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ABSTRACT: In a seismic design of a pile foundation, a subgrade reaction generated with a displacement of
piles when the seismic load is applied must be appropriately evaluated. The ratio of the subgrade reaction to
the amount of displacement of a pile is defined as the subgrade reaction modulus (SRM). There are two ideas
about the SRM's depth distribution: one assumes a constant depth distribution, while another assumes a
monotonously increasing depth distribution. There are various types of pile foundations based on different
inclination angles of a pile. In design practice, SRM is not seen as being dependent on the pile type. In this
study, we targeted anchor piles with the main goal of bearing a horizontal load and conducted a horizontal
loading experiment. We prepared a model considering that anchor piles are usually not embedded into the
bedrock and evaluated the depth distribution of SRM by changing the inclination angle of the pile from 0 to
30° with 10° intervals. The experimental result showed that though SRM increases monotonously in the depth
direction, the distribution was different from what was assumed in design practice, where a local maximum
was present at a specific depth in the ground, and the value decreased below that depth. We then proposed
equations to calculate the degree of change in SRM corresponding to the inclination angle of a pile.
Furthermore, it was shown that the position of a local maximum for SRM depends on the location of the
rotational center for the pile.

Keywords: Subgrade reaction modulus; Anchor pile; Horizontal loading experiment; Seismic resistance

1. INTRODUCTION axial direction, and the only load perpendicular to

A pile foundation is often used to bear a vertical
load, such as the weight of a structure. Sufficient
resistance to horizontal loads (e.g. seismic load), is
required in a pile foundation. Piles with a goal of
bearing vertical loads are usually embedded into the
bedrock. Anchor piles are sometimes used in
structures such as quays to resist horizontal loads;
in such a case, there is little expectation for anchor
piles to bear vertical loads. Therefore, anchor piles
are not usually embedded into the bedrock. There
are vertical and batter piles depending on the angle
of placement. When the main goal is to bear vertical
loads, vertical piles are often used; however, batter
piles are superior in terms of resistance to horizontal
loads. For example, [1-5] have experimentally and
analytically shown the utility of batter piles as the
foundation for piers.

When the seismic load is applied to a pile
foundation, horizontal displacement occurs in the
foundation and a subgrade reaction is generated to
resist the seismic load. Seismic resistance of the
vertical piles is exerted through a combination of
the flexural rigidity of the piles and subgrade
reaction, where the axial bearing capacity of the
piles barely contributes to the seismic resistance.
Meanwhile, when there is a horizontal load on a
battered pile, part of the horizontal load is in the

the pile axis is borne by the flexural rigidity of the
pile and subgrade reaction. As such, the resistance
mechanism against horizontal loads is different for
vertical and batter piles; but in both cases, subgrade
reaction must be accurately assessed for a seismic
design of a pile foundation. The ratio of subgrade
reaction to pile displacement is defined as subgrade
reaction modulus (SRM). Methods of calculating
SRM shown in the literature and various design
codes are roughly divided into methods based on
the relative density of the ground [6,7] and methods
based on the deformation modulus of the ground
[8,9]. For the depth distribution of SRM, there are
cases where SRM is considered to be constant in the
depth direction [9] and cases where it is assumed to
increase monotonously [10,11]. In design practice,
depth distribution is usually considered to be
constant for its ease; however, considering its
distribution to be monotonously increasing in the
depth direction can more accurately assess the
actual subgrade reaction [9]. As such, there are
various ideas of ground parameters used for SRM
calculations and depth distribution; however, the
depth distribution of SRM is assumed not to change
according to the above-mentioned pile types.
There have been many horizontal loading
experiments and shaking table experiments
conducted on pile foundations installed in a soil
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tank. Conditions for the pile tip include the one in
which the tip is fixed to the soil tank [12-16] and the
one where the tip is installed in the ground [10,17-
20]. As an experiment noticing the bearing capacity
of a pile, there are cases in which the lower end of
a pile is installed in the ground [21]. With the
former condition, it is relatively easy to perform an
experiment, but the deformation of a pile caused by
a horizontal load or shaking is limited to bending
deformation. Meanwhile, with the latter condition,
it is not limited to the bending deformation of a pile,
and a horizontal load and shaking can also cause
translation and rotation. As discussed above, anchor
piles with the main goal of bearing horizontal loads
are usually not embedded into the bedrock; thus,
there is a displacement at the pile tip due to the
horizontal load. If the pile tip is fixed to the soil tank,
the response will be different from the actual
behavior of piles. Regarding the installation angle
of piles, previous studies mostly targeted vertical
piles. Though there is a study that examined group
piles (a combination of batter and vertical piles)
[18], there is no study that only examined a single
batter pile.

In the present study, we focused on an anchor
pile with the goal of resisting a horizontal load and
conducted a horizontal loading experiment to
evaluate the impact of different inclination angles
of the pile on the depth distribution of SRM. The
inclination angle of the pile was changed from 0 to
30° in 10° intervals. As the bearing of the vertical
load was not the goal, the pile tip was not fixed to
the soil tank. Piles are classified into end bearing,
friction, vertical, batter, and long and short based on
the flexural rigidity of a pile and embedded length.
The above-discussed experiments [10,18] targeted
long piles, but we used a short pile. Most previous
studies obtained the bending moment of piles from
strain values measured by a strain gauge attached to
a pile, from which subgrade reaction was calculated
by taking a second derivative [12-15,17]. One of
those studies assessed the depth distribution of
subgrade reaction [15], but the strain on a pile was
small in depth; thus, the measured value and
subgrade reaction calculated from the value are both
not quite reliable. There is a study that measured
subgrade reaction by attaching an earth pressure
gage on a pile [22], but there have been few reports
that examined the depth distribution of SRM along
with subgrade reaction based on the measurements
taken with an earth pressure gage. Thus, in the
present study, we attached an earth pressure gauge
to the pile and directly measured the subgrade
reaction. Based on the displacement of the pile and
subgrade reaction, we assessed the depth
distribution of SRM and discussed the difference
from the depth distribution of SRM used in previous
studies and design codes.

2. RESEARCH SIGNIFICANCE

There are various types of pile foundations
depending on the difference in the inclination angle
of the pile (vertical pile and battered pile); in design
practice, subgrade reaction modulus (SRM) is
regarded to be independent of the pile type. In this
study, a horizontal loading model test was
conducted by changing the inclination angle of the
pile, and the depth distribution of SRM was
evaluated. This study clarified the quantitative
degree of change in SRM due to the inclination
angle of the pile. This allows SRM to be set
according to the inclination angle in design practice.

3. METHOD

3.1 Outline

We used soil tank dimensions of 880 mm wide,
500 mm deep, and 500 mm high (Fig.1). Four cases
with different initial inclination angles for the pile
were examined (Table 1). Loading was conducted
using a mega torque motor. A steady brace was
attached to prevent the pile from leaning in the
depth direction of the soil tank. To meet the
condition in which the pile tip is not fixed to the soil
tank, we placed the pile after pouring sand up to the
height of 100 mm from the tank bottom. Tohoku
Silica sand no. 6 was used in a dry state. Air
pluviation method was used so that the relative
density (Dr) would be approximately 75%. Fig.2
shows the setup for the pile with Case 3 as an
example. To minimize the impact of the soil tank on
the subgrade reaction, we installed the pile at 730
mm from a soil tank wall in the direction in which
the pile head is displaced. After installing the pile,
we poured sand to the height of 450 mm from the
soil tank bottom.
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Fig.2 Pile setup (Case 3)

Table 1 Examined cases

Initial inclination angle
Case 1 0
Case 2 10°
Case 3 20°
Case 4 30°

Specifications of the pile are shown in Table 2.
We assumed 18 m for the actual pile length and set
the scale ratio of the length at 40 (actual pile/model
pile) by considering the size of the soil tank. For the
actual pile, we assumed an outer diameter of 2,400
mm and a thickness of 8.0 mm and chose the outer
diameter of 60 mm for the model pile based on the
scale ratio. We applied the similitude for the
shaking table experiment in 1g gravitational field
[23] and set the pile thickness so that the flexural
rigidity would be the same for the actual pile and
model pile. The loading speed in the experiment
was 0.5 mm/s, while the maximum horizontal
displacement of the pile head was at least 20 mm.
According to the similitude, the loading speed in the
real scale would be 7.95 cm/s, while the maximum
horizontal displacement of the pile head would be
over 5m.

Table 2 Pile specifications

Diameter (mm) 60.0
Thickness (mm) 5.0
Young’s modulus (KN/m?) 7.00 x 107
Cross-sectional area (m?) 8.64 x 10
Moment of inertia of area (m?) 3.29 x 1077
Flexural rigidity (kNm?) 2.31x10

3.2 Measured Items

Items measured in this experiment were (1) load,
(2) horizontal  displacement, (3) vertical
displacement, and (4) subgrade reaction at the front
side of the pile. We used a data logger to record the
time history data of all items. Hereafter, we consider

the direction of the displacement for the pile head
as the front side of the pile and the opposite side as
the backside of the pile.

Taking Case 4 as an example, we presented the
attachment position of each measuring instrument
in Fig.3. The values of horizontal displacement,
vertical displacement, and earth pressure were
shown as X, y, and Ep, respectively, and the number
was added as shown in the figure. With the top,
center, and bottom of the pile as the targets, the
displacement gauge and the backside of the pile
were connected with a wire to measure the
horizontal displacement. By passing the wire
through a sleeve, we eliminated the friction between
the ground and the wire. The position of the
horizontal displacement measurement for the center
and the bottom of the pile was 225 mm and 25 mm
from the pile tip, respectively. Meanwhile, the
position of the horizontal displacement
measurement for the pile head varied based on the
initial inclination angle of the pile. For the vertical
displacement, we used a laser-type displacement
gauge fixed to the soil tank to measure the distance
to the supplement plate attached to the pile head.
Measurements were taken at two locations with a 30
mm interval in the horizontal direction. Subgrade
reaction was measured at the pile tip and five
heights from the tip—35, 105, 175, 245, and 315
mm—using an earth pressure gauge installed with a

jig (Fig.2).
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Fig.3 Attachment position for the measuring
instruments (Case 4)

Measured values of subgrade reaction fluctuated
greatly since sand particles repeatedly came in
contact with the earth pressure gauge during loading,
including a large number of high-frequency
components. Thus, we performed a fast Fourier
transform of the measured data and used a low-pass
filter at 0.8 Hz. Then we performed the inverse
Fourier transform to obtain the time history data
[24,25]. Fig.4 shows the time history data for the
values measured by the earth pressure gauge and
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values after filtering for Ep4 of Case 1 as an
example. The gray line shows the measured values,
while the red line shows the values after filtering.
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Fig.4 Example of filtering process (Case 1 Ep4)
4. RESULTS
4.1 Horizontal Displacement

Fig.5 shows the time history of the horizontal
displacement of the pile in Case 1. Displacement in
the load direction is positive. While x1 and x2 were
displaced in the load direction, x3 was displaced in
the opposite direction to the load. Each
displacement became constant during loading
because the horizontal displacement reached the
measurement limit of the displacement gauge. Fig.6
showed the horizontal displacement distribution of
the pile when the horizontal displacement of the pile
head became 6 mm. As described above, the
measurement height of x1 varied between cases;
thus, hereafter, we consider the height of 450 mm
from the pile tip as the pile head. At the end of
loading, the pile maintained a linear shape in all
cases: there was no bending deformation of the pile.
The pile tip was displaced in the opposite direction
to the load, where the pile rotated with a certain
depth at the center. Rotation was the dominant
deformation mode in this experiment.
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Fig.5 Time history of the horizontal displacement of
the pile (Case 1)
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Fig.6 Horizontal displacement distribution for the
pile (at the time of 6-mm displacement for the pile
head)

4.2 Height of the Rotational Center

We used the measured values for x1 and x3 to
obtain the height of the rotational center for the pile.
Fig.7 shows the relationship between the initial
inclination angle and the height of the rotational
center. Values in the legend show the amount of
horizontal displacement for the pile head. As the
initial inclination angle of the pile increased, the
height of the rotational center clearly decreased.
The height of the rotational center did not depend
on the amount of pile head displacement.
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Fig.7 Relationship between the initial inclination
angle and height of rotational center for the pile

4.3 SRM

Taking Case 1 as an example, we demonstrated
the  relationship  between the  horizontal
displacement of the pile head and subgrade reaction
(Fig.8). At Epl, it dramatically decreased while the
pile head displacement was small, reaching 0 when
the displacement became 3 mm. Before loading, the
weight of the pile created a subgrade reaction of
10.6 kN/m2. However, with loading, the pile rotated,
where the pile tip was no longer in contact with the
ground; thus, the subgrade reaction was no longer
measured. Ep2 was located below the rotational
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center for the pile; displacement was opposite to the
load direction. Thus, there was no subgrade reaction
on the front side of the pile. Ep3 was close to the
rotational center, and displacement was small. The
subgrade reaction barely changed. In contrast, Ep4
to Ep6 was far from the rotational center,
experiencing a notable displacement in the load
direction; thus, the subgrade reaction increased with
the increase in the horizontal displacement of the
pile head. Note that Ep6 was located near the
ground surface where the confining pressure of the
ground was extremely small; thus, as the horizontal
displacement of the pile head increased, the ground
in front of the pile was raised and shifted toward the
backside of the pile around the circumference of the
pile. This makes the compression of the ground less
likely, limiting the increase in subgrade reaction.
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Fig.8 Relationship between the horizontal
displacement of the pile head and subgrade reaction
(Case 1)

Subgrade reaction and the horizontal
displacement of the pile at a certain depth can be
expressed with Eq. (1).

p=ky 1)

where p is the subgrade reaction (kN/m?), y is the
horizontal displacement of the pile (m), and k is the
SRM (KN/m?).

Based on Eq. (1), we calculated SRM at a depth
of each earth pressure gauge. Fig.9 shows the
relationship between the horizontal displacement of
the pile head and SRM. Regardless of the initial
inclination angle of the pile and depth, due to the
impact of the nonlinear property of the soil and soil
slipping past around the pile circumference, SRM
decreased as the horizontal displacement increased.
Up to 1 mm of pile head horizontal displacement
(25 cm in the actual scale), SRM rapidly decreased.
When it exceeded 2 mm (50 ¢cm in the actual scale),
SRM did not change significantly. A similar
phenomenon has been identified for vertical SRM
that works on the bottom surface of a wide
foundation [26].
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With Ep4 to Ep6, where subgrade reaction
increased with the horizontal displacement of the
pile head as the target, we show the relationship
between the initial inclination angle of the pile and
SRM when the horizontal displacement of the pile
head was 6 mm (Fig.10). Here SRM ratio that has
been normalized with the SRM of Case 1 is shown.
We also show the approximation curve of the SRM
ratio obtained with a quadratic function using a
solid line. At Ep4 and Epb, as the initial inclination
angle increased, the SRM ratio linearly decreased.
Meanwhile, the SRM ratio of Ep6 with little
confining pressure was constant when the initial
inclination angle was in the range of 0-10°, but
rapidly decreased when the initial inclination angle
was in the range of 10°-30°.
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Fig.10 Relationship between initial inclination
angle and SRM ratio (at the time of 6-mm
displacement for the pile head)

With the point at which the horizontal
displacement of the pile head was 6 mm as an
example, we show subgrade reaction distribution
and SRM distribution in Figs.11 and 12,
respectively. As discussed, we were unable to
obtain subgrade reaction at Ep2; thus, we only
targeted values for Ep3 to Ep6. At the rotational
center, there was no displacement in a pile; thus, we
set the subgrade reaction at the height of the
rotational center as zero. The shape of SRM
distribution varied between each case.

5. DISCUSSIONS

5.1 Comparison with Various Design Codes for
SRM

Various design codes indicate various
assessment methods for SRM, and these can be
roughly divided into methods that are based on the
relative density of the ground [6,7] and methods that
are based on the deformation modulus of the ground
[8,9]. As for the depth distribution of SRM, there
are cases where it is considered to be constant in the
depth direction [9] and cases where it increases
monotonously [10,11]. In the present study, we
define each method in Table 3.

o 350
S 300 s
k= = 250
£ £ 200
£ 2 150 "  —e—Casel
57 100 o= Case 2
f 50 Case 3

0 Case 4

0 10 20 30 40

Subgrade reaction (kN/m?)

Fig.11 Subgrade reaction distribution (pile head
displacement of 6 mm)
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Fig.12 SRM distribution (pile head displacement of
6 mm)

Table 3 Method to evaluate SRM

Depth d|_r SELOT Constant | Increase
istribution © )

Soil property
Relative density (RD) RD-C RD-I
Deformation modulus (DM)| DM-C | DM-I

RD-I includes a method that obtains SRM with
Eq. (2) [7]. The rate of increase for SRM (nn) shows
the values corresponding to relative density (Table
4).

k =n,x/B 2

where k is the SRM (KN/m3), n, is the rate of
increase for SRM, the value shown in Table 4
(kN/md), x is the depth (m), and B is the pile width

(m).
Table 4 Rate of increase for SRM (ny) [7]

Relative density
of sand
Dry or wet sand | 2200 6600 17600

Sand in water 1300 4400 10800
Note: Unit is kN/m®

Loose | Intermediate | Dense

DM includes a method that obtains SRM with
Eg. (3) [8].

k = Ak,(B'/0.3)73/4 (3)
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where A is the coefficient that considers the impact
of the construction method of the foundation, ko is
the SRM (kN/m?®) equivalent to the value of the
plate loading test using a rigid disk with a diameter
of 0.3 m (ko = o E / 0.3), E is the deformation
modulus of the ground (KN/m?), a is the conversion
coefficient for SRM, and B’ is the converted loading
width (m) of the foundation used to estimate SRM.

In terms of Eq. (3), it has been suggested that it
overestimates the SRM dependency on the
foundation width [27], but in the present study, the
pile width was not changed and we focused on the
depth distribution of SRM. Thus, we used Eq. (3) as
is. The average deformation modulus of the ground
was determined to be 2,000 kN/m? from a separate
compression experiment. Meanwhile, for the DM-I
type, the shear modulus of the ground was
proportional to the 0.5 power of the effective
confining pressure [28] and the deformation
modulus and the shear modulus of the ground were
in the proportional relationship shown in Eq. (4);
and thus, we considered the deformation modulus
of the ground to be proportional to the 0.5 power of
the effective confining pressure.

E=2(1+v)G 4

where G is the shear modulus of the ground (kN/m?)
and v is the Poisson’s ratio of the ground.

A comparison of the SRM distribution when the
horizontal displacement of the pile head was 6 mm
is shown in Fig.13. None of the existing calculation
methods show a local maximum for SRM at a
certain depth. In most of the previous studies, as
with the design codes, SRM is regarded as
monotonically increasing in the depth direction
[29,30], or it is regarded as a constant value in the
depth direction [30,31]. In contrast, [32] performed
a finite element analysis, showing SRM of
decreasing depth-wise after increasing
monotonically to a certain depth. The finding is
consistent with the result of this study. Since the pile
displaced toward the backside below the rotational
center, there was a gap between the ground and the
front side of the pile into which surrounding and
above—ground shifted to fill the gap. For this
reason, sand at the front side of the pile right above
the rotational center became loose. Therefore, even
if the pile was displaced, there was almost zero
subgrade reaction, and SRM began to show a
decreasing trend at a certain depth above the
rotational center.

As Fig.13 connects the SRM assessed at the
installation positions of the earth pressure gauge
with a straight line, the height of the local maximum
for SRM is unclear. Thus, we obtained an
approximation curve for the subgrade reaction
distribution through spline interpolation and
obtained the SRM distribution by dividing the

subgrade reaction distribution by horizontal
displacement at each depth. Fig.14 shows the SRM
distribution obtained in this manner for examples
where the horizontal displacement of the pile head
was 2 and 3 mm. The height of the local maximum
for the SRM in each case is shown with a dashed
line. In Case 1 where the pile head displacement
was small (1-2 mm), the SRM linearly increased in
the depth direction and reached its maximum at the
rotational center, which is in harmony with the
existing idea. Given the similitude, it is equivalent
to about 50 cm or less on the real scale. Meanwhile,
when the pile head displacement in Case 1 reached
3 mm or more (75 cm or more in the real scale), or
in Cases 2-4, the SRM reached its local maximum
at a certain depth in the ground and then began
decreasing; the SRM distribution diverts from that
of design practice.
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Fig.13 Comparison of SRM distribution (at the time
of 6-mm displacement for the pile head)
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5.2 SRM Ratio

As was pointed out in the design code [9], SRM
decreases more with an increase in the initial
inclination angle. However, there has been no
comprehensive examination of the degree of
decrease in SRM corresponding to the inclination
angle of the pile. Fig.15 shows the relationship
between the initial inclination angle of the pile and
the SRM ratio obtained from SRM at the height of
150 mm from the pile tip for cases where the
horizontal displacement of the pile head was 2 and
3 mm. The horizontal displacement of the pile head
of 2 mm is equivalent to 50 cm in the real scale,
which is in the range of pile head displacement
considered in design practice when the reference
ground motion is relatively small. The SRM ratio
rapidly decreased when the initial inclination angle
was 0-20° but became mostly constant when the
initial inclination angle was 20°-30°. Eq. (5) was
obtained from an approximation that used a
quadratic ~ function. Meanwhile, pile head
displacement of 3 mm is equivalent to 75 cm of
displacement in the real scale, which corresponds to
displacement during a massive earthquake. In this
range, as the initial inclination angle increased, the
SRM ratio linearly decreased, where Eq. (6) was
obtained from linear approximation.
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Fig.15 Relationship between initial inclination
angle of pile and SRM ratio

rSRM = 0.000462 — 0.02996 + 1.0120 (5)
rSRM = —0.01666 + 1.0152 (6)

where rSRM is the SRM ratio and 4 is the initial
inclination angle of the pile (°).

5.3 Height of SRM Local Maximum

Fig.16 shows the relationship between the SRM
local maximum height and the initial inclination
angle of the pile. When the pile head displacement
was small, excluding Case 1, the difference in the
SRM local maximum height was limited. However,
when the pile head displacement became large, the
difference in the SRM local maximum height due to
the initial inclination angle of the pile became
notable, where larger initial inclination angles led to
lower SRM local maximum height. When the pile
head displacement was 3 mm, the difference in the
SRM local maximum height was 13 mm; however,
when the displacement reached 6 mm, the
difference was significant, at 53 mm. Fig.17 shows
the relationship between the height of the rotational
center of the pile and the SRM local maximum
height. As the rotational center height increased, the
SRM local maximum height increased linearly. The
ratio of this increase was larger when pile head
displacement was larger.
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Fig.16 Relationship between the initial inclination
angle of the pile and SRM local maximum height
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Fig.17 Relationship between the rotational center
height and SRM local maximum height
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6. CONCLUSIONS

In this paper, we conducted a horizontal loading
experiment of four cases with different initial pile
inclination angles. We assessed changes in the
depth distribution of SRM and showed a
relationship between the rotational center height
and the SRM local maximum height. Major
conclusions drawn from the study are as follows:

(1) Within the range of pile head displacement of
50 cm or less in the real scale for a vertical pile,
the SRM linearly increased in the depth
direction. Such SRM distribution is consistent
with that of design practice. In contrast, with a
batter pile or a vertical pile with a pile head
displacement of 75 cm or more in the real scale,
the SRM linearly increased to a certain depth,
reached a local maximum, and then decreased.
This phenomenon is not considered in design
practice.

(2) When the pile head displacement was 50 cm
or less in the real scale, the SRM ratio rapidly
decreased when the initial inclination angle
was 0-20° but became almost constant when
the initial inclination angle was 20°-30°.
Meanwhile, when the pile head displacement
was 75 cm or more in the real scale, as the
initial inclination angle increased, the SRM
ratio decreased linearly. Based on these results,
we proposed equations to estimate the degree
of decrease in SRM in accordance with the
initial inclination angle of the pile.

(3) With larger initial inclination angles of the pile,
the height of the rotational center decreased.
Similarly, the SRM local maximum height
decreased with increasing initial inclination
angle, where this tendency became more
noticeable with a larger pile head
displacement. As the rotational center height
increased, the SRM local maximum height
increased linearly. The larger the pile head
displacement the larger the ratio of this
increase was.
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