ANALYSIS OF PILE DRIVING IN VERTICAL AND HORIZONTAL DIRECTIONS
USING A HY BRID MODEL
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ABSTRACT

In order o estimate the defornmation and load distribution of a single pile subjected to dynamic horizontal load as
well as vertical load, a simplified method of three-dimensional numerical analysis, KWaveHybrid program, is
developed using a hybrid model. In the hybrid model, the pile is modelled as elastic beams, and the soil at each pile
node is treated as springs and dashpots in both vertical and horizontal directions. KWaveHybrid is also able to
analyse the static response of the pile. Validity of the newly developed program is examined through comparisorns
with theoretical values and horizontal dynamic and static pile load test results.
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1. INTRODUCTION

It has been believed that the static load test is the
most reliable method to obtain the load-displacement
relation of a pile. Most static load tests are conducted
using reaction piles as the reaction system. In the work
of Kitiyodom et al?, itis suggested that the influence
of the reaction piles on the measured load-displacement
relation may not be neglected, and that an interpretation
of the measured data is required to obtain a true
load-displacement relation of the pile.

For axial compressive pile load test, the dynamic
load testing or the rapid load testing is widely used
because of the fact that these methods are unsusceptible
to reaction piles, and require less time and cost
compared with the conventional static load test where
reaction piles are employed. The dynamic load testing
and the rapid load testing, however, require
interpretation of the measured signals t derive a
comresponding  static  load-displacement  relation.
Especially, for dynamic load test in which wave
propagation phenonena in the pile cannot be neglected,
wave matching analysis is indispensable.

In a seismic area such as Japan, application of the
dynamic or rapid pile load test to horizortal pile load
testing would be very useful in the seismic design of
the pile foundation. Several computer programs for
analysing the one-dimensional wave propagation in a

pile have been developed, sich as Smith method?,
CAPWAP?, WEAPY, TNOWAVE®, KWave® and
KWaveFD”. However, all of these programs can be
applied to the problem in vertical direction only.

In this study, a computer program KWaveHybrid
has been developed based on a hybrid model. In
KWaveHybrid, the horizontal resistance of the piles is
incorporated into the hybrid model so as to be able to
analyse the deformation and load distribution of a
single pile subjected to horizontal load as well as
vertical load. The program can be also used to calculate
the static load-displacenent relation of the pile in both
horizontal and vertical directions.

In order to examine the validity of the newly
developed program, verification analyses are carried
out first Then the program is applied o the static and
dynamic horizontal load tests of actual steel pipe piles.

2 METHOD OF ANALYSIS

Figure 1 illustrates the hybrid modelling of the pile
and the soil used in this study. The pile is nodelled as
beam elements with masses and the soil is treated as
springs and dashpots.

Figure 2 shows the dynamic shaft soil resistance
model incorporated into KWaveHybrid. The values of
the vertical spring, k, the horizontal springs, K and K,
the vertical radiation damping, c, and the horizontal
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radiation damping, ¢* and ¢”, per unit shaft area are
approximated by means of Equations (1) and (2), based
on the work of Novak etal.?.
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where G and Vs are the shear modulus and the shear
wave velocity of the surrounding soil respectively, and
d is the outer diameter of the pile.
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Fig. 1. Hybrid modelling of the pile and the soil.
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Fig. 2. Vertical and horizontal shaft resistance model.
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The slider value is equal to the static maximum shaft
resistance, .. , in the vertical direction and is equal
the limit horizontal pressure, ¢, in the horizontal
direction.

The total dynamic friction in vertical direction, zipg,
is gererally taken as a nortlinear function of velocity,
according to

Tom = Toe [1+ a(Avlv, )q (\,=1ms) (3)
where v, is a reference velocity and Av is the relative
velocity between the pile and the adjacent soil.
Nontlinear viscous laws similar to Equation (3) have
been proposed by Gibson and Coyle®, Heerema™, and
Litkouhi and Poskitt™, all of whom suggest a value of
L close to 0.2, with the parameter « varying from about
0.1 for sand, to unity for clay soils™. The relation in
Equation (3) was introduced into the viscous damping
in Figure 2 for vertical shaft resistance model.

Figure 3 shows the dynamic vertical pile base
resistance model. The values of the soil spring at the
pile base, k,, the damping, cp,, and the lumped soil mass,

m, per unit base area can be estimated as follows™:

— 8GS
= zd(d-v,) @
_ 34 G
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m, =161, 05 =) (6)

in which v and p; are the Poisson’s ratio and the
density of the soil respectively.
The equation of motion of the pile is expressed as

[KI{w +[Cl{w +[M]{w ={F} (D)

where [K], [C] and [M] are the stiffness matrix, the
damping matrix and the mass matrix respectively. {F}
is the extermal force vector. The stiffness matrix is
formed from the pile stiffress matrix and the soil
stiffness matrix. The damping matrix is equal to the soil
damping matrix. The mass matrix is formed from the
pile mass matrix and the lumped soil mass at the pile
base.
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Fig. 3. Vertical base resistance model.

When the stress at a pile-soil interface nodal point
reaches the soil yield stress, the soil spring stiffness and
the dashpot value at that point are set to 0. In order ©

consider also the nonlinearity of the soil spring stiffness,

Equation (7) is rewritten in incremental form as:
{FhoH[K] oW, +[CL Wy + [M] 4 ={F e (B

Equation (8) can be solved for the pile settlements,
deflections and rotations from which the axial forces,
the shear forces and the bending moments can be
obtained. Note that Newmark’s 5 method™ is used for
solving Equation (8).

In the analysis of static pile load test, the static
vertical shaft soil spring, keaic, is estimated by means of
Equations (9) and (10) following Randolph and
Wroth™

Kuic = (2712.758) -k, &=In[5.00-v)I/d]
where | is the pile embedment length.

The static horizontal shaft soil spring values at each
pile node are estimated based on Mindlin’s solution™
which is similar to the solution of the integral equation
method used by Poulos and Davis'™”. The equations
become

9

Kiae = i = CEAI
¢=pdiE

where p is the horizontal distributed force acting
uniformly over the pile element and u is the
corresponding horizontal displacement at each pile
node calculated using the integral equation method.

Note that the shear resistance at the pile base has not
been incorporated in the present program. More details
of the static analysis method can be found in
References 18) and 19).

(10)
(11)

3 ACCURACY OF THE PROPOSED METHOD

3.1 Impacts on pile without soil resistances

Vertical impacts on a honmogeneous pile and a
non-homogeneous pile without soil resistance are
calculated by the program KWaveHybrid, and the
calculated results are compared with the theoretical
values.

Table 1 shows the specifications of a homogeneous
pile to be analysed here.

Table 1. Specifications of a homogeneous pile

Length (m) 10
Diameter (mm) 400
Cross-sectional area (nT) 0.126
Young's modulus (kN/nT) 3.0x10"
Bar wave velocity (nvs) 5000
Density (tor/n’) 1.2

Mass (ton) | 1m:

Figure 4 shows the vertical impact force applied o
the pile head. Figure 5 shows the calculated and
theoretical distributions of axial forces along the pile.
Theoretically, the front of compression force reaches
the pile base at t = 2 ms because the bar wave velocity
is 5000 nvs. The compression force is reflected at the
pile base, and the reflected force goes back to the pile
head as the tension force and reaches the pile head at t
=4 ns. The calculated results are in good agreements
with these theoretical solutions. Fgure 6 shows the
time vs pile displacement at the middle point (z=5 m).
A good agreement between the theoretical and
calculated values can be seen again.
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Fig. 6. Time vs pile displacement

Table 2. Specifications of a non-homogeneous pile

Upper Lower
Length (m) 5 5
Diameter (mm) 100 1414
Cross section area () 7.85x10° | 15.7x10°
Young's modulus (kN/nv) 3.0x10’ 3.0x10’
Bar wave velocity (nvs) 5000 5000
Density (tor/nT) 1.2 12
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A non-homogeneous pile with no soil resistance
shown in Table 2 was also analysed using the proposed
method. The pile consists of two sections having the
same material but different cross-sectional areas. The
cross-sectional area of the lower section is twice that of
the upper section. The impact force shown in Figure 4
was applied to the pile head.

Figures 7 and 8 show time vs velocity and time vs
pile head displacement, respectively. Good agreements
between the calculated and theoretical values can be
seen in both the velocity and displacement

3.2 Friction pile with elastic soil response

A perfect friction pile with elastic friction response
is analysed, and the calculated results are compared
with the theoretical solutions of the single mass system
shown in Figure 9.

Specifications of the pile to be analysed here are the
same as those shown in Table 1. The values of the
vertical shaft spring stiffress, k and the vertical
radiation damping, ¢, were set as k= 2.0x10° kN/n+* and
¢ = 50 kNs/nt along the pile shaft uniformly for
convenience. The cormresponding values of the total
vertical spring stiffrness, K, and the total vertical damping,
C, inthe single mass system are shown in Fgure 9.

Figures 10 and 11 show time vs displacement of the
middle point of the pile without damping (c = 0) and with
damping, respectively. Overall, the calculated results are
in good agreement with the theoretical solutions in both
cases. Periodical oscillations can be seen in the calculated
results. These oscillations in the calculation results reflect
the wave propagation phenormena in the pile, which cannot
be simulated using the single mass system.
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Fig. 11. Time vs pile displacement (with damping).
4 CASESTUDY

4.1 Test description

The test piling on two steel pipe piles was
performed. Figure 12 shows the profiles of soil layer
and the SPT N-values at the test site. Two test piles,
designated as P1 and P2, were installed by preboring.
So there is no soil plug inside the piles. The test pile
specifications are summarised in Table 3. The distance
between the centres of the two pilesis 3.5m.

Table 3. Specifications of test steel piles

P1 P2
Length (m) 6.5 10.0
Embedment length (m) 54 8.9
Outer diameter (mm) 600 500
Inner diameter (mm) 582 432
Cross-sectional area (cn) 167.1 138.8
Young's modulus (kKN/rf) 2.06x10° | 2.06x10°
Shear wave velocity (nVs) 3187 3187
Density (tor/nt) 7.8 7.8
Pile mess (ton) 0.9 11




Both static and dynamic horizontal load tests were
carried out on each pile. The dynamic pile load test was
carried out prior o the static pile load tests. In the
dynamic pile load test, the pile was hit horizontally by a
hammer mass of 0.96 ton at the point z = 0.25 m below
the pile head. Applied force, horizontal displacements
and accelerations were measured at the same level of
the hit point with a sampling rate of 15 zs.

After the dynamic pile load test, two static
horizontal pile load tests with different loading methods
were conducted on each pile. Static horizontal pile load
test with step loading method® was conducted first
Load step sequence for the step loading is shown in
Figure 13, following JSF T32-83%?. In vertical pile load
test standard JGS 1811-2002?Y, two loading methods
are recommended which are the step loading method
and the cortinuous loading methods. However, in JSF
T32-83, only the step loading method is prescribed. In
this study, the static horizontal pile load test with the
continuous loading method was also conducted. The
load step sequence of continuous loading is also shown
in Fgure 13. The static horizontal load was applied at
the same loading point as the dynamic horizontal pile
load test. The horizontal displacement of the pile and
the applied force were monitored throughout the static
pile load tests.
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Fg. 12. Profiles of soil layers and SPT N-values.
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Fig. 13. Load step sequence of static pile load tests.
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4.2 Measured static and dynamic test signals

The dynamic test signals of P1 and P2 are shown in
Figures 14 and 15, respectively. The measured forces
increase and decrease rapidly with time and have a peak
of about 50 kN. The loading duration is about 50 ms.

Figures 16 and 17 show the measured static and
dynamic horizontal load-horizontal  displacement
relations of P1 and P2, respectively. It can be seen from
the figures that there are good agreements between the
measured load displacement relations from the static
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load tests with continuous loading and that from the
static load tests with step loading. On the other hand,
the measured load displacement relations from the
dynamic load tests are totally different from the
measured static load displacement relations. Therefore,
in order to obtain the static load displacerment relation
of the pile from the measured signals of the dynamic
load test, wave matching analysis of the measured
dynamic signals was carried out using KWaveHybrid.
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4.3 Wave matching analysis results

Matching analysis was repeated with assumed
values for the maximum shaft limit horizontal pressure,
gn, and the soil shear modulus, Gs, using the measured
Fan as the force boundary condition at the loading
point, until a good matching between the calculated and
the measured pile displacement was obtained. Soil
parameters used in the final matching of P1 are listed in
Table 4. Fgure 14(b) and Figure 18 show the
displacement vs time and load displacement relation of
P1 in the final matching analysis, compared with the
measured values.

It can be seen that the calculated dynamic pile
displacement underestimated the measured values after
the peak displacement. This is thought to be due to the
soil spring model. At the present, the value of the soil
springs in KWaveHybrid during the loading and
unloading states are the same. It can be seen from the
measured results (Figures 16 and 17) that the values of
the soil spring during the loading and unloading states
should be different These extensions are left for future
work.



Table 4. Soil parameters for final matching of P1.

Depth (m) Gs (kPa) v h (kPa)
Ol 1083 0.3 1
>1 1083 0.3 Elastic range
Table 5. Soil parameters for final matching of P2.
Depth (m) G;s (kPa) v h (kPa)
O1 1539 0.3 5
>1 1539 0.3 Elastic range

Using the same soil parameters as shown in Table 4,
the static load displacement relation of P1 was
estimated using KWaveHybrid. Figure 19 shows the
comparison of the estimated static load displacement
relation of P1 with the measured value. It can be seen
that the estimated result matches very well with the
measured onre.

The same analysis procedures as P1 were carried out
for P2. Soil parameters used in the final matching of P2
are listed in Table 5. FHgure 15(b) and Figure 20 show
the displacement vs time and load displacenment of P2
in the final matching analysis, compared with the
measured values.

Figure 21 shows the conmparison of the estimated
static load displacement relation of P2 with the
measured value. Again there is a good agreement
between the estimated and the measured results.
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Fig. 18. Dynamic pile load test results of P1.
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Fig. 19 Static pile load test results of P1.

509

60 — 71 r 1 r 1 T T
F — — Calculated

w b
o O

Force, F, | (kN)
N
o

0 s s PR
0 3 6 9 12 15
Horizontal displacement, u (mm)

Fig. 20. Dynamic pile load test results of P2.

100 711
[ — — Estimated
g 80 | —— Measured .
s 60| -
oo
S 40t -
L? L
20} §
0 L 1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30
Horizontal displacement, u (mm)

Fig. 21 Static pile load test results of P1.

4.4 Prediction analysis

In actual construction site, it would be very useful to
estimate the static load displacement relation of the
actual pile from the dynamic load test of another pile
having smaller diameter. In this work, the soil
parameters of P2 (Table 5), which has a smaller
diameter than P1, were employed to predict the load
displacenment relation of P1.

Figure 22 shows the predicted displacement vs time
and the predicted dynamic load displacement relation of
P1, compared with the measured values.

Figure 23 shows the predicted static load
displacement relation of Pl, compared with the
measurement. It can be seen from the figures that
although the predicted displacements overestimate the
measured values, there are reasonable agreements
between the predicted and the measured values.

5 CONCLUSIONS

A new numerical program KWaveHybrid for
analysing pile driving as well as static load test in
vertical and horizontal directions has been developed in
this study. Performance of the program was verified
through comparisons with theoretical solutions

The developed program was then applied to the
dynamic and static horizontal load tests on two steel
pipe piles. A good matching between the calculated and
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measured behaviours of the piles during driving and
during static load test was obtained.

The identified soil resistance parameters of the
smaller diameter pile were used to predict the
behaviours of the bigger pile, and a good prediction
was obtained.
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Fig. 22. Predicted dynamic results of P1.
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Fig. 23. Predicted static load-displacement of PL1.
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