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Abstract
This research examines the behavior of soil-reinforced piles and applied loads based on the analytical method and by using
the numerical results of FLAC3D software for comparison with the analytical results. The analysis was based on a method
called virtual retaining wall, the following into consideration: an imaginary retaining wall that passes the footing edge; the
bearing capacity of footing on reinforced soil with piles, which was determined by applying equilibrium between active and
passive forces on virtual wall; and a pile row that exists beneath the shallow foundation. To calculate the lateral pile
resistance here, an analytical equation was then required. The main objective of this paper is to determine the percentage of
applied load on pile. Similarly, the effect of adding pile in various positions relative to the present footing (underpinning) was
studied in this research. The various parameters of this study included pile length, vertical distance of pile head to shallow
footing, pile distance to center of footing and location of the pile. Finally, the findings were compared with the numerical
results of FLAC3D and the formerly presented experimental results. Results show that the analytical method, while being close
to other methods is more conservative.
Keywords: Location, Pile, Applied load on pile, Footing.

1. Introduction
Inevitable construction on a ground with various
resistance calls for a variety of methods, such as layer
reinforcement, cement and stone column injections, and
resistance through pile use, to allow for soil improvement,
rising soil strength, and reducing soil settlement.
Fig. 1 shows a pile with a shallow foundation was used to
support a high structure load with inadequate soil resistance.
Applied load on a pile depends on its location with respect to
its foundation, pile and footing properties, and shallow
foundation. It is notable that pile as soil reinforcement was
also used for seismic retrofit and higher resistance of present
footing (underpinning).
What had been considered in previous research was the
bearing capacity of footing with pile group [1]. In fact, one of
the effective ways to increase the footing bearing capacity is
using pile foundation. However, an economical design of the
project necessitated determining the exact contribution of
applied load on pile and shallow foundation [2, 3]. The
research findings revealed that footing and pile combination
decreases settlement remarkably [4]. Previous researchers
reported that the effect of pile and footing combination on
reducing settlement is more than the increasing bearing
capacity [5, 6].
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Pile effect as soil reinforcement was studied on loadsettlement curve [7].
Poulos and David reported a case study of Dubai's
Twin Tower in which the disagreement between measured
and predicted settlements was calculated by the boundary
element method [8]. Using fully rigid raft, Thaher and
Jesberger investigated the behavior of a vertically loaded
pile-raft foundation by centrifuge modeling on over
consolidated saturated clay [9]. By a fully flexible raft on
stiff clay, Horikoshi and Randolph examined pile-raft
foundation through a centrifuge physical model [10].
Poulos and Davis proposed a simplified analytical method
named PDR with the assumptions of rigid cap and soil
linear behavior [11].

Fig. 1 Interaction between pile, soil and foundation
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Some research on the behavior of pile and footing
combinations were presented using the finite element
method [12-19]. Baziar et. al. (2009) compared numerical
and experimental methods to model pile and footing
combinations. According to their findings, load-settlement
behavior of the combination with pile and footing is linear
up until the applied load becomes less than the service
load. Fig. 2 depicts the sample results of this study [19].

MATLAB software. This software was also used to
compare numerical and analytical results. The analytical
method was based on the virtual retaining wall method, in
which an imaginary retaining wall was assumed to pass the
footing edge. The bearing capacity of footing on
reinforced soil was determined by the equilibrium between
active and passive forces on the wall. A row of pile was
assumed beneath the strip footing. Therefore, analytical
equation was required to calculate the lateral pile
resistance presented in this study. The main objective of
this paper was to determine the percentage of applied load
on pile and reducing settlement. Experimental results
presented by other researchers were used to verify the
analytical method. The varied parameters in this study
included pile length, vertical distance of pile head to
shallow footing, pile distance to footing center, and
location of pile relative to footing.

2. Research Method

Fig. 2 Comparing of behavior of pile and footing combination
with numerical and experimental methods [12]

Many researchers have determined the optimal design
of pile and footing combination. Cooke et. al. (1986)
reported that 30 percent of total load is applied on footing
[20]. Hemsley (2000) reported that pile and footing
tolerates 50 percent of applied load each with the
assumption of a very high safety factor. Results indicated
that disconnected piles to footing tolerate more loads than
the connected ones [21]. Also, Cao et. al. (2004) made an
experimental model of pile and footing combination, and
studied the effect of various parameters such as pile
length, number of piles, and thickness of footing on
settlement [22]. Similarly, other researchers reported
optimal design of pile and footing combination [23, 24].
Eslami et. al. (2012) reported the finite element method to
determine the optimal design of pile and footing
combination when piles are either disconnected or
connected to footing [25]. Underpinning has been
considered to be a useful method for seismic retrofit and
for the improvement of existing footing. This method
allows for an increase in bearing capacity of existing
footing through the addition of piles beneath and around
the existing footing, and determines the exact effect of the
piles. Nonetheless, underpinning was subject to scrutiny
by several researchers [26, 27].
Few studies have been carried out on the effects of the
reinforcing pile position (beneath or around footing), the
vertical distance of pile head to footing, pile length, and
the type of soil on percentage of the applied load. The
present paper addresses the effects of these parameters
through use of the analytical method.
The behavior of disconnected reinforcing piles to
footing and their effective factors was investigated in this
study based on the analytical method of programming in
M. Haghbin

Analytical and numerical methods were used here in
order to study the behavior of soil reinforcing pile and the
effective factors on it. Analytical method was based on the
virtual retaining wall and results were presented with the
MATLAB programming software. This method was
reported to determine bearing capacity of footing on flat
ground [28]. Numerical analysis was also presented by
modeling it in FLAC3D software. In the analytical method
based on soil allowable resistance, an imaginary retaining
wall was assumed to pass the strip footing edge in order to
calculate the bearing capacity of footing. As seen in Fig. 3,
this wall tolerates active force Pa due to the footing loading
and the soil beneath the footing. The surrounding soil was
in passive condition as it exerted force Pp on the wall.
Under the unreinforced soil, the values of Pa and Pp were
computed using the following equations with the Coulomb
lateral earth pressure method (Fig. 3):
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Fig. 3 Failure surface of soil beneath the strip footing with virtual
retaining wall method
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Finally, bearing capacity of strip footing was
determined by applying equilibrium between active and 2
1
K p γ (1 − k ) H 12 cos δ + cK
2
1
+ cK ac H 1 cos δ )(
)
K a H 1 cos δ
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Ka

,

With pile-reinforced soil beneath the footing bearing
capacity of the strip footing was found by the virtual
retaining wall method. The percentage of applied load on
piles was then calculated, which in turn required for the
lateral pile force applied on virtual wall be determined.
The Location of reinforcing piles of soil in active and
passive areas, and pile length in failure surface affected
both the pile resistance and the applied force on virtual
wall. Therefore, in the next section, an analytical equation
is presented to determine the lateral resistance of
reinforcing pile on soil.
2.1. Lateral resistance of reinforcing pile
Lateral resistance of pile had to be calculated in order
to determine the effect of reinforcing pile on bearing
capacity of the piled raft system. For purposes of this
research, lateral resistance of the passive pile was
determined by simulating the piles as wall, and by adding
shear resistance to the soil surrounding the piles. The
presented method was used to calculate active pile
resistance against external load in cohesion-less soil. The
validity of this method was verified by results obtained
from centrifuge tests [29]. Therefore, the following
equation was presented to determine the passive pile
lateral resistance. It is notable that soil plastic deformation
between piles in a row affects the piles’ lateral resistance
306

1
K a γ (1 − k ) H 12 cos δ
2

(3)

where Ka, Kp: active and passive coefficients (Coulomb
method), H1: height of virtual wall and it is equal to
B tan(η ae ) δ ,: friction between soil and wall, γ : specific
density of soil, : soil cohesion, : vertical seismic
coefficient, D : depth of foundation, K ac , K pc : cohesion
coefficient of active and passive, η ae ,η pe :
seismic bearing capacity. As shown in Fig. 3. the
angles of active and passive areas with horizontal direction
(Coulomb method). Also, friction angle of soil affects
these two angles remarkably and with increasing friction
angle of soil η pe increases and η ae decreases.
Eq. (3) could be written as the following equation:

where

passive forces:

and power of passive coefficients (Kp, Kpc), as shown in
the method below:
2
pu = (ηK p2γz + ηK pc
c )b + (ξKγz tan δ )b

(5)

where η , ξ : shape factor, K : lateral pressure of soil
coefficient, δ : friction between soil and pile, z: depth,
K pc : cohesion coefficient of passive soil and K p : passive
coefficient. K p and K pc are calculated with Coulomb
method, b : pile diameter.
In fact, the power of passive coefficients indicates the
effect of combining soil plastic deformation between piles
in a row and pile resistance, which varies depending on
different spacing of piles in a row. As a result, the power
of Kp and Kpc equals to 2 (Eq. (5)) when the ratio of piles
spacing in a row to pile diameter becomes a minimum
(S1/b=2.5). Also, when S1/b=8, the power of passive
coefficients equals 1, and the soil plastic deformation
between piles does not affect pile lateral resistance.
Similarly, the effect of piles spacing in a row on soil
plastic deformation between piles was obtained by Wei
et.al using FLAC3D software as well as Ito and Matsui's
[30, 31]. The effect of seismic coefficient on lateral pile
resistance is included in the soil passive pressure
coefficient.
Results indicated that the results of analytical equation
for determining pile lateral resistance are compatible with
those of previous researches, i.e. the Ito-Matsui method.
Ito and Matsui (1975) presented a method to calculate
lateral pressures on piles passively located in a plastically
deforming ground while considering the soil squeeze
between the piles (Fig. 4). Ito and Matsui (1975)
considered two types of plastic states in the ground
surrounding the passive pile [31]. In fact, this method
calculates the total force applied on piles and the soil
between piles, and then subtracted the applied force on the
soil between piles from total force. Afterwards, the force
applied on each pile is determined (Fig. 4). Ito and Matsui
method has limited assumptions, and is valid only for rigid
piles, one-pile rows, and fixed piles in stable layers. It is
unable to consider the effect of earth slope and seismic
loading. The presented method remedies these limiting
assumptions for determination of passive pile resistance.
Previous studies confirmed the results obtained from Ito
and Matsui method when its assumptions were available
with field data [23]. Therefore, Ito and Matsui method is
used to indicate the validity of the suggested method.
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Fig. 4 Lateral resistance of soil around piles

2.2. Bearing capacity of footing on reinforced soil with
piles
In this section, bearing capacity of strip footing on
reinforced soil with pile was determined through the
virtual retaining wall method and the lateral pile resistance
equation. Reinforcing piles of soil were assumed to be
installed beneath and around the footing, which means
piles were installed in both active and passive areas. The
following equation was used to determine the bearing
capacity of footing on reinforced soil with piles:
1
q = ( K pγH 12 cos δ + cK pc H 1 cos δ + K pγ (1 − k ) DH 1 cos δ −
ult
2
1
1
K a γH 12 cos δ + cK ac H 1 cos δ + Fpa + Fpp )(
)
2
K a H 1 cos δ

Eq. (6) could be written as following equation:
(6)

where Fpa , Fpp : lateral force of pile in active and
passive areas, determined with Eq. (5) (Fig. 5).

M. Haghbin

Fig. 5 Failure mechanism in reinforced soil with piles

qult = cN c + γDN q + 0.5γBN γ +

Fpa + Fpp
K a B tan η ae cos δ

(7)

In the following equation, applied load on piles with
respect to bearing capacity of a piled raft system (Eq. 7) is
presented:
307

α=

qp
qult

*100

(8)

Downloaded from www.iust.ac.ir at 21:49 IRDT on Sunday April 21st 2019

Where q p is determined with following equation:

qp =

Fpa + Fpp

(9)

K a B tan η ae cos δ

Eq. 8 illustrates the effect of various parameters on the
percentage of applied load on reinforcing pile or reducing
settlement. The applied load on the pile reduced the load
on raft, and it was proportional with the settlement.
2.3.3 D modeling in FLAC3D software
The FLAC-3D software was used to investigate a
suitable analysis approach based on the finite difference
method. In order to set up the numerical model and to
carry on a simulation, three fundamental components of
the finite difference approach should be specified
including grid geometry, boundary and initial condition
and constitutive behavior. Fig. 6 illustrates the model in
FLAC3D software. Solid elements were used to define the
geometry of piles and raft. The procedure of geometric
modeling was simplified using pre-shape zones. Solid
zones were simply divided into several elements in order
to generate grid or mesh.

In most recently advanced numerical simulation of
pile-raft, a complex constitutive model, similar to the cap
model was used to present non-linearity of soil. Complex
constitutive models require more soil parameters than
simple constitutive models (i.e. Mouhr- Coulomb) to
define numerical simulation. Therefore, applying a
complex constitutive model demands many efforts such as
performing complex shear tests or back analyses in order
to specify soil parameters. In the present research a simple
constitutive model, Mohr-Coulomb elasto-plastic criteria
was used for the medium sandy soil to overcome the
mentioned difficulties. The main soil parameters used in
the analysis are internal friction angle, cohesion
coefficient(C), Young modulus (Es) and Poisson’s ratio
(vs). Table 1 indicates the properties of pile, footing and
soil. Using the Mohr-Coulomb model may also reduce the
analysis time in comparison with previous approaches with
complex constitutive models. One of the main problems in
numerical simulation of pile-raft is to model the contact
between soil and foundation, including piles and raft.
Since sliding is possible to occur on the contact zone, to
present the real condition, it is necessary to implement
interface elements on the contact zone. To consider soilpile- footing interaction in FLAC3D software, interface
elements was used around and at the end of piles, as well
as beneath the footing that were in contact with the soil
(Fig. 7). Before applying the load to the system, the model
equilibrium under initial state was controlled. To simulate
this condition, the model was simulated under initial
stresses caused by gravity of soil. Models analysis
continued until the unbalanced force on the nodes with the
ratio of 1*10-5 was achieved. The lower the ratio, the more
accurate the results were; while the analysis time
increased.

Fig. 6 Modeling in Flac3D software
Table 1 Properties of soil, pile and interface in FLAC 3D software

Interface

Pile

2

2 ton/m

Cohesion

40
10000 ton/m2
2

10000 ton/m

308

Friction
angle of soil
Kn
Ks

Soil
2

2.38e06 ton/m

Modulus of elasticity

2 ton/m2

Soil cohesion

0.15

Poisson’s ratio

40

Friction angle of soil

1.13e06 ton/m2

Bulk Modulus

0.3

Poisson’s ratio

2

Shear Modulus

Varies with depth

Modulus of elasticity

1.03e06 ton/m
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Modeling a footing with one row of pile was used in
order to consider the effect of mentioned parameters. Soil
size around pile and footing was increased until the error
of output became negligible. A thickness of 0.5m was
assumed for modeling the soil and reinforcing piles. Of
course in all the models, the nodes of neighboring
elements coincided precisely. It is notable that numerical
results were obtained based on allowable settlement.

3. Results and Discussion
The effect of various parameters on percentage of the
applied load on reinforcing pile of soil was determined by
the analytical method and programming of MATLAB
software. In the present study, center-to-center spacing of
piles in a row was equal to 2.5b. First, the results of
determining pile lateral resistance with the suggested
method were compared with that of Ito and Matsui. Then,
to test the accuracy of the presented method, results of the
determining applied load on reinforcing pile with the
analytical method were compared to the numerical results
obtained from FLAC3D software and previous
experimental results. Finally, the effect of various
parameters on applied load on reinforcing pile was studied.
The parameters discussed in this section included pile
length, distance of pile head to shallow foundation,
distance of pile to footing center, and the location of
reinforcing pile in active and passive areas (underpinning).
3.1. Comparison of suggested method to determine lateral
resistance of pile with Ito and Matsui method
In this section, the presented analytical method to
determine pile lateral resistance was compared with ItoMatsui's method [31]. One row of pile was assumed while
the ratio of center-to-center spacing of piles to pile
diameter is equal to 2.5. In fact, the maximum lateral
resistance of one pile row is made in this distance because
of plastic deformation of soil between piles. The power of
passive coefficients was equal to 2, and sliding layer
length was assumed 4 m. As shown in Fig. 8, results of the
presented method and Ito and Matsui's were close, which
indicates acceptability of the presented method. Based on
M. Haghbin

the results, any increase in soil friction angle will cause
increase in pile lateral resistance, because soil friction
angle affects the normal and shear resistance of soil around
pile remarkably.

Lateral resistance of pile (kN)
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Fig. 7 Using interface elements around pile and footing
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Ito and Matsui method
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30

40

Friction angle of soil (deg)
Fig. 8 Comparison of suggested method to determine lateral
resistance of pile with Ito and Matsui method in various friction
angles of soil

3.2. Comparison of analytical and numerical methods in
present study
In this section, the presented analytical method of
study that was based on allowable resistance of soil was
compared with numerical results of FLAC3D software
obtained upon allowable settlement. It is notable that in
present study, a strip footing with a foundation width (B)
equal to 2 m was investigated. The pile had been installed
in the center of that foundation. Table 1 indicates the
properties of pile, footing and soil. Fig. 9 illustrates results
of the comparison, and the effect of pile length (l) on the
applied load of reinforcing pile.
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3.3. Comparison of analytical method with experimental
results

Applied load on reinforcing
pile%
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70
60
50
40
30
Analytical
Numerical
method

20
10
0
0

1

l/B

2

3

Fig. 9 Comparison of analytical method to determine effect of
ratio of pile length to foundation width on applied load on
reinforcing pile with numerical method

Results of the analytical method were less than the
numerical method; Fig. 9 however, shows that the results
of the two methods were almost close, and the analytical
method presented in this study was acceptable. The figure
also indicates that analytical results were more
conservative than numerical ones. One reason for the
different results lies in the various assumptions of
numerical and analytical analysis. Besides, numerical
results were obtained from allowable settlements, but
analytical results were presented upon soil allowable
resistance.

In this section, the analytical results of the present
study were compared with experimental results presented
by Fattah, et. al (2011) and Baziar, et. al (2009) [19, 32].
Fig. 10 indicates that the assumed soil for the Fattah, et. al
laboratory model is sand, and has a friction angle equal to
38 degrees. In this model, pile length was assumed
constant and equal to 200 mm; pile diameter varies (9, 12,
15 mm); and foundation width is 6 cm. In Fattah’s study, a
small-scale “prototype” model was tested in a sand box
with a load applied to the system through a compression
machine. The settlement was measured at the center of the
raft, strain gages were then used to measure the strains,
and calculate the total load carried by the piles. The effects
of pile length, diameter and raft thickness on the load
carrying capacity of the piled raft system were included in
the load-settlement presentation. Results show that the
percentage of the load carried by piles to the total applied
load of the groups (2*1, 3*1, 2*2, 3*2) with raft thickness
of 5 mm, pile diameter of 9 mm, and pile length of 200
mm is 28%, 38%, 56%, 79%, respectively.
The
percentage of the load carried by piles increases with
respect to the increase in piles.

Fig. 10 Laboratory model [23]

Using parameters in the analytical equation of the
present study (Eqs. 7, 8), the analytical method and the
obtained percentage of the loaded pile was compared with
the Fattah et.al experimental method. Of This study
completes the analysis of shallow foundation for the 2*1
pile group by assuming a one pile row beneath the footing.
310

In the laboratory model, the center-to-center spacing of
piles in a row was constant and equal to 5 cm, while the
pile diameter varied. Therefore, in the suggested method
for determining pile lateral resistance, the power of passive
coefficients increased by decreasing the ratio of center-tocenter spacing between piles in a row to the pile diameter.
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As seen in Table 2, the pile with analytical and
experimental method under applied loads showed close
and acceptable agreement.
Table 2 Piles capacity for the studied cases (B= 6 cm)
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Case

(2*1) Group, l=200
mm, b=9 mm
(2*1) Group, l=200
mm, b=12 mm
(2*1) Group, l=200
mm, b=15 mm

% of load
carried by piles
(Experimental
results, Fattah,
et al, 2011)

% of load carried
by piles
(Analytical results
of present study)

30

27

39

38

52

48

The following section illustrates a comparison between
the experimental results presented by Baziar, et.al and the
analytical results of this study. The bearing -settlement
behavior of combined pile-raft foundations on medium
dense sand was investigated in the Baziar et.al
experimental study, and a 1g physical model test was
performed on a circular rigid raft underpinned with four
model piles (Fig. 11). Findings in the Baziar et.al model
revealed the numerical methods to be accurate as long as
the applied load did not exceed the working load. The

numerical model however, proved efficient for loads even
beyond the working load.
Laboratory tests were performed to measure the
geotechnical parameters of medium sand used in the
physical model test. Test results showed the internal
friction, the cohesion coefficient, the Poisson’s ratio and
the average elastic modulus to be 38 degrees, 0.01 kPa,
0.25 and 12.5 MPa respectively. Pile and raft properties
were indicated in Fig. 11. In the Baziar et.al study, the
percentage of the load applied on the pile was determined
through different loads (Fig. 12). However, our analytical
method was used to illustrate the ultimate bearing
capacity. According to soil and pile raft properties, bearing
capacity of the foundation system was found to be 15 kPa.
Therefore, in the proposed method the applied load on pile
was obtained when the load was at 15 kPa (Fig. 12).
Results indicated that when the load was at 15 kPa, the
percentage of the applied load on pile was equal to 30, 40,
and 52 in all the suggested, experimental, and numerical
methods respectively. In fact, the result of the analytical
method was 10 percent less than that of the experimental
method, indicating that the analytical results are more
conservative than the experimental ones. It is notable that
assumptions of the analytical method can cause a
reduction in the applied load on pile with respect to the
experimental method. Overall, results of various methods
showed to be close and acceptable.

Fig. 11 Physical model geometry of Baziar et. al [12]
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Applied load on reinforcing pile%

50
40
30
Numerical method (Baziar)

20

Expeimental method (Baziar)

10

Presented analytical method

0
0

5

10

15

20

Load (kN)
Fig. 12 Comparing suggested method with experimental and numerical method presented with Baziar, et. al to determine percent of applied
load on pile

3.4. Parametric Studies
In order to do an optimal design of shallow foundation
and pile-reinforced soil, it is essential to determine the
contributions of pile and shallow foundation, as well their
influential factors. Thus the effects of various parameters
on the percentage of the applied load on pile ( α ) and its
reducing settlement were studied. It should be noted that
the settlement decreased with the percentage of applied
load on pile because of the decrease in applied load on
shallow foundation. Therefore, the applied load on pile
and the settlement reduction had almost equal percentage.
In present study, the following were assumed: a strip
footing, foundation width (B) = 2 m, soil friction angle
=40 deg, cohesion less soil, ratio of pile length to
foundation width (l/B) =2, pile diameter (b) = 1 m, spacing
of piles in a row (D1) = 2.5b, and pile locations in active
and passive areas at the foundation center and edge.

3.4.1. Effect of pile length on behavior of reinforcing pile
of soil

the percentage of the applied load on pile and its reducing
settlement is approximately 62. In the case study, if l/B is
greater than 1, the pile length does not affect the applied
load, mainly because any increase in pile length in failure
surface (when the pile does not pass the failure area)
increases the percentage of applied load on pile. In present
study, the pile passed the failure surface when its length
equaled the foundation width. It caused the pile length in
failure surface to become constant with no effect on the
percentage of applied load on the pile.
100
Applied load on reinforcing
pile %
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60

80
60
40

active area
passive area

20
0

The effect of pile length (l) on the percentage of
applied load on soil reinforcing pile was considered in this
section. In present study, distance of pile head to shallow
foundation (S) was 0. It is notable that pile location first
affected pile length in failure surface, and then its lateral
resistance. In other words, if the pile is installed beneath
(active area) or around (passive area) the foundation, the
pile length will vary depending on the failure surface
made beneath the foundation, remarkably affecting the
applied load on pile.
Initially, it was assumed the pile had been installed in
the foundation center (active area). Fig. 13 depicts that any
increase in the ratio of pile length to foundation width
(l/B) elevates the applied load ( α ) on pile till l/B = 1, and
312

0

1 l/B

2

3

4

Fig. 13 Effect of pile length on percent of applied load on pile in
active and passive area

According to the assumed failure surface of the virtual
retaining wall method shown in Fig. 5, the failure surface
angle in passive area is less than the one in active area,
which leads to varied effects of pile length in these two
areas. Fig. 13 shows that with the value of pile length as
2B, the percentage of applied load on pile in passive area
is maximized and equal to 86 percent. When pile length is
over 2B, it does not affect the percentage of applied load
on pile, because the reinforcing pile passes failure surface
and the pile length remains constant.
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100
active area

80
passive area

60
40
20
0
0

1

S/B

2

3

applied load (α ) is shown in Fig. 15. Results indicate that
an increase in c2/B from 0.25 to 4 will change the
percentage of applied load on reinforcing pile from 86 to
33, because according to the failure area of the virtual
retaining wall method, the longer the pile distance from
foundation edge, the shorter the pile length in passive area
of failure surface becomes, which leads to reducing the
percentage of applied load on reinforcing pile.

Applied load on reinforcing
pile %

In this section, effects of the foundation’s pile head
distance to the foundation width (S/B), on the percentage
of applied load on reinforcing pile was investigated. Pile
length was assumed to be equal to 2B. As shown in Fig.
14, location of the pile in active and passive areas affect
reinforcing pile behavior with changing S/B. Results
indicated that any increase in pile head distance from
foundation will lead to a decrease in the applied load on
reinforcing pile. Eventually, an adequate increase in pile
head distance, while the pile is posited out of failure
surface, will cause for the applied load on reinforcing pile
percentage to become +/-0. This distance was equal to 2B
for the pile placed in the passive area (footing edge), and
to B for the pile installed in the active area (footing
center). Fig. 14 illustrates that when the pile was installed
in the passive area and S/B=0.25, the applied load on
reinforcing pile was about 83 percent, and when installed
in the active area, results showed a mere 48 percent.
Therefore, the effect of pile location on its behavior was
indicated. It should be noted that any increase in the pile
head distance from the foundation will cause the pile
length to decrease in failure surface, lateral resistance of
reinforcing pile, and percentage of applied load.

Applied load on reinforcing
pile %

In previous sections, the effect of pile location in active
area (footing center) was compared with its location in
passive area (footing edge). In fact, underpinning was a
useful method for seismic retrofit and improvement of
existing foundation, in which the bearing capacity of the
footing increased by adding piles beneath and around
existing footing. The essential item in this method was the
effect of pile location on applied load thereon. In this
section, effect of pile location in various positions of
active and also passive areas was studied (Figs. 15, 16).
Effect of the ratio of pile distance from the foundation
edge in passive area to the foundation width (c2/B) on
M. Haghbin
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Fig. 15 Effect of pile distance from foundation edge on applied
load on pile in passive area

Fig. 16 shows the effect of pile location in various
positions beneath the foundation (active area), and on the
applied load of reinforcing pile. Results indicated that the
pile distance from foundation center (c1) in active area
remarkably affects the percentage of applied load.
Increasing c1/B from 0.25 to 0.4 resulted in a change in
the percentage of applied load from 30 to 6. According to
the results, the effect of the pile location beneath the active
area foundation on reducing the applied load was more
significant than the effect of the pile location in the passive
area. This is due to the fact that the failure surface in the
active area had a larger angle than in the passive area. An
increase in the pile distance from the active area
foundation center led to a decrease of pile length in the
failure surface, which caused a remarkable reduction in the
load applied to the reinforcing pile.

Fig. 14 Effect of pile head distance from foundation width on
percent of applied load on pile in active and passive area

3.4.3. Effect of pile location with respect to shallow
foundation (underpinning) on behavior of soil reinforcing
pile
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3.4.2. Effect of pile head distance from foundation on
behavior of soil reinforcing pile
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Fig. 16 Effect of pile distance from foundation center on applied
load on pile in active area
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4. Conclusion

References

This research analyzed the factors that influence the
load applied to a pile (reducing settlement). The virtual
retaining wall method, which was based on allowable soil
resistance, was used in this study. Accordingly, an
imaginary retaining wall was assumed to pass the strip
footing edge. Loading of the footing enables the wall to
tolerate the active force, the soil beneath the footing, and
the passive condition surrounding soil, inevitably exerting
force on the wall. The bearing capacity of the footing on
reinforced soil was determined by applying equilibrium
between active and passive forces. According to the pile
location in active and passive areas and the pile lateral
resistance, the active force decreased in the pile-reinforced
soil, while the passive force increased therein. Here, an
analytical method of determining lateral resistance of the
pile was presented, and its accuracy was indicated by
comparison with previous methods. The analytical results
of determining the percentage of applied load on pile ( α )
were compared with the numerical results and previous
experiments. Results indicated that the analytical method,
while close to other methods, is nonetheless more
conservative. Following the investigation of effective
parameters, the following results were obtained:
- An increase in the pile length increases the applied
load on reinforcing pile. And if the reinforcing pile length
passes the active and passive areas, it does not affect its
applied load percentage. However, pile location in active
or passive areas does affect the percentage of the applied
load ( α ). It is notable that when both areas have the same
pile length, and the pile does not pass the active and
passive failure surfaces, then the location of the installed
pile in active and passive areas does not affect the
percentage of the applied load on reinforcing pile.
- Increasing the distance of the pile head from shallow
foundation results in a decrease in the applied load
percentage on soil reinforcing pile. According to the
mentioned case study, the effective distance is near equal
to the foundation width (B) when the pile is placed in
active area, while it is nearly equal to 2B when the pile is
installed in passive area.
- In this paper, the effect of pile position with respect to
strip footing on the applied load was studied. Increasing
pile distance from foundation edge to 4B in passive area
changes the percentage of applied load on reinforcing pile
from 85 to 33. Also, changing pile distance from
foundation center to 0.4B in active area alters the
percentage of applied load on pile from 30 to 6.
- In general, while analytical results are more
conservative than numerical results, findings showed the
methods are almost close and acceptable. Also, the results
of the analytical method are close to the experimental
methods presented by other researchers. The results
obtained from the investigation indicate that analytical,
experimental and numerical methods are compatible.
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