis , using the new soil model are shown in 

Fig. 5.35 and Fig. 5.36. A good agreement between computed and measured 

force history can be obtained. Fig . 5.36 shows the predicted load-settle

ment cu rves at the pile top and pi l e tip. 
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5. 4. 5 Disc ussion 

5.4 . 51 So i l resista nce dis t r i bution and simulat i on of the st ati c 
load test 

Distributi on of soil resistance accordi ng to the results of CAPWAP ana 
lysis and SVI DYN- 1 ana lysis using the new soil mode l are presented in 
Fig. 5. 37 . A simi l ar distri bution of t he soil resistance can be seen 
i n this figure . 
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Simulation of the static load test according to CAPWAP and SVIDYN-1 
analyses is shown in Fig. 5.38. A good agreement between the force at 
pile top can be obtained by the two approaches. The stiffness of the 
pile-soil system is nearly the same in both analyses . The force at the 
bottom reaches nearly the same value. However, the CAPWAP analysis better 
represents the stiffness of the load-settlement cur ve at the pile tip 
than the SV IDYN-1 anal ysis. 
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5.4.52 Damping factor and soil stiffness 

Distribution of damping factors according to CAPWAP analysis and SVIDYN
1 are shown in Fig. 5.39. The damping effect in SVIDYN-1 using the new 
soil model is larger in comparison with the CAPWAP analysis. The variation 
of Smith ' s damping is similar to the variation of hysteretic damping 
in the new soil model. 
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Variations of the soil stiffness for every so i l element according to 
CAPWAP and SV IDYN- 1 analysis are shown in Fig. 5.40. A similar vari ation 
of the soil stiffness can be obtained from two approaches. 
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6. ANALYSIS OF PILE DRIVEABILITY 

6.1 Introduction 

With the increasing use of pi l es for construction on - shore as well as 
off-shore, reliable methods for the prediction of pile dr i veab i lity 
are necessary, due to the hig h costs involved in this operation. The 
onedimensional wave equation computer program, us ing Smi th ' s soil model, 
is a valuable tool for studying the driveability probl em, and it has 
been extensively used during the last 20 years. However, as discussed 
in Chapters 2 and 3, the soil parameters in this soil model are empirical 
and are not based on conventional soil mechanics. 

In order to overcome this difficu l ty and to give a better understanding 
of the physica l meaning of the soil-pile behaviour, the computer program 
SVIDYN-2 has been developed in th i s research work. The theoretical background, 
as well as computer program, are presented in Chapters 3 and 4. In Chapter 
6 the applications of SVIDYN-2 for real situations are shown. The input 
data are initial velocity, stiffness of the hammer and of the pile-soil 
system, quake values and damping factors. Discussions and comparisons 
between measured and predicted data, such as force-history, velocity 
history, permanent set, blows count, bearing graph and simulation of 
the static load test, will be given at the end of this chapter. 

6.2 Field test at Fittja 

Results from the Fittja f i eld test are used in this section to study 
the driveabi l ity problem. The pile and soil conditions are described 
in Chapter 5. The stress wave measurement from the first blow of redriving 
is used for comparison. 

6.2.1 Data from pile driving 

Results from the pi l e driving are shown in Fig. 6.1. The variation of 
ram fall, number of blows count, as well as permanent set and rebound 
for every blow, are recorded and presented. The number of blows for 
one metre of penetration was 500 and the permanent set was 2.0 mm. 

6.2.2 Input data for t he hammer system 

The following data is used for input: 

Ram weight Wh 0.2 ton 

Ram fall 0.85 m 

Efficiency of hammer Eh= 0.85 

Pile cap weight = 0.035 ton 

Coeffic i ent of restitution of cap block e(l) = 0.75 

Coefficient of restitution of pile cushion e(2) = 0.75 
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The stiffness of the pile cap block, calculated according to the geo
metrical dimensions and Young's modu l us, is K( l ) = 122,000 kN/m. 

The initial velocity, calculated according to Eq . (2.30), is v0 = 4.00 
m/s. 

6.2 .3 Input data for the pile 

The system is divided into 14 elements . The first two elements represent 
ram and cap block. Thus, the total number of pile elements is 12. Young's 
modulus of the pile element is 210 GPa, and the pile stiffness, evaluated 
according to Eq. (2.31), is K(m) = 417,800 kN/m. 

The time increment for analysis is 6t = 0.04 ms, that is the time between 
two readings from the stress wave measurement. 

6.2.4 SVIDYN-2 analysis using Smith's soil model 

Similar soil parameters as described in Chapter 5, are used in this 
analysis and shown in Table 6.1. 

Tabl e. 6. 1 Soil paJc.ame.teM. 

Soi 1 parameters Pile shaft Pile tip 

Quake (mm) 2.5 3.0 
Damping s/m 2-5.0 2.15 
Soil resistance (kN) 70. 7 14.5 

Results of analys i s using SVIDYN-2 and Smith's soil model are shown 
in Fig. 6. 2. A good agreement between measured force history and pre
dicted force history can be obtained. In Fig. 6.3 the computed force 
history and velocity history are shown. A good agreement between the 
measured and the computed ve l ocity history can be observed and compared 
with Fig. 5.4. The predicted permanent set is 0.92 mm/blow, leading 
to the number of blows count of 1,080 bl ows per metre of penetration. 
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The bearing graph showing the relationship between the ultimate soil 
resistance, Ru, and the blow count per metre can be obtained by SVIDYN
2. Results of the analysis are presented in Fig. 6.4. The stop criterion 
for a certain calcu lated bearing capacity of the pile can be chosen 
from this figure. 
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6.2.5 SVIDYN- 2 analysis using the new soil model 

The hammer and pi l e system is the same as described in section 6.2.3 

The soil parameters such as shear modulus, soil density, damping ratio 
and Poisson's rat io are nearly the same as defined in 5.2.62, and are 
shown in Table 6.2 and Fig. 6.5 

Table. 6. 2 SoU pall.amUeM 6011. ,the. new ,t,o.il, model. 

Element Ru ( kN) G ( MPa) Q (mm) 

4 2.5 1. 37 1. 39 
5 4. 1 1. 55 2.01 
6 6.5 4. 55 1.08 
7 9.6 5. 22 1.40 
8 10.0 5.22 1. 46 
9 10.5 4.20 1. 90 

10 11.0 4.20 2.00 
11 9.0 4.0 1. 72 
12 6.45 3.0 1.64 
13 4.25 3.0 1.08 
14 4.25 3.0 1.08 
Point 12.5 22.5 1. 5 

soil density= 1.8 t / m3 
Poisson's ratio= 0.45 

Results from analysis using SVIDYN- 2 and the new soil model are shown 
in Fig . 6.6 and Fig. 6.7 . The agreement between measured and computed 
force history is good and can be observed in Fig. 6.6. The computed force 
history and velocity history are shown in Fig. 6.7 . A good agreement 
between measured and computed vel ocity hi story can also be observed 
if comparison with Fig. 5. 4 is made . The permanent set is 2.13 mm, leading 
to the number of blows count of 470 blows per metre of penetration. 
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The simulation of the static load test can also be carried out by SVIDYN 
2 using the new soil model. Results of simulation of the static l oad 
test and results of measurement from the field test are shown in Fig. 
6.8. A good agreement between predicted and measured ultimate bearing 
capac i ty of the pile can be obtained. 
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Fig . 6. 8 	 S,U11rd,a,tion 06 t he ~ta,tic load t~t w.,~ng SVIVYN- 2 and 
the new Mil model. 
a . ~ta,tic load t~t, b. ~,U11u1.a,tion 06 the ~ta,tic load 
tut. 

The bearing graph (Ru versus permanent set) is presented in Fig . 6.9. 
The curve is obtained by variation of the soi l resistance by the factor 
K, leading to variation also of quake values (Eq. 2.75). Other data 
are the same as before. The calculated bearin~ capacity of a pile for 
a certain permanent set or any st op criterion can be chosen for practical 
use. 
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6.3 Field test at Hallsfjarden 

The same pile and soil conditions for t he field test at Hal lsfjarden 
as descri bed in Chapter 5, are used for analysis of driveabil ity problems 
i n this sect ion . The stress wave meas urement from the first blow of 
redrivi ng is used for the analysis. 

6. 3.1 Data from pile driving 

The pi le dr iving record i s shown in Fig. 6.10. The number of blows count 
for every 20 cm of pene tration is plotted. The total number of bl ows 
was 4,075, and the number of blows count per metre of penetrat ion was 
200. The pile was redriven 1 day, 1 month and 50 days after the pil e 
was i nsta lled us ing a hammer of 6.0 ton and with ram fall of 3.0 m. 
The pe rmanent set was 14, 10 and 3.5 mm for the f irst blow of redriving. 
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6. 3.2 Input data for the hammer system 

A free falling hammer was used for redriving of the pi l e and the following 
data is used for input: 

Ram weight Wh = 6 .0 tons 

Ram fall = 3.0 m 

Efficiency of hammer Eh= 0.85 

Pile cap weight= 0.6 ton 

Coefficient of restitution of cap block e(l) = 0.8 

Coefficient of rest i tution of pile cushion e(2) = 0.8 


The stiffness of pile cap block is calculated accord i ng to Eq. (2.31) 
and gives K(l) = 1900,000 kN/m 

The input initial velocity is calculated according to Eq. (2.30) and 
gives v0 = 6.52 m/s. 
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6.3.3. Input data for the pile 

The system is divided into 19 elements, where the number of pile el 
ements is 17. The pi l e stiffness for every pile element is calculated 
using Eq. (2.31) giving K(m) = 3,587 MN/m . Similar soil parameters to 
those described in Chapter 5 are used to study the driveability problem. 

6.3.4 SVIDYN-2 analysis using Smith's soil model 

Similar soil parameters to those described in Chapter 5 are used again 

for analysis. A summary of soil parameters is shown in Table 6.3. 


Table 6. 3 So-Le. 	 pM amueM . 

Soil parameter Shaft Point 

Quake (mm) 3.2 2.8 

Damping factor (1 m/s) 0 . 40-0.70 0.45 

Soil resistance (kN) 3730 480 


Results of analysis using SVIDYN-2 are presented in Figs. 6.11 and 6.12. 
There is good agreement between the calculated and measured force history, 
which can be seen in Fig . 6.11 . The computed force history and velocity 
history are shown in Fig. 6.12. Agreement between the measured and computed 
velocity history can also be observed if comparison between Figs. 6.12 
and 5.18 is made. 
The computed permanent set is 4.8 mm leading to a number of blows count 

of 208 blows/m . 
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The bearing graph showing the rel ationship between estimated bearing 
capacity of the pile and permanent set, is calculated using SVIDYN-2 
and the resu lts are presented in Fig. 6.13. Permanent set for a certa in 
calculated bea ring capacity can be chosen for practical purposes. 
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6.3.5 SVIDYN- 2 analysis using the new soi l model 

The input data 	for pil e and hammer system is the same as described in 
6.3 . 1, 6.3.2 and 6.3.3 . The input data for soil parameters is similar 
to the input data described in 5.3.42. There is a sma ll variation in 
the distribution of soi l resistance and damping ratio to obta in the 
best match between measured and computed signals. The final soil par
ameters for analysis are shown in Table 6.4 and Fig. 6.14. 

Table 6.4 	 Soil pa.M.me.te.M non pile dJuving ana.1.y~,lo Ming ~he new 
~oil model. 

Element Ru(kN) G (MPa) Q (mm) 
4 50 1.0 7.5 
5 100 2.65 5.76 
6 170 3. 67 7.07 
7 170 3.06 8.49 
8 160 2.14 11 
9 160 2.14 11 

10 220 5.26 6.38 
11 220 5.26 6. 38 
12 220 5.7 5.8 
13 120 2.0 8.9 
14 150 4.95 4.6 
15 150 5. 15 4.4 
16 140 15 1. 4 
17 260 15.7 2.5 
18 380 21. 2 2. 73 
19 370 24.5 2. 31 
Point 480 34 4. 78 

Results of ana lysis using SVI DYN-2 are shown i n Figs. 6. 15 and 6.16. 
The agreement between t he ca l cu l ated and measured force is good, which 
can be observed in Fig. 6.15. The computed force and ve l ocity responses 
are plotted in Fig. 6. 16. Agreement bet ween the computed and measured 
ve l ocity histories can also be observed if compa r ison between resu lts 
in Fi gs. 6.16 and 5.18 is made. 
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The prediction of permanent set f rom this analysis i s 4.9mm and the 
number of blows count per metre of penetration i s 203 . 

The relationship between the beari ng capacity of the pile and the per
manent set can be seen in Fig . 6. 17. The stop criterion can be chosen 
from this figure for a certain calculated bearing capacity of the pile. 
The bearing capacity-permanent set curve is obtained by variation of 
soil resistances and then the quake. 
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6.4 Reanal ys i s of the t est at Hal l sfj arden 

The analysis i n Chapter 5 shows that the hammer energy could not total
ly mobilize the bearing capacity of the pi le at the Hallsfjarden test 
field. In this section, the driveab i l i ty problem and the bearing capacity 
of the pile are analysed again using SVIDYN- 2. The input data for the 
hammer pile system is: 

Ram weight= 10 tons 
Ram fall = 4.0 m 
Efficiency of hammer= 0.85 
Pi l e cap weight= 1.0 ton 
Coefficient of restitution of cap bl ock e(l) = 0.8 
Coefficient of restitution of pile cushion e(2) = 0.8 
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The stiffness of the cap block and the pile elements are the same as 

described in 6.3 and the time increment is 0.2 ms. 


The soil parameters are similar to those described in 6.3. Other data 
are: 

Point resistance , Qp = 4260 kN 

Shear modulus at the pile tip= 66.4 MPa 


The shear modulus along the pile shaft is inc reased 1.25 times in com
parison with the shear modulus in section 6. 3 (see Table 6.4), leading 
to a variation of radiation damping. The inc rease in the shear modulus 
is due t o the ti me between driving and redriving of the pile. The quake 
values are varied according to the variation of the shear modulus and 
the point resistance and is calculated using Eq. (2.75 ) . 

The initial input velocity is 8.16 m/s . Results of the analysis are 
shown in Fig. 6.18. The computed force history for a hammer of 10 tons 
is plotted together with measured force history for a hammer of 6.0 
t ons. In Fig. 6.19 the computed force history and velocity history for 
a hammer of 10 t ons are shown. The input of energy is increased and 
a higher bearing capacity of the pile is mobilized. The permanent set 
is 17.7 mm and the number of blows count is 56. 
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The simulati on 	 of the static load test using SVIDYN- 2 is shown in Fig. 
6. 20 together with the resu lt from the static load test of t he pile . 
The agreement between predicted and measured data i s rather good. 
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6.5 Discussion 

Results from analysis of driveability of piles are presented in Sections 
6.2, 6.3 and 6.4. Some important parameters, such as permanent set, 
number of blows count, bearing capacity of the pile are summarized in 
Tab le 6.5 . 
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Table. 6.5 Ru.,uJ;U 61tom 6,i,e.ld .tu.t6 and analip,,i.,,t, by SVIVYN-'l. 

Test field Method Bearing capacity Blow count Permanent 
( kN) Nl/m set (mm) 

Measured 87 500 2 
Fittja Smith 85.2 1082 0.92 

New soi 1 model 91 468 2 .13 

Measured 7300 200 14,t 

Hallsfjarden Smith 4200 208 4.8 
New soi 1 model 3520 203 4.95 

reanalysis New soi 1 model 7300 56 17** 

* The premanent set after one month and 50 days of pile driving were 
10 mm and 3.5 mm, respectively. 

**Hammer= 10 tons and ram fall = 4.0 m. 

The analysis is carried out using the new soil model and Smith's soil 
model. The following observations can be summarized. 

The SVIDYN-2 program using the new soil model or Smith's soil model 
can be used to achieve a rather good prediction of the response of 
the hammer-pile-soil system under the impact of hammer blows. 

The initial velocity is defined by ram fall and efficiency of hammer, 
and can be used as input data for the simulation. 

A good agreement between predicted and measured force history and 
velocity history can be obta ined. The agreement depends on soil par
ameters, pile stiffness, properties of the pile cushion, as well 
as the time increment for the analysis. 

In general, the force history curve and the velocity history curve, 
number of blows count and permanent set are better pred i cted by using 
the new so i l mode l than Smith's soil model in the SVIDYN-2 program. 

CPT tests and SPT tests can be used to define soi l st iff ness (shear 
modulus), hysteretic damping, radiation damping and quake value. 

The bearing graph, showing the relationship between the number of 
blows count and permanent set can be obtained using SVIDYN- 2 for 
practical application. 

The simulation of static load test can be obtained using SVIDYN-2 
and the new soil model or Smith's soil model. 

http:6,i,e.ld
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7. PARAMETER STIJDY 

7.1 Introduction 

Results of analysis using SVIDYN-1 and SVIDYN-2 and the new soil model 

for real situations are presented in Chapters 5 and 6. Good agreement 

between measured and computed response signals, simulation of a static 

load test as well as blow count, and permanent set can be obtained by 

the variation of shear modulus, damping ratio and distribution of soil 

resistance. In order to show the physical and mechanical meaning of 

the influences of different parameters on pile driving analysis, a par

ameter study is carried out in this chapter. 


The parameter study is based on the results from the Fittja and Halls
fjarden field tests. The variation of every parameter is taken into 
account by a K factor. It is supposed that the soil parameters for best 
match between computed and measured response signals, shown in Chapters 
5 and 6 correspond to K = 1. Influences of the following parameters 
will be studied for 10 cases: 

shear modulus and radiation damping 

soil resistance distribution 

hysteretic damping 

quake value 

hammer mass 

ram fall 

pile length 


A full discussion of the results of the analysis will be shown at the 
end of every case study . 

7.2 Bearing capacity of piles 

The influences of the shear modulus, soil resistance distribution and 
hysteretic damping on the force history and the simulation of a static 
load test are studied in this section. Data from the Fittja field test 
is used for the analysis. Variation in the shear modulus, soil resistance 
and hysteretic damping of all soil elements at the pile shaft and at 
the pile tip are taken into account by the K factor. 

7. 2. 1 Case study No.l: Influence of the shear modulus, radiation 
damping and quake value 

In the new soil model, a variation in the shear modulus will produce 
a variation in the soil stiffness, quake value, hysteretic damping and 
radiation damping. However, it is assumed that the hysteretic damping 
is constant in this case study. 

The shear modulus of all soil elements at the pile shaft and at the 
pile tip are varied by K = 0.8 and K = 1.2 for the new analysis with 
SVIDYN-1. Results of the analysis are shown in Figs. 7.1 and 7.2 together 
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with measured data from the field test. A reduction in the shear modulus 
by K = 0.8 gives a lowe r soil stiffness, as well as radiation damping. 
However, the quake value is higher. In Fig. 7.1 it can be observed t hat 
the computed force history has a smaller decrease to a time of about 
4 L/c. After this time, the computed force history increases. Opposite 
effects can be seen in Fig. 7.2 for K = 1.2. 
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The influence of the shear modulus on the simulation of a static load 
test can be seen very clearly in Fig. 7.3. As the shear modulus and 
soil stiffness are reduced, larger movements of the pile top and pile 
tip can be observed for a certain load. 
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Fig . 7. 3 	 $,UT1ul,ation 06 a J;ta,t,i_c load tut u.1.,ing SVIVYN-1. VCVUlLtion 
06 the -0hea11. modu..lu6 by a. K = 0.5, b. K = 0.8, c. Jt~c 
load tut. d. K = 1.0, e. K = 1. 25. 

7. 2.2 	 Case study No.2: Infl uence of the soil resistance and quake 
value 

The soil resistance of all elements at the pile shaft and at the pile 
tip are varied by the K factor . The quake value is varied according 
to the soil resistance (Eq. 3.18 and 3.19). The influence of the soil 
resistance and the quake value on the force history can be observed 
in Figs. 7.4, 7.5 and 7.6 for K = 0.8, 1.2 and 1.5. 
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The following observations can be made: 

A reduction in the soil resistance and the quake value makes the 
computed force history lower. 

An increase in the soil resistance and the quake value will produce 
a higher computed force history. 

A variation in the soil resistance and thus the quake value, pro
duces larger effects on the computed force history than a variation 
in the shear modulus and , thus, radiation damping and quake value 
as shown in case study No.l. 
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The influence of the soil resistance and the quake value on simu l ation 
of a static load test is presented in Fig. 7.7 for different K factors. 
As the shear modulus and the soil stiffness are constant, the load dis
placement curves have nearly the same initial stiffness, although a 
different bearing capacity of the pile can be achieved. 
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7.2. 3 Case study No.3: Influence of the hysteretic damping 

A variation in the hysteretic damping for al l elements at the pile shaft 
and at the pile tip is taken into account by the K factor. This is similar 
to the variation in the damping ratio. Other soil parameters are constant 
in this analys i s. 

Results of analysi s using SVIOYN-1 with K 1.2 and K = 0.8 are shown 
in Figs. 7.8 and 7.9. 
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The following observations on the results of the analysis can be made: 

An increase in the hysteretic damping or damping ratio will make 
the computed force history higher. 

- A reduction in the hysteretic damping will make the computed force 
history lower . 

The hysteretic damping has a similar influence on the computed force 
history as the soil resistance has. 

7.3 Driveability of piles 

Driveability of piles can be studied using SVIDYN-2 and the new soil 
model as shown in Chapter 6. Influences of the mass of hammer, ram fall, 
pile lengths and soil parameters on the driveability are studied in 
this section. Results from Hallsfjarden and Fittja field tests are used 
in the new analysis. 

7.3.1 Case study No.4: Influence of mass of hammer 

The simulation of pile driving at the Hallsfjarden field test is de
scribed in Chapter 6 using the following data: 

mass of hammer: 6 tons 
ram fall: 3 m 
initial velocity: 6.52 m/s. 

In this new analysis, hammer masses of 4 tons and 8 tons are considered. 
Other data regarding the pile and soil parameters is the same as described 
in Chapter 6. The results of the analysis using SVIDYN-2 with a hammer 
mass of 4 tons are shown in Fig. 7. 10. The measured force history refers 
to a hammer of 6 tons . It is obvious that as the input energy is lower, 
the area of computed force history is also smaller than the measured 
one. Thus, the pile is driven harder, the permanent set reduced from 
4.95 mm to 2.37 mm, leading to an increase in the number of blows from 
203 to 421. 



162 

Forca kN 

10000 

__ FOR. MSO. 
7500 

------ FOR. CPT. 

5000 

2500 

0 

-2500 

5 10 15 20 25 30 

5 

35 40 

Time 
45 

ms 
50 

L/c 

F.Lg. 7.10 	 Si,mu£alion 06 pile dJuving w.,ing SVIVYN-2 and the new 
Mil model. The ma6J.> 06 the hammVt ~ 4. 0 tonJ.i. 

The opposite effects can be seen in Fig. 7.11, in which the results 
of analysis using SVIDYN-2, with a hammer mass of 8 tons are shown. 
As the input energy is increased considerably, the number of blows count 
is reduced to 119 blows and the permanent set is increased to 8.4 mm 
for the same bearing capacity of the pile. Thus, it is possible to have 
the same bearing capac i t y at different sets by using di fferent hammer 
masses. 
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The results of the analysis using different hammer masses are plotted 
in Fi gs. 7.12 and 7.13, in which variations i n blow count and permanent 
set as a function of mass of the hammer can be observed. 
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The resu1ts of the ana1ysis and measured data are summarized in Tab1e 
7.1, in which the impact force and stress at the top of the pi1e are 
a1so presented. Tab1e 7.1 shows that a variation in the hammer mass 
produces a 1arge effect on the resu1ts of pi1e driving ana1ysis such 
as b1ow count and permanent set. However, the effect on the impact ·force 
and the stress at the top of the pi1e is sma11. 

Table 7. 1. Inoluence 06 hamme.JL ma/2~. 

Hammer mass B1ow count Permanent set Max force Max stress 
(ton) (Nl/m) (mm) (MN) (MPa) 

4 421 2.37 8.20 230 
6 (meas ured) 200 14* 7.80 219 
6 203 4.95 8.34 234 
8 118 8.4 8. 39 235 

* 	 The permanent set is 10 and 3.5 mm at redri ving of the pi1e one month 
and 50 days after pile driving. 

7.3.2 Case study No.5: Inf1uence of ram fal1 

The same pi1e and soi1 as in case study No. 4 are used again. The ana
1ysis is carried out using a ram fa11 of 1.5 m, 3.0 m (see 6.3) and 

4.0 m. 
Results of the ana1ysis by SVIDYN-2 using a ram fa11 of 1. 5 m and 4.0 
mare shown in Figs. 7.14 and 7.15, in which computed force history 
is shown together with measured data for a ram fa11 of 3.0 m and a hammer 
mass of 6 tons. 
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The influence of ram fall on the driveability can also be observed in 
Table 7.2, Figs. 7. 16 and 7.17. 

Table 7. Z 	 1n6,e.uence 06 Jtam 6ali. 

Ram fall Initial Blow count Permanent Ma x force Max stress 
velocity set 

(m) (m/s) (Nl/m) (mm) (MN) (MPa) 
1. 5 5 412 2.4 6.39 179 
3.0 6. 52 203 4.95 8 .34 234 
3.0 (measured) 200 14 7.80 219 
4.0 	 8 . 16 117 8 .5 10.43 293 

http:cu,,i.ng
http:dJuv-i.ng
http:S-i.mul,a,t.i.on
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The following observations can be made: 

The increase in the ram fall will reduce the number of blows count 
and increase the permanent set for a certain bearing capacity of 
the pile. 

An increase in the ram fall will increase the impact velocity, force 
and stress at the pile head (Fig. 7.17). Damage to the pile head 
can easily be produced due to an increase in the ram fall. 

7.3.3 Case study No.6: Influence of pile length 

The leng th of the test pile at the Hallsfjarden field test was 35.4 
m. In the stress wave analysis, the pile is divided into 17 pile elements, 
as shown in Chapter 6.3. The variation in the pile length is taken into 
account by a variation in the number of pile elements. The same soil 
cond ition at the pile tip is used throughout the analysis. The influence 
of the pile length on the computed force history can be observed in 
Figs . 7.18, 7.19 and 7 . 20. The computed force histories are obtained 
for pile lengths of 27 m, 31.24 m and 37.25 m. The mesured force history 
is obtained for a pile length of 35.4 m. 
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The variation in the pile length will produce a variat i on in the time 
for the stress wave to trave l in the pile and th i s effect can be obse rved 
in these figures. 

In Fig. 7.21, the influence of the pile length on the bearing capacity 
of the pile is shown. Thus, the bearing capacity of a pi l e for a certain 
pile length can be chosen for practical purposes. 
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The influence of the pile length on the permanent set and the number 
of blows count can be seen in Figs. 7.22 and 7.23. It is obvious that 
as the bearing capacity of the pi l e is varied, a variation in the blow 
count and permanent set will be produced. 
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In Fig. 7.24,the simulation of a stati c load test for different pile 
l engths can be observed. The curves show different init i al st iffnesses, 
as well as bearing capacities for the piles. 
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7.3 . 4 Case study No.7: Infl uence of the shear modulus, radiation 
damping and quake va lue 

Results from the Fittja field test are used to study the influence of the 
shear modulus and quake value on the driveability of piles . The analysis 
is carried out using SVIDYN-2 and the new soil model. The shear modulus 
of all soil elements at the pile shaft and at the pile tip are varied 
by the K factor. A variation in the shear modulus produces a variation 
in the soil stiffness, the quake value and the damping factor. It is 
assumed that the hysteretic damping and the soil resistance are constant 
in this case study. The results of the analysis using SVIDYN-2 are shown 
in Figs. 7.25 and 7. 26. An increase in the shear modulus wil l reduce 
the quake value and thus the blow count is reduced and the permanent 
set is increased, whic h ca n be seen in these figures . 
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7.3.5 	 Case study No .8: Influence of the soil resistance and shear 
modulus 

In practice,a relationship exists between the shear modulus and the 
soil resistance. It is assumed in this case study that the variation 
of the shear modulus and soil resistance of al l soil elements at the 
pile shaft and at the pile tip is taken into account by the same K factor. 
This means that the quake value is constant and it is assumed that the 
hysteretic damping is constant in this analysis. The results of the 
analysis using SVIDYN-2 are shown in Figs. 7. 27 and 7.28. 

It is obvious that an increase in the shear modulus and the soil resist 
ance will produce a higher number of blows count and a lower permanent 
set. 
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7.3.6 Case study No.9: Influence of the hysteretic damping 

The same soil and pile parameters as in case study No.8 are used again 
in this case study. However, the hysteretic damping of all soil elements 
at the pile shaft and at the pile tip are varied by the K factor. This 
effect is si milar to a variation in the damping ratio. Other soil parameters 
are constant. 

The results of 	the analysis using SVIDYN-2 are shown in Figs. 7.29 and 
7.30 for K = 1.2 and K = 0.8, together with measured data from the Fittja 
field test. A variation in the blow count and the permanent set can 
be seen in Fi gs. 7.31 and 7.32. 
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The following observations can be made: 

An increase in the hysteretic damping or the damping ratio means 
that it is more difficult to achieve the same bearing capacity. The 
number of blows count is increased and the permanent set is reduced. 

The influence of the hysteretic damping has a similar effect on the 
driveability as the soil resistance. 

http:pvunane.nt
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7.3.7 Case study No.10 : Influence of the quake value 

In the new soil model, the quake value is determined in relation to 
the soil resistance, the shear modulus and the pile dimensions, as shown 
in Eqs. (3.18) and (3.19). In this case study, the results of analysis 
of a variation in the quake value, with reference to soil resistance 
and shear modulus are presented. For comparison, the analysis will also 
be carried out for cases in which only the soil resistance or the shear 
modulus is varied by K, and the quake value is computed by K = 1. 

Fig. 7.33 shows the results of the analysis using SVIDYN-2 in which 
variation in the number of blows count as a function of the K factor 
is presented. In the analysis, both the soil resistance and the quake 
value are varied by Kin one case and in another case only the soil 
resistance is varied by Kand the quake value is computed by K = 1. 
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The results of the analys is, where the shear modulus is varied with 
the K factor and the quake value is constant (K=l), are shown in Figs. 
7.34 and 7.35. In these figures the results of the analysis from case 
study No.7 are also plotted, where the shear modulus and the quake value 
are varied by the K factor. 
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Fig. 7. 35 

The following observations can be made in this case study: 

The quake value has a high i nfluence on the prediction of the drive
ability of piles. When variation of the quake value is considered 
together with variation of the soil res i stance, a wider range of 
variation in the blow count can be obtai ned (Fig. 7.33), than i n 
the case where only the resistance is vari ed and the quake value 
is constant, with K = 1. 

The i nf l uence of the quake value on the dr iveability is greater t han 
the i nf l uence of t he shear modu l us. This can be observed in Fi gs. 
7 . 34 and 7.35 . An i ncrease i n the shear modulus by the K factor while 
the quake value i s constant, with K = 1, gives a small variation 
in the blow count, as well as permanent set, whic h can be seen i n 
these figures. However, when the variation in the quake value is 
conside red together with variati on in the shear modu l us, a wider 
range of vari ation in the bl ow count and permanent set can be observed. 

An increase in the quake value results in harder pi le driving, which 
means that the number of blows count is i ncreased and the permanent 
set is reduced. The oppos i te effects can be seen when the quake value 
is reduced. 
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8. CONCLUSIONS 

The rapid development of electronic components during the last few years, 
the need to optimize foundation costs and new driving techniques have 
together led to a better understanding of the static-dynamic behaviour 
of piles. Earlier, static load tests were the only way to confirm the 
calculated ultimate bearing capacity of piles, and driving formulae 
were used to predict the stop criterion of the pile driving. As static 
load tests are expensive, only a limited number of tests can be carried 
out, and it is not always possible to separate the static point resist 
ance from the total resistance. It is recognized also that the safety 
factor used in the driving formulae is too high to be fully justified 
and tends to be subjective. However, using stress wave measurements 
on piles in combination with computerized stress wave theory, it is 
economically possible to test a large portion of the piles at a given 
site. Application of the stress wave theory can also be used to predict 
the driveability Jf the piles. 

It is important to note that the reliability of the analysis of pile 
driving using the stress wave theory is primarily a function of the 
accuracy of the soil parameters and/or the rheological model of the 
soil. After the review and discussions of the most relevant soil models 
and soil parameters, a new soil model based on conventional soil mech
anics and knowledge of soil dynamics is proposed in this research work. 
The new soil model may represent the physical properties of the system 
better than the old soil models. 

A new computer program SVIDYN, using the new soil model or Smith's soil 
model is developed in this work and is ready to be used for studies 
on the dynamic-static behaviour of piles, as well as the driveability 
of piles. Applications of the theoretical study and the computer pro
gram for real situations and parameter study are carried out. Discus
sions and conclusions on the results of analysis are given at the end 
of every chapter. The most important conclusions are summarized in this 
chapter. 

8.1 Smith's approach 

o 	 Smith ' s approach and Smith's soil model form the basis for most com
puter programs for pile driving analysis. The mathematical model 
is well founded and the computer program based on this approach can 
be run in available micro-computers. The soil model is simple and 
takes into account the ultimate soil resistance, maximum elastic 
displacement and viscous damping for pile driving analysis. The ad
justment between measured and calculated response signals can be 
achieved by variation of soil parameters . However, the soil parameters 
are empirical and are not based on conventional soil mechanics and 
soil dynamics. Thus, a successful application of Smith's approach 
requires a good knowledge of the soil parameters. 
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o 	 Radiation damping, as well as hysteretic damping, are not taken into 
account by Smith's soil model. Only viscous damping is considered, 
and it is often less than 1.5 s/m as reported in many research works. 
However, a wide range of variation of viscous damping is used in 
practice. The soil model should also contain other damping types 
that are produced in reality during pile driving. 

o 	 The spring reaction or soil resistance has more influence in the 

system than the damping effects. 


o 	 The pile and soil displacements are the same in this approach. 

8.2 The new soil model for pile driving analysis 

o 	 The new soil model for pile driving analysis is based on Smith's 
approach and is a further development of the most sophisticated soil 
models. Soil parameters used in this new soil model can be evaluated 
directly from conventional soil mechanics and soil dynamics. 

o 	 The effect of installation of the pile on the soil properties is 
taken into account by the shear modulus, strain amplitude, average 
particle velocity, damping ratio, number of blows count and soil 
type. 

o 	 The radiation damping is incorporated in this new soil model and 
represents the loss of energy into the surroundings due to the pile 
driving process. In this way, the inertia of the soil is considered. 

o 	 The cyclic loading due to the pile driving produces interparticle 
shear stresses in the surrounding soil and it is taken into account 
by hystereti c damping. 

o 	 The damping effects are much greater in the new soil model than in 
Smith's soil model as the das hpot component is larger. This leads 
to a faster decay of vibrations after each blow. 

o 	 The soil stiffness is defined by the shear modulus and the s train 
amplitude of the soil. The soil stiffness has a similar variation 
and in most of the cases higher values than the soil stiffness de
fined by Smith's soil model. 

o 	 The new soil model allows relative displacement between the pile 
and the soil, leading to better understanding of the soil and pile 
behaviour . 

o 	 Pile damping is also considered in the analysis. 
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8.3 Soil parameters in the new soil model 

o 	 The new soil model is based on the fact that the pile driving pro
cess is one of cyclic loading, and is thus similar to a conventional 
soil dynamics problem, such as a cyclically loaded foundation. Thus 
all soil parameters in this new soil model can be defined according 
to well developed knowledge and experience of soil dynamics and soil 
mechanics. 

o 	 The initial shear modulus can be derived from results of CPT and 
SPT. Hardin and Drnevichs' method (Hardin &Drnevich, 1972) is a 
valuable tool for defining the shear modulus as a function of acer
tain strain amplitude such as that produced during installation of 
piles. 

o 	 The damping ratio, Dr, used to calculate hysteretic damping, ranges 
between 0.06 and 0.29 and falls between values that are reported 
in practice. Pile dimensions, as well as pile mass, are considered 
when computing the hysteretic damping. It is shown that a small in
crease of the damping ratio will replace the effect of viscous damping 
in the pile driving analysis. 

o 	 The radiation damping is calculated as a function of the shear modu
lus, soil density, pile dimension and strain amplitude. In this way, 
the inertia of the surrounding soil can be taken into account in 
the pile driving analysis. Novak's solution (Novak 1977, 1978) and 
Lysmer's approach (Lysmer et al., 1966) are good methods for defining 
the radiation damping. 

o 	 The quake values, i.e. maximum soil displacement for elastic behaviour 
of the soil, can be determined based on the theory of elasticity. 
The quake value is a function of the soil resistance, shear modulus 
and dimensions of the pile. Randolph's approach (Randolph, 1978) 
or a modification of Randolph's approach (Eq. 3.18) can be used to 
define the quake value in the pile driving analysis. 

8.4 The new computer program SVIDYN 

o 	 The established guiding computer program is developed in this re
search work using the new soil model or Smith's soil model. SVIDYN 
is tested with results from different field tests and compared with 
CAPWAP analysis. It has been established that SVIDYN is ready to 
use for practical purposes. Agreement between different approaches 
and measured data from field tests shows the reliability of the new 
computer program. 

o 	 A good agreement between measured and computed response signals can 
be obtained using the SVIDYN-1 program. The bearing capacity of piles, 
distribution of soil resistance and simulation of a static load test 
can also be determined by SVIDYN-1 using the new soil model or Smith's 
soil model. 
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o 	 The computer program SVIDYN-2 can be used to study the driveability 
problem. Permanent set, blow count, force history, velocity history, 
bearing graph and static load test can be predicted by the simulation 
of a hammer-pile-soil system using the new soil model or Smith's 
soil model. 

o 	 The computer program SVIDYN can be run in a micro-computer and is 

easy to handle for analysis. 


8.5 Study on the bearing capacity of driven piles 

o 	 The bearing capacity of driven piles can be predicted using SVIDYN
1 and the new soil model or Smith's soil model in combination with 
response signals from stress wave measurements during pile driving. 
A similar procedure as CAPWAP is used for adjustment between predicted 
and measured signals. Results from stress wave analysis using SVIDYN
1 and CAPWAP and measured data show that: 

SVIDYN-1 using the new soil model can predict rather well the 
soil resistance distribution and the simulation of a static load 
test. 

Physical and mechanical properties of the pile soil system can 
be 	 studied using SVIDYN-1, by variation of conventional soil dy
namic and soil mechanic parameters such as the shear modulus, 
damping ratio, Poisson's ratio, material densities etc. 

The damping effects in the new soil model are greater than in 
Smith's soil model and may better represent the real situation 
in the field during pile driving. Energy input by the blow from 
a hammer produces the penetration of the pile, the shear wave 
and the compression wave from the pile to the soil. 

The radiation damping is larger in comparison with the hysteretic 
damping and produces a dominant effect in the system when the 
soil behaviour is elastic. 

8.6 Study on the driveability problem 

o 	 The computer program SVIDYN-2 using the new soil model, can predict 
fairly well the permanent set, blow count, force history and velocity 
history. The simulation of a static load test can also be carried 
out for a certain bearing capacity of piles. A bearing graph can 
also be obtained for practical purposes. 

o 	 The agreement between predicted and measured response signals depends 
on the initial velocity, input from the hammer system, cushion, pile 
data, time increment and soil parameters such as the shear modulus, 
damping ratio, Poisson ' s ratio and soil density. In general, the 
stress wave analysis using SVIDYN-2 and the new soil model gives 
a better result than using Smith's soil model. 
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o 	 The influence of the hammer system, such as hammer mass, ram fall, 
pil e dimens ions and soil parameters on the driveabil i ty problem, 
can be stud ied using SVIDYN-2 and provides a better understanding 
of the response of the hammer-pile-soil system under the effect of 
one hammer blow. 

8.7 	 Parameters influencing the pile driving analysis 

8.7.1 	 Influence of the shear modulus and soi l resistance on the 
force history and simulation of static load test 

o 	 An increase in the shear modulus will produce an increase in the 
computed force history up to a time of 4 L/c. After this time, the 
computed force history decreases. Opposite effects will be observed 
if the shear modulus is reduced. 

o 	 A variation is the shear modulus produces a large influence on the 
simulation of a static load test, because the soil stiffness and 
quake values are varied. A reduction in the shear modulus gives a 
large movement of the pile for a certain load. 

o 	 An increase in the soil resistance gives an increased quake value 
and thus the computed force history will be greater. A variation 
in the soil resistance is sensitive to the computed force history. 

o 	 For the simulation of a static load test, the initial stiffness of 
the load-sett lement curve mostly depends on the shear modulus and 
depends to a small extent on the soil resistance. 

8.7.2 	 Influence of hysteretic damping 

The hysteretic damping has a simi l ar effect on the computed force his
tory as the soil resistance has. 

8.7.3 	 Influence of the mass of the hammer on the driveabil i ty problem 

o 	 An increase i n the mass of the hammer increases the input energy 
to the pile . The pile will be driven more easily to ach ieve a certain 
bearing capac i ty, the number of blows count is reduced and the per
manent set is increased . A small increase in the impact force will 
be given and the time for the stress wave to travel is i ncreased. 

o 	 Hard dri ving can be observed when the mass of the hammer is reduced. 

o 	 A variation in the mass of the hammer has a high influence on the 
computed force history, as well as blow count and permanent set. 
For example, an increase in t he mass of the hammer by a factor of 
2 wi l l reduce the number of blows count by a factor of about 4. 
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8.7.4 	 Influence of ram fall on the driveability of a pile 

o 	 An increase in the ram fall will produce a larger input of energy. 

A larger impact force and stress can be observed at the top of the 

pile. Thus it is easy to damage the pile. Hard driving will result 

if the ram fall is reduced. It is recommended that the mass of the 

hammer rather than the ram fall is increased. 


8.7.5 	 Influence of pile length on pile driving analysis 

o 	 An increase in the pile length increases the bearing capacity of 

the pile and the number of blows count. 


o 	 A variation in the pile length will affect the time for the stress 

wave to travel. 


o 	 A variation in the pile length will produce a variation in the simu

lation of a static load test, both for the initial stiffness and 

the bearing capacity of the pile. 


8.7.6 	 Influence of soil parameters on driveability problems 

o 	 An increase in the shear modulus and the soil res istance will give 
a stiffer pile-soil system. Thus the number of blows count is increased 
and the permanent set is decreased. 

o 	 The quake value has a larger i nfluence on prediction of the drive
ability than the shear modulus and the radiation damping. In general, 
the number of blows count is proportional to the quake value. 

o 	 The hysteretic damping has s imilar effects on the driveability as 
the soil resistance. 

o 	 As the pile driving process produces a continuous fa ilure in the 
soil, the soil resistance, hysteretic damping and quake value have 
great influence on the pile driving analys is. 

8.8 	 Su11111ary on the advantages and limitations of the new soil 
model and the new computer program 

8.8.1 	 Advantages 

o 	 The new soi l model i based on the simplicity of Smith' s approach, 
t hat i s well fo unded mathemactically. 

o 	 All soil parameters can be evaluated by conventiona l soil mechanics 
and soil dynamics concepts. 
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o 	 The range of variation of shear modulus, damping ratio and so i l re 
sistance is wel l founded in practice and they are easy to vary during 
the analysis in order to obtain the best match between measu red and 
computed response signa l s. 

o 	 The SVIDYN program can be run in a micro-computer. Prepa ration of 
data as well as output can be carried out by calling different sub
routines. 

o 	 Soil and pile displacement can be calculated separately, thus it 
is straight forward to further develop the program to take into ac
count the residual stress due to pile driving. 

o 	 Effects of the installation of piles, mass of pile, inertia of the 
soil, shear wave, particle velocity, soil type, bl ow count and other 
parameters are taken into account i n the analysis with the new soil 
model. 

8 .8. 2 Limitations 

o 	 The number of unknowns is increased in comparison with Smith's ap
proach. Thus, the time for pile driving analysis is l onger than CAPWAP 
analysis. 

8.9 Contribution from this study 

The most important characteristic of different soil models and the 
proposed soil model in this study are summarized in Table 8.1. 

The contribution from this study can be seen in Table 8.1 in which a 
comparison between the new soil model and other soil models is shown. 
Other remarks can be made: 

The soil response during pile driving in the new soil mode l is governed 
by the shear modulus and damping characteristics under cyc l ic loading 
conditions . The hysteretic and viscous damping still affect the system 
after the dashpot, representing radiation damping, disjoints from 
the system. The situation is different from Rando l ph~ et al. soil 
model, in whi ch onl y radiation damping is taken into account. 

In th i s study, recommendations and procedures for determin i ng all 
soil parameters from conventional soil mechanics and soil dynamics 
for pile driving ana lysis are given. 

A new computer program is developed and tested, in which either the 
new soil model or Smith's soil model can be used for pile driving 
analysis. 

The inf l uence of different parameters i n the hammer-pile-soil system 
on pile driving analysis can be studied using the new computer pro
gram and the new soi l model. 
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Table 8. 1 Soil mode..l6 and -0oil pa1tametvu.,. 

Soil parameters 

Smith (1960) 

Soil stiffness, Determine as a function 
ks of the assumed soil re

sistance and quake value 

Viscous Empirical value 
damping, Cy, 

Radiation CR is not considered 
damping, CR, in this soil model 

Hystereti c CH is not considered 
damping, CH in this soil model 

Quake, Q Empi ri ea l va1ue 

Soil model according to 

Other Authors 

Randolph et al. (1986) 
Corte et al. (1986) 
determine ks as a 
function of the shear 
modulus, G, but G does 
not correlate with 
amplitude of strain 

Cv is not considered 
by Randolph et al. 
(1986) 

Randolph et al. (1986) 
Corte et al. (1986) 
define as a function 
of the shear modulus 

Holeyman (1984) only 
considers CH for the 
pile tip, it depends 
on the stress path. 
CH is not considered 
by Randolph et al. 

Randolph et al. (1986) 
Holeyman (1984) define 
as a function of the 
soil resistance, shear 
modulus and dimensions 
of the pile. 

This study 

Define as a function 
of the shear modulus, 
G, for certain strain 
amplitude due to the 
installation of the 
pile 

Cv is taken into 
account by increasing 
the damping ratio, Dr' 
in the evaluation of 
the hysteretic damping 

Define as a function 
of the shear modulus 
for certain strain 
amplitudes 

Define for pile shaft 
and pile tip. CH is · 
evaluated as a func
tion of the soil stiff
ness, damping ratio and 
mass of the pile el
ement and pile. 

Define as a function 
of the soil resistance, 
shear modulus forcer
tain amplitudes and 
dimensions of the pile. 
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8.10 Further development 

The new soil model and the computer program can be developed to take 

into account: 


o 	 Residual stress analysis. The residual stress is locked in the pile 
and will affect the distribution of the soil resistance at the pile 
tip and at the pile shaft. The computer code should take into account 
this fact by analysis of multi-blow, considering the soil and pile 
displacement. 

o 	 Unloading quake. In reality, the loading quake and the unloading 
quake can have different values, and as the quake value has a great 
influence on the prediction of driveability, it will be necessary 
to take into account the variation of quake value in a further devel
opment. 

o 	 Gap. A gap between the pile and the soil at the pile tip can occur 
after the rebound of the pile and can affect the pile driving analysis. 

o 	 Excess pore pressure. Pore pressure developed due to pile driving 
can be studied, by considering the wave propagation or energy input 
to the soil. 

o 	 Simulation of the hammer system. A better simulation of the hammer 
system including other hammer types is necessary. 

o 	 The time of analysis can be reduced if more simplifications are taken 
into account. 
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APPENDIX A 

Table. Al. 

Soil condition 

Loose 
Med ium 
Dense 

TABLES FOR EVALUATION OF STATIC BEARING CAPACITY 
OF DRIVEN PILES 

Va£uv.. 06 CJu-Uc.a£ de.p.th and Nq . 
(F~om .the. ALJ,6~a£,ian Code., 1979) 

Relative dens i ty 

0, 2 - 0, 4 6 60 
0,4 - 0,75 8 100 

0,75 - 0,90 15 180 

Table. A2. 	 Ve.p.th .to be. ~on/2id~e.d in .the. c.a£c.u.la..t-<.on 06 qp 6~om 
.the. av~ge. va£ue. 06 CPT. 
(A6.t~ Nguyen T~uong Tien, 1981) 

Reference Depth above 
pile tip 

Depth below 
pile tip 

Notes 

Van der Ween (1957) 3. 5 d 
Begemann (1977 ) 8.0 d 
Te Kam (1977) 8.0 d 

Thorburn ( 1979) 8.0 d 

1.0 d 
3. 5 d 

0 . 7-4 . 0 d 

2.0 d 

Loose sand 
Dense sand 
0. 7 d if qc 
with depth 

increases 

d = pi l e diameter 
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Table. A3. 	 Lund va.lu.eJ.> 06 :the. uru.:t point 1teJ.>.u.,.:tanee., Qp, and :the. 
uru.:t -0/un 61t-<.e.:t-<.on, 6-0 , (a6.:te1t Nguyen T1tuon9 Tie.n, 1981) . 

Author Limit value of qp Limit value of fs 
(MPa) (MPa) 

Te Kam (1977) 15 0.12 
Broms (1978) 10 
Beri gen (1979) 15 0.25 
Tong et al (1981) 0.10 
Tomlinson (1977) 11 

Table. A4. 	 Va.lu.eJ.> 06 :the. uru.:t -0/un 61t-<.e.:t-<.on, 6-0· 
[A6.:te1t Nguye.n T1tuon9 Tie.n, 1981) 

Reference Value of fs 	 Notes 


Meyerhof (1956) 0.005 qc

Meyerhof (1976) fs l oc (with sleeve) 


Norwegian Pile 0.005 qc for dense sand qc = 25 MPa 

Committee (1973) 0 . 01 qc for loose sand qc = 10 MPa 


Nottingham (1975) 0.007 qc for compression after Beringen 

0.005 qc for tension 1979 

-----· 
Te Kam ( 1977) 0.0033 for compression 

0 .0025 for tension 

Thorburn ( 197 5) 0.005 qc 

Broms (1981) 0. 005 qc dense sand 
0.1 MPa loose sand 

http:61t-<.e.:t-<.on
http:Va.lu.eJ
http:61t-<.e.:t-<.on
http:va.lu.eJ
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APPENDIX 8 TYPICAL VALUES OF VISCOUS DAMPING AND DAMPING LAWS 

Table. BI . 	 P-Ue. -oha6,t damp.ing law-6 and coMUpond-<-ng valuu 06 
vall.-<-oU-6 .inve.-o.t.i.ga,toM (a6te.11. To, 1986 and Hole.yman, 

Author1
! Damping law Clay 

I 
I i 
Smi th (1980) I 

I Linear 0.164 
I I 

Forehan and Reese 
(1964) 

: 

I 
Linear 0.328-0.984 

Airhart et al 
(1967) I 

Linear 0.328-0 .984 
I 

Gibson and Coyle 
( 1968) ' 1 + JyD.2 0.328-3.937 

De Reuter and Linear 0.656 
Beringen (1979) 

Herema ( 1979) 

i 
o '=oh0.7(a1+a2vO.2) a1,a2=f(cu) 

Litkohui and 
Poskitt (1980) 

I 
I 

Linear 0.6-2.8 

i l+JvO.2 6-1 2.7 

'Ho leyman 

I 

(1985) 
(1986) 

I _ Tr(l+Jv0• 2) 
! T-~+-1-
i 

i 
l 

- I 
I 

J (m) a-6 p11.opo-oe.d by 
1986) . 

Sand 	 Range of ve l 
oc ities appli 
cable (m/s) 

0.164 All 

0.098-0.197 2.5-5.0 

0. 033- 0. 098 1.0- 3.0 

0. 23-3. 609 0-3. 6 

0 . 164 2. 5- 5.0 

0 8x10-7 - 10 
! 

- i 0- 0. 5 

' .
- 0-0. 5 
I 

- -

Comments 

~-- 
-D wave equation 

ode 


nterpreted from 
~ield driving tes ts 

ll( m) increases 
with and 3 CD 

rom tri axi a l 	 tests 
I 

.. 
nterpreted from 

iel d driving tests 


rom laboratory 
shear tests 

ram model 
benetrat,on tests 

I 

bimplified soi l 
nodel 



- -

Tabl e. B.2 Poin;t: damping law~ and coMMponding valuM 06 J( p) M p~opo~e.d by v~olM 
invMtigaA:oM (a6t~ To, 1986 and Hole.qman, 1986). 

Author 

Smith (1960) 

Gibson and Coyle 
(1968) 

Daya1 and A11 en 
( 1975) 

Litkouhi and 
Poskitt ( 1980) 

Herema (1981) 

Holeyman (1986) 

Damping law 

Linear 

1 + JvD.2 

1 +v0.2 

Linear 

1 + Jy0.2 

1 + Jv0.2 

qv= Ei E + E' ac / at 
E 

% = 1/Ei - E/qr 
qr= (q1+Jv0.2)/ l .473 

Clay 

0.492 

0.75-1.15 

0-1.0 

0.36-0.87 

8-36.0 

-

-

Sand ! Range of vel 
ocities appli 

cable (m/s) 

0. 164 A11 

0. 8- 1.6 0-3. 6 

0 (dry) 0. 0013-0. 8114 

-
0- 0 .5 

0.05 
-

2 (~ =30° ) 0.0002-0 . 16 

Comments 

1-D wave equation code 

From triaxial tests 

From model 
t ests 

penetration 

From model 

OJ 
I 

penetrati on t ests 

From model penetrat i on 
t ests 

- · 

http:0.36-0.87
http:0.75-1.15


Ta.ble B3. Vamp.fog va.lu.u a.dop.:ted in cu-6oc.i..a.uon wdh Smdh' -6 ( 1960) ,l,i,ne.o.Jt damping 
la.w by va.Juou.-6 ,i,nvu.t.i.ga.:toM (a.6,tVt To, 19 86) • 

Author 

Sullivan and Ehlers 
(1972) 

Coyle et al (1977) 
I 
i 

Js 

0.492 

0.656 

I 

i 

' 

Clay 

J(p) 

0.492 

0.033 

I 

Js 

1. 64 

Sand 

J(p) 

0.492 

Application and 
Comments 

For various offshore pro
jects 

For parametric analys i s 
of pi l e driveability 

Hansen and Scroeder 
(1977) 

Naughton and Miller 
(1978) 

0. 333 

0. 164 

1.0 

0.492 

0. 1 

-

0. 3 

-

For 5 projects in USA 

Hondo platform 

co 
I 

Young et al (1979) 0.49 0.16-0.49 - - Thistle platform 

Rigden et al (1979) 0.38 0.00328 - - For Cowden c 1 ay 

Sutton et a 1 (1979) 0.656 0.033 - - Forties platform 

http:l,i,ne.o.Jt
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APPENDIX C YOUNG'S MOUDLUS 


Tab-le. Cl. Typica-l va-f.u.~ 06 Young' -6 e.-la-6.uc. mod.u.£.u-6 
(ao,t:Vt He.ad, 1986). 

Soil E ( MPa) V 

London clay 
NC 
Consolidated 
Silt 
Sand 
Gravel 

kaolin 

60-150 
5-30 

3-5.0 
loose 5 - dense 80 

loose 15 - dense 120 
loose 20 - dense 180 

0.4 
0.49 

0.1 

http:e.-la-6.uc


D-I 


APPENDIX D 

DEDUCTION OF THE ONE-DIMENSIONAL WAVE EQUATION 

Consider a stra ight pile with the constant cross-section, A, density, 
Pp, and elastic modulus, E. For simplicity, we assume no initial vel
ocity and no initial strain/stress/force. 

Consider the longitudinal displacement u = u(x,t) of any particle of 
position x along the pile (Fig. D.l). 

t t=t+6t 

X 

u 

t:,x+t:,u 

F 

X 

F 

t:,x 

F+dF 

F-<-g. V. 1 V,u., pf.a.ceme.nt and 60Jtce. 06 .the. polLtion t:,. x. 06 t he. p<l.e.. 

From t he time t = 0 tot= t +1:,.t the point x has been displaced by the 
distance u under the action of tensile force, N, and the neighbouring 
point x + t:,. x has been displaced by the distance u + t:,. u. The change of 
length is 

(D. 1) 

http:pf.a.ceme.nt


0- II 

and the relative change of length or strain is 

e: = -au (0.2)ax 

and the tens i le force 

F = AE e: = AE : ~ ( 0. 3) 

As the portion 6x of the pile includes a part of a propagat i on wave, 
the tens il e force changes from F to F + dF 

aF a2 udF=-;;- 6X AE~ 6X (0.4)ox ax 

From Newton ' s second l aw of motion , the transverse force dF acting on 
6X i s given by 

dF = a6m (0.5) 

where the mass, 6m, is 

Li m = App 6x (0.6) 

and the acceleration a i s 
_ av + a2u (0. 7)a -ar F 

Eq. 0.5 can be rewritten as 

(0.8) 

Then from Eqs. 0.4 and 0 .8, the one-dimens i onal wave equation can be 
written 

(0.9) 

where C 
2 

= E/Pp 

Note that c is the wave propagat i on velocity and should be distinguished 
from the pa rti cle velocity (Eq. 0. 7). The wave velocities of some commonly 
used materials are shown below. 

Table V. 1 

Materi al Wave velocity (m/s ) 

5200- 5300 
Steel 5000- 5200 
Concrete 3800- 4000 

Al uminum 
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APPENDIX E 

DEDUCTION OF RADIATION DAMPING AND SOIL STIFFNESS 

The dynamic response of soil around a pile to axial vibration has been 
considered by Novak and his co-woprkers (Novak, 1977, Novak et al~ (1978), 
who have adopted the Baranov (1967) solution. This solution idealises 
the soil as a series of independent horizontal layers. The pile is subjected 
to periodic axial vibration 

u u0 sin wt 	 ( E. l) 

where 	 initial displacement 

circular frequency (rad/second) 


and thus the particle velocity of a pile element 

du = V = w UO COS w t (E.2)dt 

The shear stress 	mobilised by an element of the pile may be written: 

G uo 
T = [Swl (aol sin wt+ Sw2 (a0 ) cos wt] (E.3)211r0 

where 	 shear modulus of the soil 
vertical stiffness parameter 
vertical damping parameter
f(a 0 ), see Fig. 2.21 
non-dimensional frequency 

(E.4) 

In Fig. 2.21, it may be seen that except at very low frequencies, the 
vertical stiffness is virtually constant, while Sw2 is effectively pro
portional to the frequency and can be written. 

( E. 5) 

Taking into account Eqs. E.l, E.2, E.4 and E.5, Eq. E.3 can be rewritten 
as: 

T 	 (E.6) 

The force mobilised per unit length of the pile is: 

Rd = (-2G u + ~- 2rrr0 	 (E. 7)ro vs 

G 0 5and as = (G p) · , Eq. E.7 becomes: vs 
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Rd TTGu + 2TT r 0 
(Gp)0 . 5 V (E.8) 

whe re ks TTG (E.9) 

CR 2TT r 0 
(G p)0 . 5 (E.10) 

Eqs. E.9 and E.10 are the same as Eqs. 2.40 and 2.41. The soi l stiffness 
and damping factor for pile element, t l, are : 

TTGLIL (E. 11) 

2TT r
0 

(Gp)o. 5 ll l (E.12) 

Eq. E.11 is the same as Eq. 3.2 
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