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ABSTRACT

This study developed a numerical method for evaluating
ground movements while apileis being driven and obtained a
comprehensive load-displacement curvefor adriven pile. The
tested pile exhibited alarger scale than those tested in previous
studies, and was penetrated into a considerable depth of the
stratum.

Numerical results revealed that both the ground movement
and residua force caused by the pile driving was able to be
analyzed using the proposed numerical procedure. Although
the load applied to the tested piles differed from that deter-
mined by numerically analyzing incremental pile displacement,
the load-displacement behavior of the piles calculated using
the proposed method was consistent with that measured in

pile-load tests before the piles were stressed to their peak loads.

This study presents a series of helpful figures to support the
design of driven precast concrete piles based on the results of
numerical studies and field tests.

I[.INTRODUCTION

Driven precast piles are usually used aong the banks of
rivers in urban districts, such as the Keelung River in the
Taipei Basin. Heavy industries are commonly located on the
outskirts of population centers, such as the western coast of

Taiwan, where the land isformed by filling with reclaimed soil.

The bank and reclaimed site suffer from problems of bearing
capacity and settlement. Using piles can help solve construc-
tion problems in these areas.

Because reclaimed land is usually far from urban regions,
the noise and vibration created by driving piles are accept-
able. Driven piles are typically adopted as deep foundations
for most factory buildings in many industrial parksin Taiwan,
where a precast concrete (PC) pile with a closed end com-
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Fig. 1. Residual load induced by driving a pile (Alawneh et al. [1]).
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monly servesasadriven pile. Thistype of piletypically hasa
diameter of approximately 50 or 60 cm, and can be as large as
100 cm. A PC pileisnormally lessthan 35 min length.

The ultimate pile capacity, Q,, isgenerally acombination of
the ultimate shaft friction, Qs, and the ultimate point bearing,
Q,. However, Burland [6] indicated that the total load, shaft
friction, and point bearing do not reach their peaks simulta-
neously. When the shaft friction reaches its maximum value,
the point bearing is still small; when the point bearing is at
its maximum value, the shaft friction is at its residual value.
Furthermore, if punching shear failure occurs under the pile
base, the point bearing has no peak value.

Briaud and Tucker [5] proposed the concept of residual
force for apile being driven. Fig. 1 isthe schematic diagram
of aresidual load [1]. For apile during placement, shaft fric-
tion and toe load are generated against the driving force (Fig.
1(a)). After removing the driving force, the pile rebounds elas-
tically, resulting in residual shear stress a ong the pile shaft and
aresidual toe load beneath the pile base (Fig. 1(b)). Fig. 1(c)
illustrates the axial force along a pile shaft after removing the
driving force.

Researchers have investigated pile behaviors through field
tests, model tests, numerical methods, and experimental for-
mulas established according to the pile database. Mansur and
Hunter [21] recorded |oad-displacement relationships and pre-
sented design charts after performing many piletests along the
Arkansas River. Altaee et al. [2] drove a PC pile equipped
with strain gauges (11.0 m) into a sandy deposit, and measured
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Table 1. Propertiesof sand in triaxial test.

Effectivesize,  Diameter correspondingto 30%  Diameter corresponding to 60% Coefficient of Coefficient of
D1 (mm) finer, D3 (Mmm) finer, Dgo (MM) uniformity, C, gradation, Cy
011 0.33 0.45 4.09 22
Fines content . - . Maximum dry density, ~Minimum dry density,
Soil type ecific gravity, Gs
(%) P Speclicgratty i e (KNI Yo (KN/T)
13 SM (Silty Sand) 2.69 15.78 13.69

the load-displacement and |oads imposed on the pile body and
residual force as the pile was stressed. Altaee et al. [3] aso
presented the results of numerically simulating driven piles,
and concluded that no critical depth can be found for driven
piles when using the nonlinear finite element method. Nev-
ertheless, the numerical method could not accurately estimate
the peak |oad of adriven pile or assess the post-peak behavior.
Briaud and Tucker [5] devised a calculated method based on a
simple theory and on a 33 database that can reasonably predict
the behavior of Arkansas River Pile 1 [21]. However, the pile
dimensions that have appeared in most previous studies are
small: the pile diameter ranges from 28 cm to 46 cm, and the
pilelengthis3-18 m[1, 2].

Engineers in Taiwan have accumulated substantial experi-
ence in constructing and field testing driven PC piles. Chen
et al. [8] discussed the relationship between ultimate loads and
yielding loads of driven PC piles. Because most pile load tests
adopt the incremental load method, the |oad-displacement
curve does not reach its real peak; therefore, the ultimate pile
capacity cannot be estimated accurately. In addition, tested
pilesarerarely stressed to failure; thus, acomprehensive | oad-
displacement curve cannot be obtained. If the pile base does
not have a load cell to measure the point bearing, then an
empirical technique should be used to separate the shaft fric-
tion from the point bearing on the load-displacement curve [§].

Because of the variability of strata and the unknown reli-
ability of construction techniques, numerous tests must be con-
ducted to evduate the behaviors of piles accurately. Therefore,
researchers often adopt numerical methods to analyze pile
behavior [14, 15]. The soil model is assumed to be an elas-
tic-perfectly plastic model [22, 24, 26] and, similar to the
strain hardening model [10], typically neglects the behavior of
strain softening and volumetric dilationin sand. These models
can accurately predict piles pre-peak, but not post-pesk. How-
ever, a complete and accurate load-displacement curve of a
pile cannot be obtained if the strain-softening behavior of soil
is not considered.

These situations require using a numerical method that can
obtain precise analytical results of the total load, shaft friction,
and point bearing against the displacement of a driven PC
pile. Such amodel could accurately estimate the relationships
of ultimate load versus pile length, pile diameter, and shear
strength of the sail.

Hsu and Liao [16] developed a constitutive model for con-
tinuous strain hardening-softening and the volumetric dilation

of cohesionless soils. Lin[20] created amodel for continuous
strain hardening-softening of undrained clay. Hsu, et al. [17]
successfully analyzed behaviors of prestressed concrete piles
when adopting both of these two model; therefore, the cur-
rent study adopted the models to simulate ground movements
during the driving of apile, analyzed theresidual load induced
by the driving of a pile, and finally, examined the behavior of
axially loaded driven pilesin sandy soil. Thisstudy compared
the numerical results with the measured test results from cur-
rent and previous studies, and parametricaly analyzed the
factors affecting the behavior of driven piles.

1. STRESS-STRAIN BEHAVIORS OF SOIL S

Hwang et al. [18] conducted a series of pile tests in the
Chiayi-Taibao City in Taiwan. All piles were driven into
aluvia soil, which consists of aternating layers of sand and
clay. This study simulated a part of their measurements.
Therefore, introducing the constitutive models for sand and
clay isrequired.

Table 1 shows the properties of the sand specimen, which
was used in triaxial tests. To model the stress-strain behavior
of sand, this study adopted the constitutive model devel oped
by Hsu and Liao [16], based on plasticity theory and the non-
associated flow rule. Theyield functionfis

f=0 -0 1+§n¢*
Y %1-sng

@

where o, representsthe effective major principal stress, o, is

the effective minor principa stress, and ¢ is the mobilized
friction angle, which is a function of the accumulative plastic
strain £P. Because a non-associated flow rule was adopted,
a plastic potential function g was required to describe the

relationship between the plastic strain increment de;” and the

effective stress tensor O'i'j . Theplastic potential function g can
be expressed as

g=0 ¢ S @)
v %l-sny
where i/ is the mobilized dilatancy angle, which is aso a
function of the accumulative plastic strain £°. Table 2 presents
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Table 2. Parameters of sand (Partial information from
Hsu and Liao [16]).

Parameters

Equations

05
Elastic modulus, E E=500xD, x Pax[%]

a

0.2
B=(22+165D, )x Pax[%}

a

o1, 1 . 1.
E,=| &Y —=&) |=| &,— =&, |—| Ea =&
3 3 3

Bulk modulus, B

Accumulative
plastic strain, &,

Accumulative

plastic strain at el = (10‘7-78Dr)x(ﬁ)o.6
peak deviator 100 P,
stress, £,
Strain softening o = ( 20-10xD, J
parameter, & P 100
0<€p<€p
2.)e. el
¢ =sin? L xsing,
Mobilized friction &ty
angle, ¢ £, >g;
2
. -e!
¢ :¢w+(¢p_¢w)><®(p _[ £ c pJ
p
Peak friction angle, ¢, =32+10D, —(2.5+8Dr)><|og[ﬁ]
P A

Constant volume

. ¢, =32
friction angle, @,

Mobilized dilatancy l//,.zsml[ sng’ —sing ]

angle, i’ 1-sing* xsin@
O<e,<ée5,0=¢
ey<e, <€),
Dilatan:
<y 2\/(5 —e9)x (e} —ed)
parameter, 8 _ P “p P p
! 0=, + (0~ )% -
(gp_gp)+(€p _’9p)
f
£,>€,,0=¢,
Accumulative 22
o . (86-10.15D,) (o,
plastic strain at £, —Tx Y
initial dilatancy, &} a
Mobilized friction el
angle at initial ¢, =sin| ~—2—"-xsing,
. 8p+€p
dilatancy, ¢y

the congtitutive equations and the related parameters of silty
sand. To demonstrate the reliability of this constitutive model,
the stress-strain behaviors of silty sand with arelative density

Table 3. Propertiesof clay in triaxial test.

Liquid - Water  Specific I
Limit, E@qg Soil type content,  gravity, U n'(LVI\\l'?n?gl,;t
LL : an (%) G X
41 18 cL 42 2.72 18.6
(Lean clay)
1400

Symbol: triaxial tests
1200} Line: modeled results

1000 -
800
600

400

Deviatoric stress (kPa)

200

Axial strain (%)
(a) Deviatoric stress vs. axial strain

10
Symbol: triaxial tests
Line: modeled results
o3 =40 kPa
—_ X
S - 80 kPa
E it , 160 kPa
]
9
& 320 kPa
Q HEEEE5
g
2
S |
-10 L L L
0 10 20 30 40

Axial strain (%)
(b) Volumetric strain vs. axial strain

Fig. 2. Comparison of measured and modeled stress-strain behavior of
sand with relative density D, of 70%.

of 70%, determined from the triaxial test were compared with
those calculated using the proposed model. As Fig. 2 illus-
trates, the calculated results are perfectly consistent with the
triaxial test results. Hsu [13] provided adetailed illustration of
this model.

Table 3 shows the properties of the clay that was used in the
triaxial test. This study adopted the constitutive model of clay
created by Lin [20] to obtain the parameters required for nu-
merical analysis. Because the clay was assumed to be un-
drained, the yield function f is equal to the plastic potential
function g, and can be represented as

f:g:o'l—O'S—ZS: 3
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Table 4. Parametersof clay (Partial information from Lin

Table 5. Parameters of interface (Partial information from

[20)). Desai et al. [9]).
Parameters Equations Parameters Equations  Remarks
Elastic modulus, E E=700x5, E: Elastic modulus of sand (as
Accumulative plastic 5 gg;mal K K, =TE shown in Table 2)
. . f 0.9 ITTNESS, : i i
strain at E)eak deviator €, =0.04x (E) " ;;Egktnteisgfr;ﬁ interface
stress, &, :
} . G: Shear modulus of sand,
Strain softening £ =0.1x( S ) 3BE
parameter, £° P, Shear K = G G=
. . stiffess, K, s 9B-E
Residual undrained S, =0.8xS, B: Bulk modulus of sand (as shown
shear strength,S;, in Table 2)
2x,Je xée! b
0<8pS€;’Sj*=—pprSJ; Yo=& — &,
£ +E .
Mobilized undrained f P Accumulative 3 g,=¢! —%ef =gl —%(5;’ +2¢P)
shear strength, S, o & plastic shear =% 3
e _gf strain, Therefore, 7, =—¢,, &isshown
S’ =S, +(S - S, )xexp| ~(—""2)* 2
& inTable 2
- Interface ¢,
friction isthesame ¢, isshownin Table 2
angle, ¢,
assand ¢,
= Constant volume .
< —
) friction angle, ¢, 0y =26
i”z Note: 1. Because % is equal to ggp , then the y: =ge: ,
2
g 50 y°:§£°, and ydzggd.
z Symbol: triaxial tests P2 P2
A 100 4 Line: modeled results 2. The parameters g: , €5, and &5 areshownin Table 2.
50
0 5 1 L 1 1 1 1 1

5 10 15 20 25 30 35 40
Axial strain (%)

Fig. 3. Comparison of measured and modeled stress-strain behavior of
clay.

where o; represents the major principal stress, oz is the minor
principal stress, and S, represents the mobilized undrained
shear strength, which is related to accumulative plastic strain
£P. Table 4 presents the constitutive equations and related
parameters of clay. To demonstrate the suitability of the con-
stitutive model, the stress-strain behaviors of clay, determined
fromthetriaxial CU test, were compared with those cal culated
using the proposed model. AsFig. 3illustrates, the calcul ated
results are perfectly consistent with the triaxial test results.
Lin [20] provided more detailed information on this model.
This study analyzed the ground movement of entirely stra-
tum-alternating sand and clay layers when a pile is being
driven. However, conducting numerical analyses for esti-
mating load-displacement behavior while a pile was being
loaded involved only sandy soil; concurrently, the interface
element wasused. Desai et al. [9] developed an elaborate and
suitable interface element for a numerical pile, called the

thin-layer element. This study adopted the thin-layer element
as the interface element. Desai et al. [9] suggested that the
thickness t of the interface element is 10 Dgy to 15 Dsy (Dsp:
Diameter corresponding to 50% finer); its average equals 12.5
Dso. Because Dy, of sand used in the triaxia test is 0.4 mm,
t = 5 mm was adopted in this study for the numerical piles
being loaded. The stress-strain behaviors of interfaces were
similar to those of the sand element in this study. Accordingto
Desal et al. [9], the normal stiffness and shear stiffness are
k, = E/t (E: Elastic modulus) and ks = G/t (G: Shear Modulus),
respectively. In this study, the peak friction angle of interface
J equated to ¢ of sand, whereas the residual friction angle of
interface & was 26°. Wang [27] described in detail the model
parameters. Table 5 presents the constitutive equations and
the related parameters of the interface.

[11. GROUND MOVEMENT INDUCED BY
A DRIVEN PC PILE

The High-Speed Rail (HSR) in Taiwan passes through the
Chiayi-Taibao City. To evauate the effectiveness of driven
PC piles as foundations for an HSR viaduct, Hwang et al. [18]
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~CL,N=5,y=19.1 kN/m’

SM, N =15, ,=19.1 kN/m’

End of 1"

CL,N=10, ,= 18.6 kN/m* =1
driven stage

25m

SM, N =32, 7,=19.6 kN/m’

End of 2"

— _ 3
CL,N=15, y,=18.9kN/m driven stage .

20

Depth (m)

CL,N =20, =19.0 kN/m’
SM, N =28, 7,=19.0 kN/m’

25

End of 3
driven stage

CL,N=9, y=19.1 kN/m’

30 CL,N =20, 7=19.1 kN/m’

SM, N =26, 7,=19.5 kN/m’

End of 4"
driven stage

35
SM, N =40, 7,=19.5 kN/m’

SM, N =20, 7= 18.9 kN/m’

40

Fig. 4. Subsoil condition and processes of a pile being driven into subsoil
of the Chiayi-Taibao City (Redrawn from Hwang et al. [18]).

conducted a series of field tests on driven PC piles in Chiayi-
Taibao City. They also applied inclinometers, installed at a
distance of 3D (where D is the diameter of a pile) from the
center of a pile, to measure the ground movement (radia
movement of soil mass) induced by a driven PC pile. This
study used their test results to confirm the suitability of the
proposed numerical method. The tested pile was composed of
precast concrete, with ahollow cross-section, an outer diameter
of 80 cm, and an inner diameter of 56 cm. The pile tip was
closed and conical. The compressive strength of the concrete
was 80 MPa. The pile was precast in two segments, each 17 m
in length. During construction, the two segments were driven
one after the other and welded end to end to form atotal length
of 34 m. Because measurements could not be performed using
inclinometers as the pile was being driven, measurements were
taken only after driving. AsFig. 4 shows, measurements were
performed when the PC pile reached designated depths of 9,
17, 25, and 34 m. The pile diameter and the penetrated depth
exceeded those recorded in previous studies.

IV.NUMERICAL SIMULATION OF RADIAL
GROUND MOVEMENT

Several researchers have simulated pile-driven processes.
Holloway et al. [12] presented a numerical procedure using
a finite difference formulation to simulate the behavior of a
pile subjected to one-dimensional impact loading. This pro-
cedure enables determining residual stresses induced by the
driving. Poulos [23] presented a numerical method for esti-
mating the residual stressesin single pilesinstalled by driving.

This method replaces the “dynamic analysis’ of Holloway
etal.[12] by using a“static analysis’ to estimate residual load.

Regarding a pushed pile, residual load in the pile caused by
the installation is modeled by loading the pile in compression
(the pile being at its final embedment depth) until failure and
then unloading it back to zero load at its head (Chan and
Hanna[7]). Regarding aburied pile, the residual load in the
pileis calculated by simulating an incremental accumulation
of soil around the pile (Hanna and Tan [11]). However, the
residual load of a driven pile is more complex. To simulate
the residual load of a driven pile, Altaee et al. [3] used the
procedure similar to simulating a pushed pile, but with the
weight of an upper 1.5-m-thick soil layer excluded from the
analysis. Altaee et al. [3] demonstrated that numerically
analyzed residual loads are close to those measured by con-
ducting afield test.

Because the driven pile behaves axialy symmetrically, the
three-dimensional problem can be simplified into a two-
dimensional problem. This study adopted the models of sand
and clay in conjunction with the commercial software FLAC?®
[19] to simulate ground movements induced by the driving of
aPC pile. After simulating the ground movements, this study
investigated the | oad-displacement behavior of driven PC piles
in silty sand.

FLAC?® software[19] hasabuilt-in function called FLACish
language for user-owned constitutive models. This study used
FORTRAN language to establish a preprocessor for greater
effectiveness and to avoid input errors. When users input the
basic parameters into the program, such as the pile length,
diameter, thickness of soil layers, relative density of sand
and/or undrained strength of clay, the stand-alone program
was performed to obtain an output file in the FLACish-style
language; thereafter, the output file was called into the FLAC?
program to execute the numerical analysisfor piles. Asshown
in Fig. 4, because there are 11 soil layers in the stratum, this
study established 11 constitutive models for sand and clay in
the FLAC? program. After that, the FLAC?® performed the
numerical analysis of ground movements induced by the
driving of a PC pile.

The numerical analysis in this study involved making the
following assumptions:

1. The pile body is elastic and homogeneous, with Young's
modulus E of 22.8 GPa and a Poisson ratio v of 0.17.

2. The soil parameters are listed in Tables 2 and 4; the inter-
face parameters are listed in Table 5.

3. Thedriven pile exhibits axial symmetry.

4. The ground movements caused by pile driving can be
simulated using a series of pseudo-static simulations, as
described in the next section.

5. After the pile-driven has been simulated, the displacement
isuniformly applied to the top of the driven pile to analyze
the load-displacement behavior of piles.

Wang [27] performed a series of numerical studies to in-
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| Symmetric axis

|
1/2D
.

W(60*D)

Pile length (L)

N L
/Rollcr (X-direction)

Depth of soil (25*D)

\

! Roller (Y-direction)

Fig. 5. Typical mesh density used for the numerical analysis (D = 0.5m,
L=10m).

vestigate the boundary effects on analyzing driven piles, con-
cluding that a distance of 60D between the pile and the side
boundary and a net distance of 25D between the pile base and
the bottom boundary are appropriate for analyses. Hence, as
Fig. 5 shows, adistance of 60D between the pile and the side
boundary and a net distance of 25D between the pile base and
the bottom boundary were maintained to minimize the
boundary effects.

According to Bowles [4], Eq. (4) yields the relationship
between the relative density D, of sand and the number of SPT
blows, N.

D, =0.05+0.017N ()

The SPT blow count was obtained while investigating the
site. However, the SPT-N value must be corrected to a stan-
dard value of effective overburden stress o, (100 kN/m?).
The relative density was then estimated using Eg. (4). Con-
sequently, the parameters required for the sand model are
shown in Table 2, based on the relative density. Because the
test site where the PC pile is driven into the ground includes
sand and clay, the constitutive model of clay was also required
for numerical analysis. Eq. (5) showstherelationship between
the undrained shear strength S, and the SPT-N value [4].

S, =50xN (kPa) (5)

Once the N value is known, the undrained shear strength
can be calculated using Eq. (5). Accordingly, the clay pa
rameters required for numerical analysis are shown in Table 4,
based on the undrained shear strength.

A series of numerical tests was performed to simulate the
driving of aPC pile (D=80cm, L= 34 m). Based on theresults
of these tests, this study recommends a reasonable procedure
for estimating ground movement (Fig. 6).
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Fig. 6. Schematic diagrams of the numerical smulating process of the
pile being driven into subsoil in the Chiayi-Taibao City.

1. Draw the numerical mesh and pre-specify the pile location
(Fig. 6(a)).

2. Simulate the first driving stage (Fig. 6(b)): (1) In the range
of boundaries from the ground surface to a GL. of -8.6 m,
the X directions of the nodes at aradial distance of D/6 from
the symmetric axis should befixed. (2) AtaGL. of -8.6 m,
the Y directions of the nodes from the symmetric axisto D/6
should befixed. (3) Empty the space at radial widthsof 0to
D/6 and vertical lengths of GL. 0 to -8.6 m. (4) Apply a
radial displacement to D/2 to the nodes with fixed X di-
rections. This process increases the pile radius to D/2.
Meanwhile, apply a vertical displacement of D/2 to the
nodes of which the Y directions are fixed. This step in-
volves simulating the driving of apileinto the ground to the
desired depth of 9 m.

The following discussion explains these procedures. Theo-
retically, to ssimulate a PC pile during driving, the radical
displacement should be applied from the symmetric axisto
D/2. However, each point on the symmetric axisis asin-
gular point, and applying any displacement or stress on
these points is impossible. This study attempted to apply
radical displacement from D/8 to D/2; consequently, the
numerical results show that the ground movements were
extremely similar to those of applying radical displacement
from D/6 to D/2. In addition, because the PC pile tip is
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Table 6. Pile characteristicsand soil properties.

Site name and reference PileNo. Equivaent Diameter (cm) Length (m) Pile Type Soil properties
. ¢=735.4°,
Ri?/;re #:f:gggy) ; 28 g Prestressed concrete pile é/\jv%?ﬁsg |l_<N/1m3
.-1lm
_ Site 2 Arkansas 1 41 16 Concrete pile 3 fslgsz/ 3
River (Mansur and Huter [21]) 2 51 16 G\y/\;r 2 GL -Or;]m
. . ¢=34°,
Ri ver?ﬁtﬁtgez g{'; [21) ; gg ié Square concrete pile, B = 28.5cm (7;/\7\,11-1 og |L<N /Bm;
S0 40 0 adl dplacemen (mm) - additional compatible curves were found. Fig. 7 also shows
T ) e e = - that the radial movement in a sandy layer exceeded that in a
] clay layer, possibly because of sand dilation during shearing.
S Because the discrepancy between most of the numerical
M analyses and the field tests was small, the same procedure was
] End of 1* adopted to simulate the driving of piles for other dimensions.
Ll 1o driving stage ——  After simulating the driving process of the pile, the empty
] s Messuredresuts | yegjion was replaced by aPC pilebody. Theinterface elements
M e were also employed. Pile meshes and stresses in these ele-
Endof 2L —em 3 stage ments were regenerated before repeating the FLAC? program.
alz e  finalstage After the stresses were balanced, incremental displacements
£ 85D Numerical results were applied to the top of the pile to examine the axially
il © ‘z;fge loaded behaviors of driven PC pilesin sandy soil.
] a5t End of 3" A 3" stage
driving stage X final stage
cL V. CONFIRMING NUMERICAL RESULTS
85D
301 To confirm the suitability of the proposed model for ana-
| End of final lyzing the load-displacement behavior of driven PC pilesin
35 | driving stage sandy soil, this study compared the calculations with the re-
sM 15D sults of the pile load tests in the Taipei Basin and the pile load
test results presented in two previous studies [2, 21]. Table 6
40}

Fig. 7. Comparison of measured and modeled radial ground movement
at a distance of 3D (2.4 m) from the center of the pile (Note: the
measured results were redrawn from Hwang et al. [18]).

conical and hasan included angle of 45° with avertical line,
geometric conditions mean that if the radical displacement
is D/2, the vertical displacement is also D/2 as the PC pile
is being driven.

3. AsFigs. 6(c)-6(e) illustrate, the processesfor simulating the
second, third, and final driving stages are similar to Step 2
in simulating the first driving stage. Finaly, the pile tip
comestorestat GL. -34 m.

This study compared the numerical results with actual
measurements [18]. Fig. 7 shows that most of the numerical
results for each driving stage were similar to those measured
using the inclinometer, except at GL. of -12mto-15m. The
numerical study showed that as the sandy deposit located at
GL. of -12 m to -15 m was changed into a clayed deposit,

shows information for three test sites. According to the in-
vestigation of Site 1, the subsoil along the Keelung River in
the Taipel Basin typically consists of aternating layers of silty
sand and silt. The average SPT-N value is 17. The friction
angle ¢ of 35.4° (under the condition of confining pressure
o0z = 1 atm) was adopted in this study. The ground water table
was located at GL. -1 m. Two PC piles at Site 1 exhibit the
same dimensions, a diameter of 60 cm and a length of 27 m.
Site 2 is near the Arkansas River [21], where the subsoil con-
sists of poorly graded sand and silty sand. The friction angle
is ¢ = 32°, the ground water tableislocated at GL.-0.7 m, and
two PC piles have diameters of 41 cm and 51 cm and the same
length of 16 m. Site 3 nears the Tigris River [2]; the tested
stratum consists of clayey silty sand, silty sand, and a thick
layer of uniform sand. The average friction angleis ¢ = 34°,
and the ground water table is located at GL.-6 m; two sgquare
concrete piles have the same width of 28.5 cm and lengths of
11 mand 15 m. This analysis involved using an equivalent
diameter of 35 cm.

Figs. 8-10 depict the load-displacement behavior of both
field tests and numerical results for al six driven piles at the
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of driven PC piles along the bank of Keelung River in the Taipel
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3000 r
[ Symbol: Field tests
2500 F Line: Numerical results
[ Pile2: D=51cm,L=16 m
2000 F

F Pilel: D=41cm,L=16m
1500 r

Load (kN)

1000 F

500 H

0 20 40 60
Displacement (mm)

Fig. 9. Numerical and measured load-displacements of two Arkansas
River piles (Note: the measured results were redrawn from
Mansur and Hunter [21]).

three test sites. These figures indicate that the numerically
calculated load-displacement curves were close to those meas-
ured in the field tests. However, when the applied load was
closeto its peak value, an inconsistency emerged between the
load-displacement curve obtained from the field tests and
those obtained numerically. This was caused by applying
incremental |oads to the tested pile and subjecting incremental
displacements to the simulated pile. However, because the
proposed model considers the strain-softening behavior of soil,
the post-peak behavior of adriven pile can be calculated. This
study analyzed the load transfer within the pile shaft recorded
by Altaee et al. [2], as shown in Fig. 11. Irrespective of
whether the load transfer was corrected for the residua load,
the numerically analyzed load transfer along the pile shaft was
in good agreement with that measured from field tests. In
addition, compared with the analytical results obtained by
Altaee et al. [3], theload transfers analyzed in this study were
closer to the field results.
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2000

[ Symbol: Field tests
I Line: Numerical results

L Pile2: D=35cm,L=15m
1600 |

A Pilel:D=35cm,L=11m

0 10 20 30 40
Displacement (mm)

Fig. 10. Numerical and measured load-displacements of two TigrisRiver
piles (Note: the measured results were redrawn from Altaee et
al. [2]).
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Fig. 11. Numerical and measured load transfer of the Tigris River pile 1
(Note: the measured resultswereredrawn from Altaeeet al. [2]).

VI. PARAMETTIC STUDY

After verifying the proposed method by using field test
results, this study used the proposed method to elucidate the
effects of the following parameters on the behavior of axially
loaded driven PC pilesin silty sand: (1) relative density of silty
sand (D, = 30% and 70%); (2) pile diameter (D =0.5m, 0.6 m,
0.8 m, and 1.0 m); and (3) pile length (L = 10 m, 20 m, and
30 m). All piles, both driven and loaded, were analyzed.

1. L oad-Displacement Behavior of a Driven PC Pile

Researchers typically regard the post-load-displacement
behavior of a pile as the peak-load-displacement behavior.
Nevertheless, the friction force and end bearing do not reach
their peak values simultaneously. Generally, when the shaft
friction reaches its peak value, the end bearing is still small;
when the end bearing develops, the shaft friction isin a re-
sidual state. Furthermore, aresidual load around the pile shaft
is generated when a pile is driven. Fig. 12 plots the load-
displacement behavior of aPC pilewith adiameter D of 0.5m
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Fig. 12. Load-displacement curve of a driven PC pile(D=0.5m,L =10
m, D, = 30%).

and length L of 10 m, which isdriven into silty sand with aD,
of 30%. Thisfigure shows that the shaft friction and the point
bearing corrected for the residual load differed from those
without correction for the residual load. For curves with the
correction for the residual load, the initial end bearing was
positive, whereas the initial shaft friction was negative. Re-
markably, the total 1oad, with or without the correction of the
residual load, wasthe same. Fig. 12 also demonstratesthat the
total load increased rapidly with the pile displacement initially,
and the total load peaked at a displacement of approximately
4% D. The shaft friction aso initialy increased rapidly with
pile displacement, and fell from its peak to the residual value.
The residual shaft friction developed to a steady state that
corresponded to a pile displacement of approximately 6% D.
By contrast, the point bearing slowly increased continuously
without a peak. Consequently, the total load initially declined
and then increased with the pile displacement at the post-peak
stage. For ease of comparison with the ultimate capacities of
the piles, this study defined the first peak load as the ultimate
capacity. However, Fig. 12 shows that the proposed model
effectively elucidated the post-peak behavior of apile.

2. Parametric Effects on Ultimate Capacity of Driven PC

Piles

After aseries of parametric investigations, this study briefly
summarized the numerical studies on the pile diameter, pile
length, and relative density of sand to elucidate the effect of
these parameters on the ultimate pile capacity. Fig. 13 shows
that the ultimate pile capacity increased with the pile length/
diameter ratio L/D, and no critical depth could be found in this
study. A larger diameter was associated with a greater incre-
ment in the ultimate load; in addition, the ultimate pile capac-
ity increased with therelative density of the sand. However, as
the relative density changed from 30% to 70%, the ultimate
pile capacity increased by only 20% because the pile driving
resultsin condensing loose sand and dilating dense sand.

Researchersin Taiwan have accumul ated dozens of piletest
results. This study gathered results from the reclaimed site at
Mailiao Industrial Park, Yun-Lin County and the bank along
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Fig. 13. Relationships between the ultimate pile capacity and length/

diameter ratio L/D for various pile diameters and various rela-
tive densities of silty sand.

the Keelung River in the Taipei Basin in Taiwan, where the
tested pile displacement exceeds 0.10 D. Subsequently, this
study used the method proposed by Terzaghi [25] to estimate
the ultimate pile capacity for comparison with the numerical
results. The soil in Yun-Lin County and the Taipel Basin have
aternating layers of silty sand and silt, with SPT-N values
ranging from 15to 22. Thus, Eq. (4) obtains arelative density
D, of approximately 30%-42%. Fig. 14 shows that the dis-
crepancy between the numerical results and the field results
was small not only for the driven PC pile with D = 0.5 m, but
asofor that with D = 0.6 m. Therefore, the datashownin Figs.
13 and 14 are helpful for designing driven PC piles, especialy
for large-scale piles.

VII. CONCLUSION

This study developed a numerical method for investigating
the ground movements of a large-scale PC pile driven deeply
into a stratum of multiple layers. Results obtained in situ
concerning driven piles were applied to confirm the reliability
of the proposed numerical approach. This study also per-
formed parametric studies, drawing the following conclusions:
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Fig. 14. Comparison of the measured and the calculated ultimate load
that developed with pile length for different pile diameters.

1. The model used by the author cannot simulate the stress
reversal and stress concentration around a pile between
hammer strokes. However, the radial ground movement
and residual load caused by driving a pile can be simulated
and analyzed using the proposed method.

2. Thenumerically cal culated | oad-displacement curves of the
piles with different dimensions in various strata of sandy
soils were consistent with those measured in situ tests.

3. Becausein situ loading on a PC pile differs from that mod-
eled numericaly, the post-peak behaviors estimated by
performing field tests differed from those analyzed nu-
merically. However, the proposed numerical method iden-
tified the post-peak behavior of apile.

4. Total load, shaft friction, and point bearing did not reach
their peak values simultaneously. Shaft friction declined as
pile displacement increased at the post-peak stage. No peak
point bearing appeared when the pile was stressed. The
residual load induced by driving a PC pile significantly
affected the behaviors of the shaft friction and end bearing
of adriven pile.

5. The ultimate load increased with the pile diameter and with

the pile length, and no critical depth can be determined.
However, the ultimate load increased by only 20% when
the relative density of sand changed from 30% to 70% be-
cause the pile driving resulted in condensing loose sand and
dilating dense sand. This study presents useful figures for
designing a PC pile, particularly a large-scale driven PC
pile.
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