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ABSTRACT

High-strain dynamic and static loading tests were performed on three open-toe, steel pipe piles driven in a fluvial
deposit comprised mainly of compact sand. The pile diameter varied from 0.762 m to 1.524 m and the embedment
from 36.5 m to 40 m. Axisymmetric finite element analyses (FEA) were performed with PLAXIS2D to determine the
soil properties that control the shaft and the toe resistance of the piles using both dynamic and static load testing data.
The geotechnical resistance of the piles obtained with FEA were generally 40% to 70% higher than that obtained with
1D WEA and CAPWAP. The FEA showed that the underestimation of the ultimate pile resistance is at least partially
due to the inability to mobilize the toe red stance because of the small peak displacements induced at the pile toe with
conventional high-strain dynamic testing (5 mm to 10 mm) in comparison to the large displacements required to
mobilize the toe resistance in a static test (65 mm to 140 mm). A procedure is developed to improve the estimation of

the ultimate pile resistance for design using FEA and high-strain dynamic load test data.
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1 INTRODUCTION

The geotechnical axial resistance of driven steel pipe
piles is commonly obtained with high-strain dynamic
testing by measuring the acceleration and the strain in
the pile caused by an impact of the driving hammer
(ASTM D4945-17). The resistance is determined by
matching the measured pile response with that calculated
using one-dimensional wave equation analysis (1D
WEA), implemented in commercial software.

High-strain dynamic testing is significantly cheaper
and faster than datic load testing. However, the
sensitivity of the matching procedure and the small pile
displacement mobilized in the dynamic test can result in
underestimation of the geotechnical pile resistance in
comparison to that obtained with static load testing,
which could impact the foundation cost. In addition, the
analyst’s experience is a dominant factor in the
estimation of the pile resistance with 1D WEA.

This paper describes a simple yet robust procedure
for estimating the geotechnical axial resistance of open-
toe, driven steel pipe piles using dynamic testing and
finite element analysis. The procedure is validated with
both static and high-strain dynamic load tests performed
on three piles installed in a sand deposit. The pile

resistance obtained with the proposed procedure is
compared to that obtained with 1D WEA.

2 SITE CONDITIONS

The pile testing site is located on the west coast of
British Columbia, Canada. The subsurface conditions
consist of a thick succession of deltaic and alluvial
sediments (sand, gravel, and silt) up to 130 m depth,
overlying a lightly overconsolidated glaciomarine
deposit (silt and clay) up to 300 m depth, followed by
Glacial till. The ground water table (gwt) isat 2.0 mto
2.8 mdepth. The test pilesare installed in the deltaic and
alluvial sediments to depths of up to 40 m.

The site investigation included cone penetration tests
(CPT) and shear wave velocity (Vs) measurements. The
interpretation of CPT dataup to 50 m depth indicates the
soil consists mainly of compact sand interbedded with
few lenses of silt and clay. The shear wave velocity
increaseswith depth from about 200 m/sinthe upper 5m
up to about 300 m/s at 40 m depth. Figure 1 shows a
representative profile of the friction angle and the shear
wave velocity obtained from the CPT data. The yellow
squares represent the measured V.
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Fig. 1. Representative profiles of peak friction angle (¢) and
shear wave velocity (Vs) at the piletesting site.

3 FINITEELEMENT MODEL

The numerical simulation of the static and dynamic
pile load tests is carried out with an axisymmetric finite
element (FE) model using PLAX1S2D. The components,
dimensions, and boundary conditions of the model are
shown in Figure 2.

The pile is modeled with an elastic plate element
located at x = D/2 from the axisymmetric axis and with
embedment L, where D is the pile diameter. The pile
projection above ground surface is 500 mm. The input
parameters (per meter of perimeter) are the axial
gtiffness EA  (kN/m), the bending siffness El
(kN-m?#m), the pile weight w = y t (kN/m /m), and
Poisson’s ratio v = 0.3. In the above parameters, t is the
wall thickness, E = 2x108 kPaisthe Y oung’s modulus of
steel, A =t isthe unit pile cross-section area, | = t3/12 is
the unit second moment of inertia, and y = 77 kN/m? is
the unit weight of stedl. Interfaces are added inside and
outside of the plate element for modeling the shaft-soil
interaction and extended below the pile toe a distance
equa to the maximum pile head displacement in the
static load test plus 50 mm.

The shear modulus Giner and effective friction angle
dinter Of the shaft-soil interface (inside and outside) is
calculated in PLAXIS2D with the interface strength
reduction factor (Rinwer), Which is an input parameter of
the adjacent soil material — Ginter = (Rinter)? Gsoil and dinter
= tan ™[ Rinter tan(¢soit)] . Gap closure was considered in the
interface formulation.

The soil was modeled with the Mohr-Coulomb
model, for which input parameters are the soil unit
weight yoi = 19 kN/m3, Poisson’s ratio v = 0.25,
effective cohesion ¢ = 1 kPa (for numerical stability),
effective friction angle ¢, dilation angle y = 0°, and the

shear wave velocity Vs, which is used as an alternate
input parameter for calculating the Young's modulus
Esoil and the shear modulus Ggii. The model was divided
into two soil layers for simplicity. Soil 1 represents the
soil above the pile toe and controls the shaft resistance.
Soail 2 islocated below the pile toe with atotal thickness
of 6D and controls the toe resistance. Soil 2 is extended
upward a distance of 6D inside the pile to differentiate
the soil properties of the outside shaft resistance from the
inside resistance, which is what controls the toe
resistance of an open-toe, pipe pile. The 6D dimensions
were determined with a sengtivity analysis of
simulations of static load tests. The total width of the
model is 20 m and the gwt is at ground surface.
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Fig. 2. Axisymmetric finite element model for simulating the
static and dynamic axial response of an open-toe, sted pipe pile.

4 SIMULATION OF STATIC LOAD TESTS

The simulation of the static load test is carried out
with a displacement-based pushover analysis. The pile
head is pushed downwards up to a given target
displacement and the unit axial force (kN/m) is extracted
from the closest stress point to the pile head. The load-
displacement response of the pile head is calculated by
multiplying the output unit force with the pile perimeter
Per = nD.

The analysis is divided in four phases of plastic
analyses:. a) initiation of the in-situ stresses using the K,
procedure, b) activation of the plate element (the pile)
and the interfaces, c¢) application of the target
displacement — loading stage, and d) deactivation of the
target displacement — unloading stage. The analysis
assumes “wished in place’ conditions, so no pile
installation effects such soil plug development or
residual stressesare considered.



The objective of the simulation of the static load test
isto determine the properties of the shaft-soil interfaces
and the Soil 2 (toe) materia that better match the
measured |oad-displacement pile response. Therefore, a
calibration procedureiscarried out varying thefollowing
threeinput parameters: Riner (Samefor Soil 1 and Soil 2),
and droe aNd Vs t0e Of S0il 2. The properties of the Soil 1
(shaft) material are kept constant (¢ = 38°, Vs= 250 m/s)
since the pile-shaft resistance is controlled by Rinter

The test pileswere instrumented only at the pile head
and the data consists of load Q and vertical displacement
U. Thedimensions of the test pilesare:

= Pilel: 762mmx 16 mmx 36.5m
= Pile2: 1067 mmx 19 mmx 35.0m
= Pile3: 1524 mm x 25 mm x 40.0 m

Figures 3, 4 and 5 plot the pile head response (Q-U)
measured with the static load test and that simulated with
the PLAXIS model for Pile 1, Pile 2, and Pile 3,
respectively. The piletoe displacement is also plotted for
visualization/confirmation of the full mobilization of the
shaft resistance (Qsar) and the mobilization of the toe
resistance (Qtoe)-

Pile head load Q (MN)
0.5 1 15 2 25 3 35 4 45

o

0

g 20 A
S ] > Test head
‘g 60 4 == PLAXIS: head
g — PLAXIS: toe
8 80 -
F oo ]
A

120 - a

Fig. 3. Smulation of the static load test of Pile 1: @762 mm.
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Fig. 4. Smulation of the static load test of Pile 2: &1067 mm.

Figures 3 to 5 show that the pile head response
simulated with the two-layer, axisymmetric, Mohr-
Coulomb, finite element model (PLAXIS) matchesvery
consistently the pile response measured with the static
load test for both the loading and the unloading stages.
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Fig. 5. Smulation of the static load test of File 3: &1524 mm.

The cdibrated soil properties of the FE model are:
= Pilel: Rinter = 0.47, ¢10€ = 23.50, Vsﬁtoe =200 m/s
= Pile2: Rinter = 051, (I)toe = 32.00, Vsﬁtoe =220 m/s
= Pile3: Rinter = 053, ¢10€ = 20.40, Vsﬁtoe =150 m/s

The friction angle of the shaft-soil interfaces
(obtained from Riner) for Soil 1 (inside and outside the
pile) is dinter = 20° to 23°, and for Soil 2 (inside the pile)
iS dinter ~ 11° to 18°. The shear strength of the interfaces
is not only controlled by ¢iner but also by the vertical and
the horizontal stresses, which increase in the Soil 2
interface with the at-rest earth pressure coefficient, K, =
1 —sin(¢rwe), and the pile toe displacement.

The pile head and pile toe responsesin Figures3to 5
show clearly the pile head load and displacement for full
mobilization of the geotechnical shaft resistance:

= Pilel: Qsat~ 3.1 MN, Usat~ 10.3 mm
= Pile2: Qgat~ 4.4 MN, Ugat~ 8.9 mm
= Pile3: Qgat~ 8.0MN, Ugat~ 9.6 mm

For Q > Qsnart, the total geotechnical axial resistance
(Q = Qsnait + Quoe) is controlled by the toe displacement
and the associated toe resistance Qie.

5 LOAD VSDISPLACEMENT EQUATIONS

The static load tests show that the response of the pile
head of open-toe, steel pipe pilesdrivenin compact sand
is characterized by three loading regions that depend on
the pile head displacement: &) the shaft response, b) the
toe response, and c) unloading, as shown in Figure 6.

Pile head load Q

Shaft (Eq. 1) (Qsatt » Ushart)

Toe (Eq. 2

Unloading (Eq. 3) (Qmax » Unax)

—

Pile head displacement U

Fig. 6. Loading regionsin astatic load test of an open-toe, steel
pipe pile embedded in compact sand.



Equations 1, 2 and 3 represent proposed formul ations
(quadratic functions) for calculating the pile head
response (Q-U) for the shaft, the toe, and the unloading
regions of the static load test, respectively.

U = (Ushatt - Cshart) [Q/Qshart] + Cehart [ Q/Qshatt]? @
U = Ushat + Broe [Q/Qshatt - 1] + Croe [ Q/Qshatt - 1]? @)
U = Umex + Bunioad [ Q/Qmax - 1] + Cunload [ Q/Qmax - 1]2 (©)]

In the above equations, Usat and Qg are the pile
head displacement and pile head load that represent the
full mobilization of the shaft resistance, and Umax is the
maximum pile head displacement associated with the
maximum pile head load Qmax in the static load test, as
shown in Figure 6. The remaining parameters Cshat, Broe,
Cioes Bunload, @nd Cunioad cONtrol the curvature of the Q-U
response. The parameters are determined with an error
minimization procedure using either the static load test
data or the PLA XIS data of the Q-U pile head response.

The proposed Q-U eguations can be implemented in
a gpreadsheet to facilitate the estimation of the
geotechnical pile resistance for a given target pile head
displacement or geotechnical resistance factor (¢qu).

Figures 7 to 9 plot the Q-U pile head response using
Egs. 1to 3 (black line), which parameters were obtained
using the PLAXIS data (red line) and the function
“solver” included in Microsoft Excel.
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Fig. 7. Curvefitting of the static load test of Pile 1: @762 mm

As shown in Figures 7 to 9, the proposed equations
match very well the simulation of the static load test with
PLAXIS for the loading and unloading regions.

The geotechnical ultimate limit state axial resistance
of apile is associated with a target displacement, which
is project dependent and normally taken as Uys = 5% to
15% of the pile diameter D. For this study, the
geotechnical ultimate axial resistance (Quss) is calculated
for Uus = 0.1D using the Q-U curvesin Figures7to 9:

= Pilel: Qus=4.13MN, Uys~ 76 mm
(Qsnat = 3.06 MN, Qoe = 1.07 MN)

= Pile2: Qus=8.15MN, Uus~ 107 mm
(Qsnat = 4.39 MN, Qtoe = 3.76 MN)

= Pile3: Qus~11.0 MN, Uys~ 152 mm
(Qsnat = 8.01 MN, Qtoe = 2.99 MN)
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Fig. 8. Curvefitting of the static | oad test of pile 2: &1067 mm.

Pile head load Q (MN)

o 1 2 3 4 5 6 7 8 9
0 I L L L

T w0l [— PLAXIS
£ — Egs1-3
2 80 -
8 ]
% 120
2  {u,=01D
BFaeo "I
a
200

Fig. 9. Curvefitting of the static | oad test of pile 3: &1524 mm.

The geotechnical resistance factor for calculation of
the factored axial resistance is ¢pgu = 0.7 if the design is
based on a static load test (CSA S6-19). Therefore, the
factored res stance (®Quis = dgu Quis) and the associated
pile head displacement (Uo7) are:

= Filel: ®Qus~2.9MN, Uo7~ 9.4mm (Fig.7)
= File2: ®Qus~ 5.7 MN, Uo7~ 30 mm (Fig. 8)
= Pile3: ®Qus~ 7.7 MN, Uo7~ 9.5 mm (Fig. 9)

Asshown in Figures 7 and 9, the displacement of the
pile head associated with a geotechnical resistance factor
0gu= 0.7 islessthan 10 mmin Piles 1 and 3, respectively,
and it is in the loading region controlled by the shaft
resistance. On the other hand, the displacement of Pile 2
is about 30 mm (Fig. 8) and it is in the loading region
controlled by the toe response, which is characterized by
a steep increase of the pile head displacement (U) with
the pile head load (Q).

For a design based on high-strain dynamic testing
(dgu = 0.5) or static analysis (pgu = 0.4) with typical
degree of understanding of the soil conditions (CSA S6-
19), the pile head response is in the loading region
controlled by the shaft resistance with associated pile
head displacements less than 8 mm, approximately (Fig.
71009.

6 SIMULATION OF DYNAMIC LOAD TESTS

The simulation of the high-strain dynamic load test is
carried out with a force-based pushover analysis. The



pile head is pushed downwards with the force time
history measured in the dynamic test and the
displacement time history is extracted from the closest
node to the pile head. The input force for the
axisymmetric analysis is calculated as Pai = Pees / 2m,
where Py is calculated as the product of Egee and the
axial strain time history measured in the dynamic test.

The dynamic analysis is divided in three phases: a)
initiation of the in-situ stresses using the K, procedure,
b) activation of the plate element and the interfaces, and
c) application of the input force time history. The
analysis assumes “wished in place” conditions. The
dynamic control parameters are oo = 0.25, § = 0.5, and
mass matrix = 1.

The objective of the simulation of the high-strain
dynamic load test is to determine the properties of the
shaft-soil interfaces and the Soil 2 material that better
match the total work time history Wy of the pile head,
obtained from the dynamic test data.

W(y is calculated with the product of the pile head
force (P) and the pile head displacement (U) as shownin
Equation 4, where the subindexes i and t represent the
dynamic time.

W = ZAWi — AW =% [P + B+1][Ui+1 - Uj] (@]

High-strain dynamic analyses are strongly dependent
on the viscoelastic damping (energy dissipation) of the
pile and the soil. This is modeled in PLAXIS with
Rayleigh damping, for which input parameters are two
frequencies of vibration (F1, F2) and two associated
damping ratio values (&1, &2).

Based on sensitivity and parametric analyses carried
out for this study, it was determined that the frequencies
of vibration for both soil and pile are F1 = c/4L (the
fundamental frequency of vibration of the pile) and F, =
1000 Hz, where ¢ = (Eseel/pses)®® = 5,048 mis is the
velocity of the axial wave in the pile and L isthe sum of
the pile embedment and the pile projection. F, = 1000 Hz
makes the dynamic response less dependent on the
gtiffness and more dependent on the mass of the
materias (i.e., pile and soil).

The viscoel astic damping ratio isassumed to be equal
for both frequencies (§ = &1 = &>), and for the pile and the
soil — & = Exil = &pile. Therefore, & represents the
viscoelastic energy dissipation of the entire system: pile
+ soil + interfaces. Additiona energy dissipation is
devel oped in the FE model dueto radiation damping and
hysteretic damping. The latter is caused mainly by the
full mobilization of the shear strength of the shaft-soil
interfaces.

The matching of the total work time history of the
pile head is carried out between the dynamic timest, and
to, where t, is the initial impact of the hammer and t, =
2L/c isthe theoretical arrival time of the axial wave in
the pile returning from the toe, as shown in Figure 10.
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E i N S y

Q (MN)

0 2 4 6 8 10 12 14 16 18 20 22
Time (ms)

Fig. 10. Force time hisory measured in the high-strain dynamic
test of Pile 1 and selection of thetime interva for matching.

Theactual timet; (arrival of the returning axial wave)
is affected by the specific Egeel, density pses, L, and pile-
soil interaction of thetesting pile, and it generally differs
fromthe theoretical t, = 2L /c calculated usingonly L and
¢ = 5,048 m/s. This time difference, however, is small
and has a minor effect in matching the total work time
history since the variation of the total work (AW) tends
to be small ast approaches t,.

The calibration of the FE model is carried out by
varying Riner (Same for Soil 1 and Soil 2), ¢roe @nd Vs toe
of Soil 2, and & (same for the pile, Soil 1, and Soil 2).
The properties of Soil 1 are kept constant (¢ = 38°, Vs=
250 m/s).

6.1 Matched total work time history

Figures 11, 12, and 13 plot the total work time
histories obtained from the high-strain dynamic test and
from the calibrated PLAXIS model for Pile 1, Pile 2, and
Pile 3, respectively. EOD and BOR stand for end of
initial driving and beginning of restrike, respectively.

[
I
r

80 -

2}
(=}
L

= PLAXIS
— Test

Work (MN*mm)
5

N
o
L

t, t

0 2 4 6 8 10 12 14 16 18 20 22
Time (ms)

Fig. 11. Totd work time history of Pile 1-EOD: &762 mm.

Asshown in Figures 11 to 13, the match of the work
time histories between the dynamic test and the PLAXIS
model inthetimeinterval of interest (t, - t2) isvery good.

The cdibrated properties of the PLAXIS model are:

* Pilel- EOD: Rine=0.22, £ =12%
= Pile2-BOR: Rimer = 051, <: =15%
* Pile3- EOD: Rine=0.34, £ =20%
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The calibration of the FE model indicated that the
dynamic response of the pileis practically insensitive to
the properties of the Soil 2 material (droe, Vs 10e) fOr the
three tested piles. This may be due to the very small
displacement induced at the pile toe during the dynamic
test (< 5 mm) as shown in Figure 14 with the blue line.
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Fig. 14. Displacement time history of Pile 3-EOD: &1524 mm.

Therefore, it is concluded that the pile resistance
obtained from the simulation of the high-strain dynamic
test represents mainly the shaft resisance due to the
small displacement of the pile head and the pile toe
mobilized during the test. Because of the limitation of
the mobilized pile displacement in the dynamic test, the
soil properties of the toe material (dioe, Vs toe) CaNNOL be
accurately determined for the three tested open-toe piles,

embedded in compact sand.

6.2 Pile head force vsdisplacement

Figures 15, 16, and 17 plot the force vs displacement
response of the pile head during the dynamic test for Pile
1, Pile 2, and Pile 3, respectively, for the time interval of
interest (to-t2). Asshown in thefigures, the simulation of
the high-strain dynamic test with the PLAXIS model
agrees reasonably well with the measured test data,
especially for test File 3.
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Fig. 15. Force-Displacement response of Pile 1-EOD: @762 mm.
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6.3 Geotechnical ultimate axial resistance

The estimation of the geotechnical resistance of the
pileiscarried out by simulating a static test (Q-U) using
the strength reduction factor of the interfaces (Rine)



calibrated with the high-strain dynamic test data. Since
the properties of the Soil 2 material (toe) could not be
determined with the dynamic test data, the simulation of
the static test is performed using the toe soil properties
obtained with the calibration of the static load test data.
Figures 18, 19 and 20 plot the pile head response (Q-
U) smulated with a static load test for Pile 1, Pile 2, and

Pile 3, respectively.
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Fig. 18. Smulation of a static load test for Pile 1. EOD.
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Fig. 19. Smulation of a static load test for Pile 2 BOR.
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Fig. 20. Smulation of a static load test for Pile 3: EOD.

The interface strength reduction factor for Pile 2
calibrated with the high-strain dynamic load test data for
BOR is the same as that calibrated with the static |oad
test data — Rinter = 0.51. Therefore, the simulated static
load test in Pile 2 using the dynamic test data matches
the static load test very well (Fig. 19).

The geotechnical ultimate axial resistanceisobtained
from the Q-U pile head response (PLAXIS) for Uys =
0.1D. Figures 18 to 20 also indicate the peak pile head
displacement obtained from the dynamic test using 1D
WEA and CAPWAP (Ucapwar) and the associated pile
head load using the Q-U PLAXIS response. These
displacements are dlightly higher than the peak
displacements of the dynamic test because of the
methodology in CAPWAP for estimating the
geotechnical resistance.

Figure 21 shows the estimation of the geotechnical
axial resistance of the piles using CAPWAP, PLAXIS
for U = Ucapwar, and PLAXIS for Uys= 0.1D.
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Fig. 21. Geotechnical pile resistance obtained using the high-
strain dynamic load test data.

Figure 21 shows that the estimation of the pile
resistance with PLAXIS for U = Ucapwar is about 8% to
15% higher than that estimated with CAPWAP. This is
considered a small difference for practical purposes. On
the other hand, the resistance obtained with PLAXIS
(Ucapwap) for Pile 3 is about 39% lower than that
estimated with  CAPWAP. The estimation of the
resistance with CAPWAPfor Pile 3 seemstoo high since
it was obtained at the end of driving with just 13 mm of
pile head displacement during the dynamic test, yet it is
just 25% lower than the resistance obtained with the
static load test, which accounts for soil setup, - 8.3MN
(EOD) vs 11.0 MN (static test). On the other hand, the
resistance obtained with the PLAXIS model for the same
pile head displacement (13 mm) is about 54% lower than
that of the static load test: 5.1 MN vs 11 MN, which
seems consistent for the expected EOD resistance.

Note that the estimation of the geotechnical
resistance with CAPWAP depends strongly on the
experience of the analyst. Therefore, the overestimation
of the EOD resistance of Pile 3 may be the result of that.

For a pile head displacement U = 0.1D, Figure 21
shows that the geotechnical resistance obtained with the
PLAXIS model increases and is about 38% and 74%
higher than that estimated with CAPWAP for Pile 1 and
Pile 2, respectively. The main reason for the increase in
the resistance is the increase in the pile head
displacement and the ability to mohilize higher toe
resistance. On the other hand, the resistance obtained
with the PLAXIS model (U = 0.1D) for Pile 3 is about



14% lower than that estimated with CAPWAP.

7 CONCLUSIONS

This study reviewed the development of a procedure
for estimating the axial resistance of open-toe, steel pipe
piles driven in compact sand using high-strain dynamic
load testing.

The procedure is based on matching the total work
timehistory of the pile head obtained with the high-strain
dynamic load test with that obtained using an
axisymmetric finite element model. The matching
procedure requires calibration of the shaft resistance and
the damping of the dynamic system.

The calibration of the finite element model indicated
that the dynamic response of the pile head is practically
insensitive to the properties of the soil material that
controls the toe resistance (droe, Vs t0e)- This seemsto be
due to the very small displacements induced in the pile
toe during the high-strain dynamic test (< 5 mm).

The estimation of the geotechnical resistance of the
pileis carried out by simulating a static load test (Q-U)
using the strength reduction factor of the interfaces
(Rinter) calibrated with the high-strain dynamic test data.
Since the properties of the soil material that control the
toe resistance could not be determined with the dynamic
test data, the simulation of the static test is performed
using thetoe soil properties obtained with the calibration
of the finite element model using the static oad test data.
In the absence of a static load test, the properties of the
toe soil material can be assumed using the site
investigation data.

The geotechnical resistance obtained with the
proposed procedure and finite element model for test
Pile 1 and Pile 2 is 38% and 74% higher, respectively,
than that obtained with CAPWAP. This is the result of
the higher pile head displacement mobilized with the
simulated static load tests (PLAXIS: 76 mm to 152 mm)
in comparison to that mobilized in the high-strain
dynamic load test (13 mm to 23 mm).
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