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ABSTRACT:

Urbanization leads to increase lands cost which resulted in the construction of high towering vertically toward the sky and use
underground for construction. Foundations of these structures need deep excavation. Anti-slide piles are a suitable option for
excavation stability, which involves bored cast-in-place piles constructed along the line of the excavation as a retaining structure
using closely bored piles. There is a gap between two individual piles. For this purpose, an experimental study on anti-sliding
piles was investigated, For further investigation of contiguous pile system, and their behavior under different soil types, and to
study the effect of embedment ratio and relative density on lateral displacement of the contiguous pile.

Physical scale model tests were performed to investigate the effect of the fine-grained soils, coarse-grained soils, various
embedment ratios, and density on the lateral displacement. The test results showed that lean clay (CL) soil is more stable to resist
lateral displacement induced by inter-particle cohesion. Increasing the embedding ratio significantly reduced the lateral
displacement, and with increasing backfill density of sandy soil for high embedment ratio the lateral displacement noticeably

decreased, while for the low value of embedment ratio the lateral displacement increase with increase backfill density.
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1L.INTRODUCTION :

Increased land costs as a result of
urbanization have led to the construction of high-
rise buildings that rise vertically into the sky and
the use of underground construction. Excavation
is needed for the construction of basements or
foundations  for  high-rise  buildings and
underground structures. (Ou, 2014). During
excavation on the same site may encounter
various types of soil from soft clay to hard rocks.
Therefore some types of soil lead to instability
problems. One of the dangerous types of soil is
sandy soil after a vertical cut when it is stood
alone for a period of time (Godavarthi et al.,

2011). A contiguous pile wall involves bored cast-in-place
piles constructed along the line of the retaining wall,
retaining structures using closely bored piles. There is a gap
between two individual piles (Godavarthi et al., 2011). The
distance size is influenced by the site's proportions as well
as the real ground condition, but is generally between 50 to
150 mm, as shown in Figure 1.
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Contiguous pile walls are best used in cohesive
soils with a groundwater table below the
excavation level. The wall is made up of discrete
column piles that are normally put at a short gap
for soft soils or at a larger spacing for stiff soils.
(Clayton et al., 2014). Water does not remain in
contiguous bored piles. If the wall must retain
water, the area between the piles can be grouted
before excavation., Alternatively, the shotcrete-
facing wall could be added. (Money et al., 1996).
During excavation, soil gaps between adjacent
piles are left and exposed. Large and small
diameter bored cast-in-place piles are commonly
used to build a contiguous pile wall for temporary
or permanent constructions like deep basements,
cut-and-cover tunnels, tunnel shaft stations,
underpasses. To achieve acceptable ground
movements, bracings of a contiguous wall are also
required. The main advantages of contiguous pile
walls are their cost-effectiveness, as unconnected
piles require less concrete and low-cost augers can
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be used to drill holes for these piles, providing
another alternative for a cost-effective retaining
wall. (Keawsawasvong et al., 2017). The spacing
ratio between adjacent piles is one critical
component that influences the short-term
performance of contiguous pile walls. Despite the
fact that soil gaps in adjacent pile walls are freely
exposed, they are stable due to a self-supporting
mechanism caused by an arching effect that
occurs in soil gaps between two adjacent piles
working against lateral earth pressure behind
them. The most critical components of this design
problem are the predictions of the undrained
limiting pressure behind soil gaps and the lateral
force acting on a pile in a contiguous pile wall in
respect to this factor(Keawsawasvong et al.,
2017).

The selection of embedment depth of piles depend
on the depth of the wall, conditions of the ground,
types of soil, strength of soil, and bulk density
whether or not the piles would be concentrically
loaded. Due to the gaps between singular piles, the
contiguous piled walls cannot be used as an
everlasting wall; they can, however, be turned into
a permanent solution by using a structural facing
wall. An appropriate capping beam should be
mounted on top of the piles for uniformity and
grade repairs (Akrawi and Ahmed, 2019).

For anti-slide piles to exert their holding ability,
the soil arching effect is essential. Pile space is
related to the soil arching behind piles and is an
important aspect of pile design [7]. The landslide
thrust could be transferred to the pile body by soil
arching, which would then transport the stress
underground. Pile space has been shown to be one
of the most important influencing variables on soil
arching (Li et al., 2013). A large pile gap can
result in invalid soil arching between piles and
may cause slippage. If the pile space is too small,
the material may be wasted (Liu et al., 2020).
Hassiotis et al. (1997) suggested a method of
design for pile systems to reach the required factor
of safety, based on the theory of plasticity. Cai
and Ugai (2011), Broms (1964), and Rathod et al.
(2018) concluded that dimensionless (unitless)
lengths control the anti-sliding pile's behavior.
While several researchers concluded that piles
stiffness also has the greatest role in the stabilizing
system. For example, piles' elastic modulus has a
large effect on the p—y characteristics (Li et al.,
2018). Shooshpasha and Amirdehi (2015)
concluded that increasing bending stiffness of a
pile causes to increase in the factor of safety of the
slope. Several researchers are performing a
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numerical study on anti-sliding piles like Poulos
(1995) suggested an approach for the design of
piles for retaining slopes. Muraro et al. (2014)
performed a study on a single pile when affected
by lateral soil movement by using three-
dimensional finite element analyses. Kahyaoglu et
al. (2012) for the free head passive pile groups
which are in cohesionless soils evaluated the
mechanisms of the load transformation by using
three-dimensional finite element analyses and
indicated that by decreasing the pile spacing the
load transfer decreases proportionally.
Kanagasabai et al. (2011) performed a study on a
single pile which embedded into a stable stratum
to stabilize a slipping mass of soil. Kourkoulis et
al. (2012) progressed a hybrid method for
designing anti-sliding piles, by a combination of
rigorous three-dimensional finite elements and
widely accepted analytical techniques.

Aimin et al. (2006) and Xing et al. (2013)
indicate some mechanical parameters impact soil
arching like Poisson’s ratio, soil cohesion, and
some others, they concluded that Poisson’s ratio is
inversely proportional to the soil arching, while
soil cohesion has a proportional effect on the soil
arching, and indicate that other mechanical
parameters of soil have no obvious impact. Liu et
al. (2011) performed a study on the soil arching
effect on the spacing of double-row piles and
concluded that if the pile width is less than row
spacing by four times causes to loss of effect of
soil arching between piles, and indicated that if
the row spacing equal to 2.0-2.5 times the
diameter of the pile the arching effect of soil is
greatest.

The participation of various related parameters
makes determining the lateral load capacity of
piles a complicated problem.(Johari and Nakhaee,
2013). The elastic limit displacement has a mean
value of 5% to 6% of the pile diameter, and its
coefficient of variation is approximately 40% to
60% (Shirato et al., 2009). For determining the
typical lateral displacement, Table 1 shows the
methods for achieving active and passive states in
various soils (Das, 2010)

Short and long pile foundations are the two types
of pile foundations. Laterally loaded piles that are
short or "rigid" have the depth that smaller than
the required to anchor the toe against rotations as
shown in Figure 2(a) (Chik et al., 2009). When
ultimate loads occur, the soil usually fails first.
Alternatively, long piles provide more embedment
establishing the pile toe, which makes it fixed as
indicated in Figure 2(b) (Chik et al., 2009).



According to its stiffness and the lateral resistance
provided by the soil, piles are categorized as long
or short. If the L/D (where L =length, D =
diameter of the pile ) is greater than 20, the pile is
considered long (Broms and division, 1964).
According to (Prakash and Sharma, 1991), there
are two failure modes to define the allowed lateral
loads on piles: 1-The ultimate lateral load (with
the factor of safety). 2- Maximum allowable
lateral load corresponding with acceptable lateral
displacement. The design lateral load of the pile is
chosen from the smaller of the two values above.
The following are some methods for estimating
the maximum lateral load of a pile foundation:

1. Methods for calculating ultimate lateral load:

a. Hansen (1961)

b. Broms (1964a) c. Meyerhof et al (1981)

2. (p-y curve) method for calculating allowable
displacement at working lateral load, like using
APl RP 2GEO Design Method (RP, 2011).

Due to lack of the experimental work on the
contiguous pile, in this study prepared the
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physical model for the contiguous pile to
investigate and study the two types of soil, clayey
soil, and sandy soil. And various embedment
depths.

Table 1: Typical Values of AL,/H and AL,/H (Das, 2010)

Soil type AL,/H AL,/H

Loose sand 0.001-0.002 0.01

Dense sand 0.0005-0.001 0.005

Soft clay 0.02 0.04

Stiff clay 0.01 0.02

AL, &AL, are horizontal displacements for active

and passive states respectively, and H is the height
of the wall.

Pile

spacing
D B

Figure 1: Contiguous pile wall.
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Figure 2: Failure modes of short and long piles under lateral loads

2. MATERIALS AND METHODS
2.1 Model preparation

An experimental physical model must match a
prototype in behavior (Tang et al., 2014). The
physical model should be dynamically the same as
the actual prototype in terms of its physical
parameters, geometry, initial state, and boundary
conditions.

The results of the model testing differ from those
of the prototype. A well-designed physical model
retaining the broad interpretation can deliberately
set out to probe rival conjectures. Poorly designed
physical modelling is mere data gathering. If the
models to be tested are not understood or
recognized then it is unlikely that the correct data
will be assembled: the physical modelling is then
stuck in the prediction/observation(Wood, 2017).
To correlate both responses, a set of scaling
relations is required. The model test should
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replicate  the prototype's actual situation,
according to the physical scaling law.

For the experimental model select one prototype
project as a case study in Erbil City as shown in
Figure 3, then produced by scale 1:50. The
prototype is excavated for 18m, and pile length,
pile diameter, and spacing between adjacent piles
are 36 m, 1.0 m, and 0.2 m respectively. The
corresponding parameters for the model after
scaling are 720 mm, 20 mm, and 4 mm,
respectively. Based on the work of (Liu et al.,
2018) and (Ye et al., 2020), selecting the model's
dimension which is 900 mm in length, 400 mm in
width, and 850 mm in height as shown in Figure
4.

Used Galvanized pipes with outer and inner
diameters of 19 mm and 12.7 mm, respectively as
a model pile, and covered by mortar cement to
attain the same friction between soil and pile as a

prototype, and reach the 20 mm diameters of the
pile.
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Side view Front view
Figure 4: Experimental model dimensions.
2.2 Soil types density and water content of prototype in
laboratory. The properties of the used clayey soil
Using two types of soil, fine- and coarse-grained was given in Table 2. The coarse-grained soil was
soils, the fine-grained soil that was brought from air-dried sandy soil has a moisture content of

the in-situ soil of the prototype as shown in 0.49%, the properties are shown in Table 3.
Figure 3, is clayey soil by replicating the same
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Table 2: property of the clayey soil

Parameters Value | ASTM NO.
Soil classification according to USCS CL D2487-17
Dry unit weight (kN/m3) 15.61
Water content (%) 19.86
Specific gravity 2.69 D854-02
compression Index 0.2647
D4546 -14
Swelling Index 0.02348
Initial void ratio (e;) 0.9918 | D7263 - 09
Cobhesive Strength (kPa) 71.83
Frictional angle (°) 30.57
Liquid limit (%) 455
Plastic limit (%) 25.7 D4318 - 10
Plasticity index (%) 19.8
Unconfined compression strength (kPa) | 225.48
Unconfined shear strength (kPa) 112.74
modulus of elasticity (kPa) 153736
Poisson’s ratio 0.509
Optimum moisture content (%) 20.9
3 D698 -12
ydry(max) kKN/m 15.88
Table 3: property of the sandy soil
Density Parameter Values AEZM
Specific gravity, Gs 2.66 D854
Do (mm) 0.2
Ds3p (mm) 0.39
Grain size
distribution Deo (mm) 0.77 | D422
Coefficient of uniformity, Cu 3.85
Coefficient of curvature, Cc 0.987
classification according to USCS SP D2487
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Minimum unit weight (kN/m®) 15.33 D4254
compactness - — 3
Maximum unit weight (kN/m°) 17.89 D4253
Relative density (%) 15.2
Total unit weight (kN/m?) 15.67
Low densit i icti
y ;jl'he angle of internal friction (&), 28.73 D3080
eg.
Void ratio 0.67
Relative density (%) 46.16
Total unit weight (kN/m?) 16.42
Medium densit i icti
y dT:g angle of internal friction (9), 31.84 D3080
Void ratio 0.597
Relative density (%) 78.05
Total unit weight (kN/m®) 17.26
High densit i icti
g y l’:; angle of internal friction (@), 36.33 D3080
Void ratio 0.519

2.3 Model test schemes

A total of 10 trials were performed, one trial on
the clayey soil and another 9 trials on the sandy
soil. The spacing between piles was kept
invariable equal to 4 mm, for the clayey soil used
1/3 as embedment ratio (ER),which is mean that
1/3 of pile length embedded in the soil and
remained 2/3 is retained the excavated soil. For
the sandy soil three embedment ratios were used
by 1/3, 1/2, and 2/3 for each state of the low,
medium, and high relative density.

The surcharge was applied to the model on the
(0.3 * 0.15) m, 2 cm behind the pile's inner face.
Piles are connected by the pile cap at the top.
Using a plastic sheet by thickness of 8 mm on the
outer face of the pile and a sponge on the edge to
prevent extrude of sand between the pile spacings,
and six dial gauges (three above and three in the
middle) were used and fixed to measure the top
and bottom lateral displacements. The model is
illustrated in Figure 5.

Surcharge

Plastic
plate

Sponge

Figure 5: Experimental model.

Top
dial
gauge

Middle
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Surcharge applied on a rectangular shape plate for
these rectangular types of stress used Fadum chart
for calculation vertical stress along pile depth by
Eqg. (1) below (Das, 2010).

Ao =ql, ..(1)

Which: Ao= total stress increases due to the
loaded area (kPa), q= applied surcharge pressure
(kPa), and I,= vertical influence value.
For calculation of the lateral stress along the pile ,
Eq. (2) was used.

o,=Ko, ...(2)

Which: o= total lateral stress on pile, K= lateral
earth pressure coefficient (used K,for the active

0.5

side and K, for the passive side), and ¢,= total
vertical stress (surcharge+ overburden pressure
due to soil).

The typical example for lateral stress on the
critical pile is by applying 10.34 kPa surcharge
stress for medium sand at embedment ratio 1/3
shown in Figures 6 and 7 for the active and
passive sides, respectively. Pile center of rotation
from top at applying 10.34 kPa surcharge is equal
to 535.3 mm. This rotation lead to reversing
pressure in the active and passive sides, which
cause to changing active pressure to passive
pressure and inversely is true(Atkinson, 2007).

stress kKN/m

15

o
¥
N

o

Depth(cm)

8 3 8 8 & 8 8
gooooooooode

Figure 6: Lateral stress for critical pile at active side for medium sand

stress kKN/m

0 002 004
00 - -
4
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E 8+71
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4 o
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2 0

Figure 7: Lateral stress for critical pile for the passive side for the medium sand.
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The lateral displacement of the pile head and pile
tips were obtained based on the physical scaling
model test in Section 2.1. The experimental results
of contiguous piles for 720 mm length of pile,
based on Table 1 determined the allowable lateral
displacements, the lateral displacement for sand in
loose, medium, and dense states equal to 1.44,
1.08, and 0.72 mm respectively. For the stiff clay
equal to 7.2 mm. To determine the effect of
density and embedment ratio (ER), selected the
allowable elastic displacement (AED) of 6% of
pile diameter equals tol.2mm for all cases
(Shirato et al., 2009),

The result of the test for the clayey soil is shown
in Figures 8 and 9. It is obvious that the
maximum lateral displacement by applying
125kPa surcharge is less than zero (negative), the
negative displacement is due to shrinkage in the
soil that causes to move soil backward. Clays are
susceptible to some shrinkage and swelling due to
changes in moisture content. Clayey soil has high
resistance to lateral displacement due to having
cohesion in the particles, it is indicated that the
cohesive between the clayey soil and the pile
surface is greater than the lateral load require to
cause displacement of the piles forward in the
active case of lateral pressure, it means that the
soil pressure still in the rest state, the negative
displacement of the pile are not due to passive
pressure of the soil, however, the value of

equation (-2C\/k,) is equal to 77.46 kPa (by
using Coulomb’S earth pressure theory for
calculation of ka ), that is greater than the
maximum lateral stress produced on the critical
pile by applying 125 kPa surcharge pressure
which is equal to 12.17 kPa. While backward
movement of the piles was due to the shrinkage
characteristics of clayey soil. In this case, the
crack will not occur from the top of interaction
surface of soil and piles, that can be determined by
the equation after the development of tensile

cracks, z, = < where: z, = depth at which the

ykd'
active pressure becomes zero. C= soil cohesion. vy
= bulk unit weight. k, = active lateral earth
pressure coefficient.

Test results for sandy soil are shown in Figure 10
to 15, for various densities; loose, medium, and
dense states. In the loose state which is shown in
Figure 10, the pile head displacement passed the
AED for ER of 0.333 and 0.5 without applying
surcharge which is equal to 24.5mm, and 4mm
respectively. While for the medium state which is
shown in Figure 12, only at ER=0.333 the pile
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head displacement goes beyond the AED after
applying overburden pressure which reached to
3.1mm, that means that medium state more stable
than the loose state at overburden pressure without
applying the surcharge. This behavior can be
interpreted such that, with increasing density of
sandy soil the angle of internal friction (9)
increases Table 3, consequently the lateral
pressure decreases and the wall be in a more
stable state.

For the dense states, the pile head displacements
are shown in Figure 14, at the ER=0.333 the pile
head displacement decreases to 2.5mm despite of
passed the AED. The experimental test results
proved that the ER of 0.333 is not acceptable in all
loose, medium, and dense states. And for the loose
state, the ER=0.5 is also unacceptable. The result
revealed that density is an important parameter
that has a significant effect on lateral
displacement, which revealed that with increasing
density the lateral displacement decreases
obviously, the reason for that is the increasing @,
as a result, decreasing lateral pressures.
Unfortunately, there are no researches in the
literature that investigate the effect of density on
the contiguous pile to compare our results.

The effect of ER in each state has a considerable
effect to resist lateral displacements which are
shown in Figure 12 to 17. These figures revealed
that with increasing ER the slope of the curve is
increasing, which means that the piles' ability to
resist lateral load significantly increased and the
cutting surface will be more stable. Similar
behavior was reported by Ye et al. (2020) .

For loose sand, the lateral displacement at

ER=1/3 was 6 and 33.7 times more than ER=1/2
and ER=2/3 respectively. While for the medium
sand, the lateral displacement at ER=1/3 was 12
and 26 times more than ER=1/2 and ER=2/3
respectively, however, for dense sand the lateral
displacement at ER=1/3 was 12 and 42 times
more than ER=1/2 and ER=2/3 respectively.
The result revealed that the ER has a higher effect
on lateral displacement. which by increasing ER
the lateral displacement decreases obviously. Al-
Neami et al. (2021) performed research to study
the effect of ER on the response of lateral load of
single and group piles, they concluded that when
the ER increased, the ultimate lateral load is also
increased.
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Figure 9: Tip pile displacement for clay

ZANCO Journal of Pure and Applied Sciences 2023



Ahmed. H. and Mawlood Y. /ZJPAS: 2023, 35 (SpA): 11-25

21

25 3
~0O- ER=0.333
—&—ER=0.5
20 2 —0—ER=0.666
—®— AFD=12mm
% 15 - o o0se
o, p
) /
ot 1] ’/'
8 10le ¥l
5 .
2 g A
B o T
2 | / _,--"’A‘
| oo o A/
0 ﬁ_ﬂé T T T Dn DCP T
5 10 15 20 25 30 35
Horizontal Displacement (mm)
Figure 10: Top pile displacement for loose sand
2
—0—ER=0.333
—a&—ER=0.5
X
Q —O—ER=0.666
w X
g
g N
o
;ﬁ
=
—g 10 Q'o
/7] &
< ™ 0
5 A
A
g a K
0 — 0 5 — | S

Horizontal Displacement (mm)

Figure 11: Tip pile displacement for loose sand
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Figure 15: Tip pile displacement for Dense sand

4. CONCLUSIONS

In this study, from the experimental model about
anti-slide piles on two different types of soil the
following conclusion was drawn:

1) The clayey soil has a higher resistance to lateral
displacement due to the cohesion between

particles because no contract exists between the

soil and the wall up to a depth of z, = < after

YVka

the development of tensile cracks

2) Embedment ratio is an important parameter that
affects lateral displacement, with increasing ER
the lateral displacement decrease.

3) The density has a higher effect on the lateral
displacement. which by increasing relative density
the lateral displacement decreases obviously.

4) Due to the incoherent properties of sandy soils,
its particles extrude through the spacing between
the piles which requires covering these spaces.
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