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Abstract. In this study, the effects of pile spacing and pile head fixity on the moment and lateral soil pressure distribution
along slope stabilizing piles are investigated. A slice from an infinitely long row of piles with fixed pile tip in an inclined
sand bed was simulated with an experimental test setup. Surficial soil displacements were monitored and relative dis-
placements between soil particles were determined by recording time-lapse images during the test in order to observe the
soil arching mechanism on the soil surface. The load transfer process from moving soil to piles and behavior of soil
around piles were observed and evaluated by the different test setups. It was observed that decrease in pile spacing causes
an increase of load carried per pile. This behavior, which was significantly influenced by the pile head boundary condi-
tions, can only be explained by soil arching that existed between the piles along their lengths.
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1. Introduction

The stabilization of slopes by installing a row of large
diameter cast in place reinforced concrete piles has come
into widespread use as an effective mean against exces-
sive slope movement in recent years (Sommer 1977,
Viggiani 1981; Ito, Matsui 1977; Gudehus, Schwarz
1985; Reese et al. 1992; Hong, Han 1996; Poulos 1996;
Zeng, Liang 2002; Christopher et al. 2007). Stabilizing
effect is provided by the passive resistance of the pile
below the slip surface and load transfer from the sliding
mass to the underlying stationary soil or rock formation
through the piles due to soil arching mechanism (Chen
etal. 1997; Chen, Martin 2002; Liang, Zeng 2002;
Verveckaite et al. 2007; Kahyaoglu et al. 2009).

Once the excessive movement occurs within the slo-
pe above the sliding surface, soil is forced to squeeze
between the piles and shear stresses are developed by the
relative displacement of the two masses in the interface
between the moving and stationary masses. The shearing
resistance pretends to keep the yielding mass on its original
position by reducing the pressure on the yielding part and
increasing the pressure on the adjoining stationary part
(Bosscher, Gray 1986; Adachi ef al. 1989; Pan et al. 2000;
Cai, Ugai 2003; Zhao et al. 2008; AmSiejus et al. 2009).
This transferring process of forces is called soil arching,
which depends on soil properties, pile rigidity, spacing
between piles, and relative movement between the soil and
the pile, the fixity condition at the pile top (Chelapati 1964;
Ladanyi, Hoyaux 1969; Evans 1983; Iglesia 1991).

The formation of the arch is described in terms of ma-
jor and minor principal stresses of soil. As for isolated piles

which subjected to lateral soil movement, radial stresses
develop in front of the grouped piles. The difference
between isolated piles and grouped piles is that the direc-
tions of the major principal stresses from grouped piles do
not extend radially from the pile centers, but rather form an
arch (Thompson et al. 2005). The arch is the path of the
major principal stress, and the direction perpendicular to
direction of the plane which the minor principal stress acts.
The major principal stress increase is still accompanied by
a decrease in the minor principal stress.

One of the requirements for practicing soil engineers
is to understand the factors influencing the development of
soil arching. Incorporating arching mechanism into slope
stabilization design requires a comprehensive investigation
of the conditions (Poulos 1996; Pan ef al. 2002; Zdankus,
Stelmokaitis 2008; Liang, Yamin 2010).

The focus of the present study is to investigate the
load transfer mechanism from sandy soil to slope stabili-
zing piles and to observe the behavior of the soil around
the piles. To this end, a model of a sand slope was estab-
lished in order to study the effect of pile spacing and pile
head fixity condition in one row of piles on the deforma-
tion and stress transfer behavior in the system. The ben-
ding moment and pressure distribution along the pile
length were determined from the deformation of instru-
mented piles. The soil surface displacements were also
monitored and evaluated via digital image analysis
techniques in order to observe the soil arching mecha-
nism on the soil surface. Relative displacements between
the soil particles were determined by recording time-lapse
images.
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2. Model test setup

An experimental test setup was designed and manufactured
for the investigation of the effects of pile spacing and pile
head fixity on the lateral soil pressure. In this setup, a slice
from infinite number of piles in an inclined loose sand bed
was simulated. The experimental setup consisted of a test
box, a pluviation system to prepare homogeneous and
uniform loose sand bed, three types of measuring devices
such as load cell in front of a loosening support, displace-
ment transducers at model pile heads, strain gages along
model piles, and data acquisition systems with 32 channel
data logger to digitize and record the information data from
measuring devices (Fig. 1).
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Fig. 1. Section view of experimental setup (Kahyaoglu 2010)

The test box was made of rigid steel plates. The in-
side dimensions of test box were 1200 mm in length,
480 mm in width and 500 mm in depth. Two rollers were
placed between the direct contact surfaces on two sides.
The box was supported from both sides with two 240 cm
long steel beams. The test box enables pile tests with
fixed pile tip in as many combinations of pile spacing as
possible. The model piles used in the tests were made up
of aluminum. The length of the solid cylindrical piles was
750 mm with an outside diameter of 20 mm. The bending
stiffness of aluminum piles was 5.5x10° kNmm®. Slots of
5 mm in width and 1 mm in depth were sanded smooth
and rinsed with acetone along the pile length for moun-
ting strain gages. To obtain the strain and moment beha-
vior of the piles, seven strain gages were directly attached
along the pile length perpendicular to the direction of soil
movement (Fig. 2). The strain gages were TML FLA-10
model by Tokyo Sokki Kenkyujo Co., with dimensions of
10 mm x 2.5 mm having 8 mm active grid length. The
resistance of the gages was 120 Ohms +0.3%, and the
gage factor was 2.090 + 0.5%. The gages were fixed to
the pile with epoxy based glue. The gage resistances were
checked prior to installation. After the installation of the
gages, the shrink tubes were heated to wrap the pile tight-
ly, covering the strain gages to protect them from mecha-
nical damage during tests. Lateral pile head displacement
measurements were measured by utilizing a resistive
linear position transducer (RLPT) with 50 mm electrical
measuring stroke for sensing the position of an attached

pile. Piles were installed along the box perpendicular to
the ground and positioned 7.5 times the pile diameter
(7.5d) away from the front of the box wall to minimize
the end effects (Davie, Sutherland 1978).

Aluminum Pile

7

: 7/ ______ L
©
9 N~
I I |
1 i
o
I = Test Box
=
1 of
o
I - S
| ol o 10
Yo} o
N~ ~—
I\ S
\
8 — L5 = — &= — L
-— 6\
3 N
4 ~
o
LO _______
% uo) Screw to achieve

fixed pile tip

Dimensions are in mm

Fig. 2. Instrumentation of piles

Fig. 3 shows the details of the pile installation. The
sheet metal with open center for pile installation, was
placed between the sliding plane and the box toe
(Kahyaoglu 2010). The centre of the open part of the
sheet metal was covered with caoutchouc sheet having
holes for pile installation. The diameter of holes was
25 mm and the number of holes was determined accor-
ding to the pile configuration. The accordion bellow
heads were attached to the pile with clamps. The accor-
dion bellows let the pile move freely and prevented the
sand to spill during pluviation.

1. Box toe

2. Caoutchouc separator

3. Accordion bellow

4. Aluminum pile

5. Sheet metal

6. Box carrier sheet metal

7. Platform where piles
are socketed

s = pile spacing

Box width = 48 ™

Fig. 3. Photograph of model box with piles: a) Inside view;
b) Bottom view
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Quartz dry sand was used in testing program to mo-
del the granular moving soil. The sand used throughout

Table 2. Test program

the experiments was medium to fine sand. The index  Test| SI°P° Pile | bite Head | Number | umber of
. . . Angle | Spacing .- . Repeated
properties of the sand are given in Table 1. No (@) s) Condition | of Pile Tests
Table 1. Index properties of the sand 1 20 No pile — — 3
2 20 6d Free head 4 2
Property Sand 3 20 4d Eree head 6 2
Mineralogy Quartz 4 20 4d Fixed head 6 3
Specific gravity, G, 2.65
Mean particle size, Dso (mm) 0.50 variations for test program including the pile spacing (s)
Maximum and minimum particle size and the pile head fixity condition were illustrated in Tab-
’ 0.7-0.3
Dmax_Dmin (mm) le 2.
Coefficient of uniformity, C, 1.39 Tests were repeated two or three times under the
Coefficient of curvature, C, 1.01 same conditions and the results in each series were all
Maximum dry density. Y, (Mg/m’) 0.016376 found to be very close, with a variation of maximum 5%
Minimum dry density. Yuin (Mg/m?) 0.013389 in total load cell recordings, 8% in transducer recordings
Maximum void ratio, emax 0.98 and 12% in the strain gage recordings, demonstrating the
Minimum void ratio. €nin 0.62 repeatability of the tests. The bending strain and head
Relative density . Loose displacement values of all piles were the same during the
Test density. Yies (Mg/m’) 0.013389 tests so each pile had similar elastic curves. The interpre-
Test void ratio, e 0.62 tations on load-displacement relationship were made for
Angle of internal friction 32°

In order to create a repeatable and uniform sand bed
and to obtain a certain void ratio, a simple deposition
device was designed with two basic parts as a reasonable
approximation of pluviation method without diffuser
meshes. Sand pluviation pan and flexible pipe were utili-
zed to rain the sand into the box. For each experiment,
sand deposition was carried out with 2 cm drop height to
get a uniform loose sand deposit all over the box. The
sand was discharged from the base of the box following
the completion of each test, and the box was refilled for
the next test.

In the previous studies, researchers set model piles
in boxes consisting of two parts (Matsui et al. 1982; Cox
et al. 1983; Chen et al. 1997; Nalgakan 1999; Pan et al.
2000). The movable upper part of the box was forced by
horizontal external load to make uniform horizontal or
triangular soil displacement. The fixity effect of the pile
in the stationary part was obtained either by a dense soil
or a steel plate placed under the sliding surface. However,
a landslide is generated by the weight of sliding soil
without the influence of any external forces in real. In this
study, as a contribution to literature, the movement of the
soil was controlled by an automatically operated loose-
ning support to facilitate the soil movement in the
downslope direction under its own weight at a constant
rate of 2.9 mm/min. The response of the pile was measu-
red and recorded during the box movement until the
maximum allowable box displacement was reached
(5 cm). Load cell was connected in series to the loosening
support for measuring the load-displacement relationships
of the box. The friction load (F,) was computed by su-
btracting the load measured by the load cell from the
sinusoidal component of total weight of box filled with
sand in a test without piles. This friction load was taken
into account in the interpretation of the test results. The
loads acting on the piles were computed by subtracting
the friction load from the load measured by load cell. The

the pile in the central position.

Bending strain data were used to generate bending
moment vs. depth curves for all tests. These curves pre-
sent bending moment distributions at successive incre-
ments of box displacements. Bending moment measure-
ments provide important information about pile’s
response. The ultimate bending moment data at the strain
gage locations were also best fitted along the pile using
Matlab cubic spline interpolation in order to come up
with the ultimate bending moment curvature defined as
piecewise polynomials.

Distributions of shear force and soil resistance with
depth were obtained by successive integration and diffe-
rentiation of the ultimate bending moment curvature
using Matlab cubic spline toolbox. Using spline toolbox,
boundary conditions can be applied to the first and se-
cond derivative of the spline function. Bending moment
values set as zero at the pile head in the case of free head
pile. On the other hand, the soil pressure values were set
as zero at the soil surface in the case of free and fixed
head piles as boundary conditions.

3. Monitoring soil surface displacements

The soil surface displacements were monitored and eval-
uated via digital image analysis techniques in order to
observe the soil arching mechanism on the soil surface.
However, since only the top soil surface can be imaged
by the camera, the movement of the soil particles below
the surface could not be determined. A digital camera
was mounted on the test box, which has the same move-
ment with the box and the soil surface to determine the
relative surface displacements. The SLR camera Canon
350D with 18-55 mm lens controlled by a laptop com-
puter remotely via USB connection was aligned perpen-
dicular to the inclined surface of the soil (Fig. 4a). The
soil surface was equipped with specks having a diameter
of 1 mm, in order to measure the relative displacements
by monitoring these points (Fig. 4b). The specks were
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positioned denser around the piles and become coarser
away the piles. Thus, relative displacements between the
soil particles were determined by recording time-lapse
images throughout the test for 10 seconds time intervals.
Time-lapse photography involves taking many pictures of
the soil surface over the entire test period and then ana-
lyzing them together in order to determine relative soil
displacements on the soil surface.

b)

Fig. 4. Position of camera (a); Camera view (b)

The calibration of the camera was performed by
imaging a grid paper laid on the soil surface. On the ca-
libration images, 10 mm corresponded to 65 pixels both
in vertical and horizontal directions and negligible tele-
centricity effect was observed. The resolution of the sys-
tem was determined as 1/6.5 mm. The frame of the came-
ra was arranged so that it captures the zones where soil
arching is expected to take place.

4. Digital image processing operations

The image processing and data visualization operations
were performed by using MatLab® Technical Computing
Language and Image]® image analysis software. The
relative and final displacements of the monitoring points
were marked onto the original soil surface images in or-
der to have a visual explanation of the soil arching phe-
nomena.
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Fig. 5. Digital image processing sequence

The captured images were reduced to 8-bit gray sca-
le images, in order to apply thresholding operation for the
segmentation of the displacement tracking points
(Fig. 5a). The color of the specks was deliberately chosen
as black, resulting relatively low gray values compared to
sand particles after gray scaling. However, the contrast
between the specks and soil particles was improved by
using contrast stretching operation in order to get better
segmentation results from the thresholding process
(Fig. 5b). The segmentation of the tracking points was
performed by choosing a proper threshold value and then
applying the thresholding operation (Fig. 5¢).The thre-
shold value was determined by using Otsu method (Otsu
1979), which calculates an automated threshold value by
using the histogram of the image being used. Thus, pixels
having the gray value below the threshold have been
converted to black and pixels having the gray value above
the threshold converted to white (Fig. 5d).

After the image processing stage, the resulting bina-
ry images have been stored for the image analysis in or-
der to determine the coordinates of the segmented trac-
king points.

5. Digital image analysis

The area and circularity of the segmented tracking points
were used as the elimination criteria at the analysis of the
binary images. The segmented tracking points were ana-
lyzed in the binary images and a discrepancy between the
speck areas, varying in a close range interval, was ob-
served. The pixel blocks, having larger area than the
speck area interval, were eliminated. Thus, piles, the
borders of the box, the tripod were not considered at the
analysis. Also, pixel blocks, having less area than the
speck area interval, have been eliminated, which ensured
the elimination of the mis-threshed pixels and remains of
the eliminated big pixel groups. However, the area elimi-
nation criteria did not successfully segmented the touch-
ing specks alone. Therefore, the circularity of the seg-
mented points was examined. The circularity presents a
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quantitative value which is defined as C = (4n ar-
ea)/(perimeter)”. A perfect circled speck will have the
circularity value of unity, where this value is decreasing
according to the distortion of the shape. Since the touch-
ing specks have significantly lower circularity values, this
pixel blocks were not considered as displacement track-
ing points in the analysis of the binary images. The cen-
troidal coordinates of the remaining tracking points in
each image were determined and stored for the visualiza-
tion process.

6. Discussion of the test results
6.1. Free head piles

The pile head displacement versus box displacement
graphs for free head piles with s/d = 6 and s/d = 4 are
shown in Fig. 6. It can be observed from this figure and
time lapse images that pile head movement exceeds the
soil movement throughout the tests. The relative dis-
placements of the tracking points for free head piles with
s/d = 6 and s/d = 4 were shown in Figs 7 and 8, respec-
tively.

For the case of piles with both s/d = 6 and s/d = 4,
relative soil movements are seen in the downslope direc-
tion. Since the pile pushed the surrounding soil to displa-
ce to the down slope direction rather than resisting
against sliding. This behavior appears to be distinct in
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Fig. 6. Pile head displacements versus box displacement
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Fig. 8. The overall relative soil surface displacements throug-
hout the test the free head pile test with s/d =4

the case of piles with s/d = 4 due to the excess number of
piles in the same slice. As seen in these figures, the rela-
tive displacements of soil particles decreased with distan-
ce from the piles to the upslope direction. One can notice
that, if there were no piles, there would not be any relati-
ve displacements between the soil particles on the soil
surface. The existence of the relative displacements on
the soil surface was attributed to the presence of the piles
(pile effect). The pile effect became negligible after
approximately eight pile diameter (8d) away from the
piles. Hence, no relative displacements were determined
above this zone during the analysis.

The measured load carried by a single pile in a
group is shown in Fig. 9. As the displacement of the soil
increases, the loads acting on the piles increase rapidly as
a result of load transfer mechanism by means of shear.
The acting loads reach a maximum value and remain
constant as the soil movement continues to increase,
when the soil movement reaches a certain value. This
indicates that the additional soil movement has no more
influence on the load transfer mechanism. It was revealed
that the decrease in pile spacing causes an increase of the
carried load per pile. This behavior can only be explained
by soil arching existed between the piles along the box
depth.
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Fig. 11. Soil pressure distributions at the 18 mm box displace-
ment

The bending moment and soil pressure distributions
along the pile length evaluated from the bending strain
data are given in Figs 10 and 11, respectively. It can be
seen from figures that the maximum values of moment is
increased with the decrease of pile spacing (Fig. 11). Soil
pressure distribution obtained from the bending strain
data confirms the existence of positive passive pressure
zone. It can be observed that pile head movement exceeds
the soil movement, resulting in positive passive pressure
on the piles over a certain depth (i.e. approximately 20%
of the sliding soil thickness). Below this depth, negative
passive pressure occurs up to approximately 80% of the
sliding soil thickness, and again positive passive pressure
starts (Fig. 11). The maximum positive passive pressure
has been observed nearly three fold of the maximum
negative passive pressure. The pressure distribution inc-
reases with decreasing pile spacing.

6.2. Fixed head piles

As the displacement of the soil increases, loads acting on
the fixed head piles increase rapidly as a result of load
transfer mechanism like in the case of free head piles
(Fig. 9). It is also revealed that the restrained pile head
condition causes a decrease of the carried load per pile. It
can be noticed from the Fig. 10 that the fixed head condi-
tion results in the smallest bending moment in the piles.
The maximum bending moment in free head piles is
about two times that in fixed head piles. It can be seen
from Fig. 11 that the maximum value of soil pressure in
the case of fixed head is less than that in free head piles.
The relative displacements of the tracking points for fixed
head piles with s/d = 4 were shown in Fig. 12. For the
fixed head condition, piles resist against sliding and re-
duce the surficial soil displacements in contrast to the
case of free head piles. Therefore, soil particles in the pile
affected zone have less surficial displacements than the
box displacement. Soil particles having less displacement
than the box appear to displace towards the upslope direc-
tion in the time lapse images due to the resistance against
sliding. The relative displacements of soil particles de-
creased with distance from the piles to the upslope direc-
tion.

o Y Reativesot . | ¢ 17

o o
movemént in d |
upslope direction

(s

Fig. 12. The overall relative soil surface displacements throug-
hout the test
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The measured relative displacements were added to
the box displacement in order to determine the magnitude
and the direction of soil particle movement (Fig. 13). By
connecting the soil particles having the same and the
minimum surficial displacements, paths resembling
arches can be established. The surficial displacement of
soil particles located over the developed arches increased
towards the upslope direction, similarly that below the
arches increased towards the downslope direction as
shown in Fig. 13.

Fig. 13. Total soil surface displacements in mm due to soil
arching with 18 mm box displacement

7. Conclusions

In this study, the load transfer mechanism in one row of
slope stabilizing piles was investigated and discussed
based on the experimental results. From the outcomes of
this study, the following conclusions are drawn:

The behavior of the passive pile was significantly
influenced by the pile head boundary conditions. For the
case of free head pile, pile head movement exceeds the
soil movement, resulting in positive passive pressure on
the piles over a certain depth. Thus, the soil arching,
which was determined from the load-displacement rela-
tions, was not observed on the soil surface. For the case
of fixed head pile, soil particles in the pile affected zone
have less surficial displacements than the box displace-
ment. The surface displacement of soil particles located
over the arches developed by connecting the soil particles
having the same minimum surfacial displacements, in-
creased towards the upslope direction, similarly that be-
low the arches increased towards the downslope direc-
tion. This displacement behavior of soil particles are an
evidence of the existence of soil arching mechanism on
the soil surface.

It is more possible for the piles to be yielded by
bending moment than by the shear force, a restrained pile
head is recommended, and the free head condition should
be avoided due to its relatively large bending moment
acting on the piles. A restrained head condition can be
obtained by connecting the pile heads with a buried be-
am, which is fixed by the tie-rods or tension anchors. If
the restrained head condition cannot be obtained, the pile
spacing should be decreased.
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