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In this research, dynamic and static load tests were performed on
permanent foundation piles which had a pile length of 30 m, 800 mm
in outer diameter and 15 mm in wall thickness. In this site the dynamic
horizontal load test on a smaller test pile, 12 m in length, 500 mm in
outer diameter and 12 mm in wall thickness, was also carried out. The
static horizontal load versus horizontal displacement derived from the
dynamic load test conformed well to that measured in the conventional
static horizontal load test of the pile with 800 mm diameter. Then an
attempt was made to predict the horizontal load displacement of the
pile with 800 mm diameter based on the results of the dynamic
horizontal load test of the pile with smaller diameter of 500 mm.

INTRODUCTION

The design methods of foundation structures
have been changing from allowable stress
design to limit state design or performance
based design in Japan after the Kobe
Earthquake in 1995. Precise estimation of
deformation of a pile foundation is a vital issue
in the framework of these new design criteria.
The simplest way to obtain the load-
displacement relationship of a pile is to
conduct an in-situ pile load testing. Many
forms of pile load testing are conducted in
practice.

For axial compressive pile load test methods,
the dynamic load testing or the rapid load
testing is widely used in Japan 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. Application
of the dynamic or rapid pile load test to
horizontal pile load test would be very useful,
although these test methods have not been
specified in Japan.

In Kitiyodom et al. (2006), the possibility of the
use of dynamic horizontal pile load test as an
alternative method for the conventional static
horizontal load testing is presented.
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In actual construction sites, sometimes pile
load tests to failure are not allowed for
foundation piles are not allowed. Moreover,
the use of an additional test pile having the
same dimensions as the actual pile is difficult
from an economical reason and so on. In that
case, it may be useful to predict the load
displacement of the actual pile from the load
test of a smaller diameter test pile located near
the actual pile.

In this work, the static horizontal load test as
well as dynamic horizontal load test was
performed on the permanent foundation piles
which had a pile length of 30 m, 800 mm in
outer diameter and 15 mm in wall thickness. In
this site the dynamic horizontal load test on a
smaller test pile, 12 m in length, 500 mm in
outer diameter and 12 mm in wall thickness,
was also carried out.

In this paper, first the results of static and
dynamic horizontal load tests on the
permanent foundation piles are presented and
compared. Then the horizontal load
displacement of the permanent foundation pile
is predicted based on the results of the
dynamic horizontal load test of the smaller
diameter pile. The predicted results are
compared with the measured results, and
discussions will be made.



PILE LOAD TEST
Test site and test pile

A bridge was constructed at the Kiusu site for
the Central Hokkaido Connection Road in
2005. A pile group foundation was employed
for an abutment of the bridge. A total of 40
steel pipe piles with a centre to centre distance
of 2.2 m and 3.0 m were driven by a hydraulic
hammer (see Fig. 1).

In order to assess the performance of the
constructed piles in the site and to obtain
design parameters for piles in the future, a
static alternating cyclic horizontal load test and
a dynamic horizontal load test were carried out
on the constructed foundation piles H35 and
H36, respectively. Moreover, with an aim to
predict the horizontal load displacement of the
actual pile from the load test of a test pile
which had smaller sizes than those of the
actual pile, dynamic horizontal load test was
conducted on the test pile TO1 which was
located 5 m away from the pile H36 as shown
in Fig. 1. The specifications of both the test
pile and the actual piles are summarised in
Table 1.

Fig. 2 shows the profiles of soil layers and
SPT N-values at Kiusu site. The soil profile at
this site is characterised by thick deposits of
volcanic soils. SPT N-values are typically less
than 7, except for gravel at depths from 17.5 m
to 21.2 m and volcanic soils at depths from
27.5 m to 31 m. No definite bearing stratum
having N-values greaten than 30 can be found
to a depth of 32 m.

Test method and test procedure

Prior to the dynamic horizontal load tests,
static alternating cyclic horizontal load test was
carried out on the pile H35. Details of the static
alternating cyclic horizontal load test can be
found in Tomisawa et al. (2006).

In the dynamic horizontal load test, the pile
was hit horizontally by a hammer mass of 2.14
ton through a coil spring which was attached
to the load cell at the point z = 0.3 m below the
pile head as shown in Photo 1 and Fig. 3.

Applied force, horizontal displacements and
accelerations were measured at the same
level of the hit point with a sampling interval of
15 ms. Details of the loading and measuring
devices are shown in Fig. 3. The measuring
devices and their frequency characteristics are
listed in Table 2.
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Fig. 1. Arrangement of piles at the test site.

Table 1. Specifications of test and actual piles.

T01 H35&H36
Length (m) 12.0 30.0
Embedment length (m) 11.2 29.2
Outer diameter (mm) 500 800
Inner diameter (mm) 476 770"
782"
Cross-sectional area (cm?) 184.0 369.2°
223.7"
Young's modulus (kN/m?) | 2.06x10° | 2.06x10°
Bending rigidity (cm?) 1.13x10° | 5.87x10°
3.60x10°
Shear wave velocity (m/s) 3187 3187
Density (ton/m°) 7.8 7.8
Mass (ton) 1.7 5.9
* Upper part (z < 6 m), ** Lower part (z> 6 m)
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Fig. 2. Profiles of soil layers and SPT N-values.



Table 2. Frequency characteristics of measuring devices.

Frequency characteristic
axial strain gauge DC ~ 300 kHz
accelerometer 0.7 Hz ~ 10.0 kHz

Sensor
load cell DC ~ 1.7 kHz
displacement transducer DC ~20.0 Hz
axial strain gauge 0.1 Hz ~ 6.0 kHz
o accelerometer DC ~ 10.0 kHz
Amplifier
load cell DC ~ 2.5 kHz
displacement transducer DC ~ 2.5 kHz

Photo 1. Loading and measuring devices in the Kiusu site.
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Fig. 3. Loading and measuring devices for dynamic horizontal load test.

702



Test results

Fig. 4 shows the relationships between the
static horizontal load and the horizontal
displacement of the pile H35. The residual
displacement was measured at full recovery of
horizontal load to 0 in each load step, and the
elastic displacement was obtained by
subtracting the residual displacement from the
total displacement measured at the maximum
load in each load step. The residual
displacement and the corresponding elastic
displacement for at the maximum load in each
load step are also shown in Fig. 4.
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Fig. 4. Static horizontal load vs displacement.
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(b) Measured displacement
Fig. 5. Measured dynamic pile load test signal.

An example of the dynamic test signals of the
pile H36 are shown in Fig. 5. The measured
force increases and decreases smoothly with
time, and has a peak of about 50 kN. The
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loading duration is about 70 ms. The
measured displacement also increases and
decreases with time having a peak of 3.6 mm
at a time of 68 ms. The peak horizontal
displacement delays 16 ms behind the peak
horizontal load, showing dynamic effects. A
total of eight dynamic load tests were carried
out on the pile H36.

The axial strains measured at different depths
down the pile shaft are shown in Fig 6. It can
be seen from the figure that only the upper
part of the pile (< G.L. -8.2 m) deforms during
the dynamic horizontal load test.

Fig. 7 shows the relationships between the
dynamic horizontal load and the horizontal
displacement. It can be seen from comparison
between Fig. 4 and Fig. 7 that 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
displacement relation of the pile from the
measured signals of the dynamic load test,
wave matching analysis of the measured
dynamic signals is needed.
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60_""I""I""I""

6]
o

N
o

w
o

Horizontal dynamic load (kN)

o

= N
o o
Oﬁ\x\-...

.3 .6 9 12
Horizontal displacement (mm)

Fig. 7. Measured dynamic load displacement.



ANALYSES OF TEST RESULTS

A computer program KWaveHybrid, developed
by Kitiyodom et al. (2006), was used for the
wave matching analysis of the dynamic
horizontal load test. The program was also
used to estimate the static load displacement
relationship of the pile using the soil
parameters obtained from wave matching
analysis.

Fig. 8 illustrates the hybrid modelling of the
pile and the soil used in KWaveHybrid. The
pile is modeled as beam elements with
masses and the soil is treated as springs and
dashpots.

Fig. 9 shows the dynamic shaft soil resistance
model proposed by Randolph and Deeks
(1992) for vertical shaft resistance. This model
was incorporated into KWaveHybrid for both
vertical and horizontal resistances at the pile
shaft nodes. The values of the vertical spring,
k, the horizontal springs, k* and k’, the vertical
radiation damping, c¢, and the horizontal
radiation damping, ¢* and ¢’, per unit shaft
area are approximated by means of Eqgs. 1
and 2, based on the work of Novak et al.
(1978).
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Fig. 8. Hybrid modelling of the pile and the soil.
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where G5 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.

The slider value is equal to the static
maximum shaft resistance in the vertical
direction and is equal to the limit horizontal
pressure in the horizontal direction.

Fig. 10 shows the dynamic vertical pile base
resistance model. The values of the soil spring
at the pile base, ky, the damping, ¢, and the
lumped soil mass, m,, per unit base area can
be estimated as follows (Randolph and Deeks,
1992):

8G

k, =——— 3
* T rd(1-vy) ®)
Cb =3—4% (4)
7(1-vg) Vg
0.1-v?
m, =16r,p, ——=— 5
b ops 72_(1_‘/5) ( )

in which v and p, are the Poisson’s ratio and
the density of the soil, respectively.

In the analysis of static pile load test, the static
vertical shaft soil spring, Ksatic, iS estimated by
means of Egs. 6 and 7 following Randolph and
Wroth (1978).

Kewic = (2712.75&) -k, & =In[5.01-v,)L/d] (6)
where L is the pile embedment length.

The static horizontal shaft soil spring values at
each pile node are estimated based on
Mindlin’s solution (Mindlin, 1936) which is
similar to the solution of the integral equation
method used by Poulos and Davis (1980). The
equations become

kX

static

= ks),,tatic = é,EsAL (7)

¢ = pd /uE, ®



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. More details of the analysis
method can be found in Kitiyodom et al.
(2006)

Pile node

Slider

max
Tgaic OF Oh

Dashpot ¢,
(viscous)

+Soi| adjacent to pile

Dashpot ¢

Springk || (radtation)

.

Soil far from pile (fixed)

Fig. 9. Vertical and horizontal shaft resistance
model.

Pile node
Dashpot ¢,

N
L] g

Dashpot g, 1esS Mo

Slider gy

Spring ko
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It should be noted here that the unloading and
reloading curves measured in the static
alternating cyclic load test (Fig. 4) indicate that
gapping between the pile and the surround
soil occurs during unloading and reloading
stages. Such gapping has not been
incorporated in KWaveHybrid at present.
Hence, monotonic horizontal loading of the
pile is considered in the analysis. Note also
that the interiors of the pipe piles were almost
filled with soil at the end of driving. However,
the masses of the soil inside the pipe piles
were not taken into account in the analyses.

Analysis results of the actual pile H36

Matching analysis was repeated with assumed
values for the maximum shaft horizontal
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pressure, gn, and the soil shear modulus, Gg,
using the measured dynamic load (Fig. 11) as
the force boundary condition at the loading
point, untii a good matching between the
calculated and the measured pile
displacements was obtained. Soil parameters
used in the final matching of the pile H36 are
listed in Table 3. Fig. 12 and Fig. 13 show the
displacement versus time and load versus
displacement of the pile H36 calculated in the
final matching analysis, compared with the
measured values.

It can be seen that the calculated dynamic pile
displacement overestimated the measured
values after the peak displacement. This is
thought to be due to the soil spring model. At
the present, the values of the soil spring in
KWaveHybrid during the loading and
unloading states are the same. The values of
the soil spring during the loading and
unloading states should be different due to
gapping between the pile and the surrounding
soil as mentioned earlier. However, the
calculated displacement matches very well
with the measured displacement until the peak
displacement.

Table 3. Soil parameters identified in final
matching of H36.

Depth (m) Gs (kPa) Vs dn (kPa)
0to 3.6 7692 0.3 8.1

3.6t015.6 9231 0.3 Elastic range
>15.6 53846 0.3 Elastic range
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Fig. 11. Measured dynamic load of H36.

—~ 4 T T T T T

E I Measlured I I I I
é | = = Calculated T e - ~——
22 .
(<5}

5

x 0

(_ﬁ N R RN RN RS R
Q 0 20 40 60 80 100 120
0 ;

A Time (ms)

Fig. 12. Measured and calculated

displacement of H36.



[e2]
o

50 - e
Z 0| )
= |
b o] Measured
C_g 30 — — <=Calculated T
Lol / 4
g | /
g
>\lO \ e
(@] P 1

0 PR I -
0.0051.01520253.0354.0
Horizontal displacement (mm)
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Fig. 14. Measured, calculated and predicted
static load displacement of H36.

Using the same soil parameters as shown in
Table 3, the static load displacement relation
of the pile H36 was estimated using
KWaveHybrid. Fig. 14 shows the comparison
of the calculated static load displacement
relation with the measured value. It can be
seen that the calculated result matches well
with the measured one.

Analysis results of the test pile TO1

The same analysis procedures as used for the
pile H36 were carried out for the test pile TO1.
Soil parameters used in the final matching of
the pile TO1 are listed in Table 4. The
measured dynamic load versus time is shown
in Fig 15. Fig. 16 and Fig. 17 show the
displacement versus time and load versus
displacement of the pile TO1 calculated in the
final matching analysis, compared with the
measured values.

Fig. 18 shows the static horizontal load versus
horizontal displacement of the pile TO1 derived
from the dynamic horizontal load test.
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Fig. 16. Measured and calculated
displacement of TO1.

Displacement(mm)

70 T T T T T T T I_I
_ 60t e Vo)
= r 7
250 | Y/
Sl /

@40 F M d i
240 I 7 Z -CZE:SLJLIJ;?ed / ]
030/ / 1
E L 4
s 20} .
st \ :
Q10+ - .

¢ ]

0
0 1 2 3 4 5
Horizontal Displacement (mm)

Fig. 17. Measured and calculated load-
displacement of TO1.

600 - , -

500 |- 4 .
~ | / ]
< 400 i y; ]
T 300} 7/ -
o r / Measured in
© 200+ SLT of H36
=/ s _
¢n 100 L — =Derived from
@ /7 DLT of TO1

| |

1 | 1 | 1 1 | 1 1 | 1
0 10 20 30 40 50 60 70
Horizontal Displacement (mm)

Fig. 18. Comparison of static load-
displacement between H36 and TO1.
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Table 4. Soil parameters identified in final
matching of TO1.

Depth (m) Gs (kPa) Vs gn (kPa)
0to 3.6 7692 0.3 23.0

3.6t0 15.6 9231 0.3 Elastic range
> 15.6 53846 0.3 Elastic range

For comparison purpose, the measured static
horizontal load versus horizontal displacement
of the pile H36 is also shown in the figure. As
expected, the horizontal stiffness of the
smaller test pile TO1 is lower than that of the
actual constructed pile H36.

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 sizes.
The soil parameters of the pile TO1 (Table 4),
which has a smaller size than the pile H36,
were employed to predict the load
displacement relation of H36.

Fig. 19 and Fig. 20 show the predicted
displacement vs time and the predicted
dynamic load displacement relation of H36,
compared with the measured values,
respectively. It can be seen that the predicted
pile displacements considerably underestimate
the measured values.

The static load displacement relation of H36
derived from the prediction analysis has been
indicated in Fig. 14. It can be seen that the
predicted result matches well with the
measured one, although good matching for
the dynamic signals was not obtained. Further
study will be needed to use the test pile
having different configurations from the actual
pile for predicting the performance of the
actual pile.
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Fig. 19. Measured and predicted

displacements of H36.
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CONCLUSIONS

In this paper, the results of alternating cyclic
horizontal load tests and dynamic horizontal
pile load tests on driven open-ended steel pipe
piles constructed for foundations of a bridge
abutment at Kiusu site have been presented
and discussed

A good matching between the calculated and
measured behaviours of the piles during
driving and during static load test was
obtained.

The possibility of the use of dynamic horizontal
pile load test as an alternative method for the
conventional static horizontal load testing was
demonstrated.
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