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Abstract: The Strain Wedge (SW) model, LPILE and Finite Element program (MIDAS GTS-NX) are used to study
pile and soil typical parameters impact on the lateral response of single battered piles. The influence of pile battering
angle, sand relative density, and pile cross sectional shape are presented in addition to the prediction of the soil
wedge geometry infront of the pile. In SW model and LPILE analyses, the soil is modeled as a Beam on Elastic
Foundation (BEF) with a set of non-linear p-y curves (i.e., modulus of subgrade reaction, E;) which accounts for soil
and pile properties. Mohr-Coulomb soil failure criteria is employed in MIDAS soil modeling with a Tetrahedron
meshing. The used approaches have been compared with field test results. Negative battered piles sustain greater
resistance compared to the piles with positive battered angles. The larger the sand relative density the more the
battered pile ability to withstand lateral loads. The three techniques are used to predict the pile lateral deflection,
bending moment, and shear force along the pile length. Unlike the other two techniques, MIDAS predicts less
bending moments and shear forces for positive battered piles, which is also highly influenced by the interface
element controlling parameter (i.e., the virtual thickness, t,).
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Introduction

Battered piles are used instead of vertical piles to
resist high lateral loads as applied to bridge piers and
off-shore and retaining structures. Battered piles are
classified as negative and positive battered piles in
accordance with the directions of lateral load and pile
battering as demonstrated in Fig. 1.
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Fig. 1. Types of battered piles (a) Negative battered
pile (b) Positive battered pile

The behavior of battered piles subjected to lateral

loads has limited studies in the literature. The negative
battered piles have greater resistance than that of
vertical and positive battered ones in sandy soils as
concluded from full-scale lateral load tests (Alizadeh
and Davisson, 1970; Nimityongskul et al., 2012) and
model scale tests (Juvekar and Pise, 2008; Murthy,
1964; Meyerhof and Ranjan, 1973; Meyerhof and
Yalcin, 1994; Manoppo, 2010). Sastry et al. (1995)
suggested that the lateral capacity, and the magnitude
and position of maximum bending moment of a
flexible battered pile can be estimated by solving an
equivalent rigid vertical pile subjected to an inclined
load. Where, the load inclination angle equals to the
angle between the pile axis and the horizontal. Based
on the model tests performed by Sastry et al. (1995),
the maximum bending moment for positive battered
piles is higher than that of negative battered ones. Ong
(2015) investigated the effect of the interface
elementsensitivityparameters used in Finite Element
(FE) modelson the response of laterally loaded vertical
piles in sandy and clayey soils. The ratio between the
interface normal stiffness (K,) and soil Young's
modulus (E) ata reference level should be from 1 to 10
and 10 to 100 in sandy and clayey soils, respectively,
as concluded by Ong (2015). Hazzar et al. (2017)
investigated the response of battered piles subjected to
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lateral loads and the influence of vertical loads on the
pile lateral performance. FLAC?® (Itasca 2009), Finite
Difference computer software, was utilized by Hazzar
et al. (2017) to study battered piles in sandy soils and
the results exhibited that the vertical load, pile batter
angle, and the soil relative density significantly
influence the lateral response of battered piles in sandy
soils. Hazzar et al. (2017) shows that the negative
batter piles lateral response is significantly dependent
on the batter angle and sand relative density while the
positive battered does not seem to significantly
fluctuate with batter angle and soil density.

There are limited studies from the literature that
predict the lateral capacity and overall response of the
battered piles (i.e., pile deflection, bending moment,
and shear force). So, this paper presents a detailed
study on the response of battered piles subjected to
lateral loads in sandy soils using the SW method,
LPILE and MIDASGTS-NX as a Finite Element
numerical solution.

Strain Wedge Method Concepts
The SW model correlates the traditional one-
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dimensional Beam on Elastic Foundation (BEF) (Eq. 1
and Fig. 2c) to an envisioned three-dimensional soil-
pile interaction (Figs. 2a and b). Young’s modulus of
the soil (E) at the face of the passive soil wedge is
related to the corresponding horizontal subgrade
modulus (Ey). It should be noted that the SW model
employs a soil stress-strain relationship (¢ - Acy)
which is developed based on the concepts of the
conventional triaxial test (Ashour et al. 1998). The
deflection pattern of the pile along its depth (y versus
depth x) is related to the soil strain (y) developing in
the passive wedge in front of the pile. Furthermore, the
BEF line load (p) for a given deflection is related to
the horizontal stress change (Aoy) acting at the face of
the mobilized passive wedge (Fig. 2b). More details
on the basics of the SW model are presented in Ashour
et al. (1996 and 1998). Detailed SW formulations are
presented in a different study to account for the pile
inclination (Ashour et al. 2018). The modified
formulations are employed in a FORTRAN code using
the flowchart shown in Fig. 3.
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Fig. 2. Strain Wedge model basic concept (Ashour et al. 2018)
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Where EI is the pile flexure rigidity and P, denotes the axial load at the pile segment.
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Fig. 3. The flow chart of the SW method

Due to pile battering, the applied lateral load (P)
is decomposed intothe components Py, and Py
(perpendicular and axial components, respectively,
Fig. 1). The geometry (i.e., the size) of the passive soil
wedge grows with advancing lateral load at the pile
head. The size of the wedge changes as a function of
the soil properties (i.e., friction angle, ¢, effective unit
weight, vy, and strain at 50% of stress, €s0) and pile
properties (pile diameter, D, bending stiffness, EI, and
pile-head condition). The basic SW model concepts
presented by Ashour et al. (2018)are applied in the x; -
yi plane under lateral load Py; where Py; = P cos (B)
and Py, = P Sin (B). B is the pile battering angle shown
in Fig. 1. The pile head displacement (y;) in y;-
direction (Fig. 1) is determined as a function of the
pile deflection angle and associated strain in the
passive soil wedge. The pile head-deflection in the
(horizontal) y-direction is calculated as

y =y Cos(f)
Modeling
Figuredportrays the general layout and meshing

(2)
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of the MIDAS model used in the analysis of the soil-
pile system. A pile with diameter (D) and total length
(L) is embedded in the sandy soil with an inclination
angle (). While the total thickness of the soil stratum
is selected as (L cos (B) + 6D) and the Tetrahedron
mesh size is extended to a horizontal distance of 16D
from the center of the pile to release the effect of
model boundary conditions (Hazzar et al.2017). All
displacements are restrained at the bottom of the soil
domain while the external vertical faces are fully fixed
in the X- and Y-directions.

LPILE and SW model are used to solve the
problem of laterally loaded piles as a BEF made up of
a set of nonlinear p-y curves (i.e., non-linear springs)
representing the soil and pile properties contributions
to the resulting soil-pile interaction as demonstrated in
Fig. 2c. These p-y curves depend on the soil properties
and the pile width (Reese et al., 1974) or account for
more pile properties such as the pile bending stiffness,
pile-cross sectional shape and pile-head fixity
condition as employed in the SW model by Ashour
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and Norris (2000). For battered piles, LPILE (Reese et
al. 2004) applies a multiplier to the p-y curves of an
equivalent vertical pile to anticipate the response of
the battered one. In contrast, the SW approach
generates its own p-y curves along the pile based on
the pile and soil properties.

1.1. MIDAS Soil Modeling

The non-linear behavior of the sandy soil is
simulated using the Mohr-Coulomb model which is
commonly used in geotechnical engineering practice.
Table 1 summarizes the soil properties used in the
parametric study.

Table 1. Sand Properties Used in Parametric Study

Sand State Dr (%) y(kN/m®) @ (degree) v E* (kN/m?) £50

Loose 30 17 30 025 15000 0.0052
Medium Dense 60 19 35 0.30 30000 0.0037
Dense 80 21 40 0.35 60000 0.0028

* Values of soil Poisson's ratio (v) and modulus of elasticity (E) are assumed according to Bowles (1996).

Table 2. Piles Properties Used in Parametric Study

. . D (mm) t(mm) 5. Interface Parameters
No. Materfal Section 7= — ==L (m) EL(AN-m) ~o S ate Qu (/) K () Ke (N
Loose 2700 1800 19800
1 Steel H-Section 345 371 12.8 12.8 20 70578 Medium 4600 3400 38000
Dense 6300 6600 73000
2 RC Circular 345 - 20 70353 Medium 3100 3400 38000
B¢= Flange width t = Pipe thickness tr= Flange thickness

H,, = Web height

ty =Web thickness

Fig. 4. Typical mesh used for MIDAS analysis

1.2. MIDAS Pile Modeling

The pile is modeled as a linear-elastic material
with the pile properties displayed in Table 2.
1.3. Soil-Pile Interface Modeling

The soil-pile interface is defined in MIDAS
using a pile element with three parameters: 1) the
ultimate shear force (Q,), 2) the shear stiffness
modulus (K;), and 3) the normal stiffness modulus
(K,), each per total pile length. The ultimate shear
force is calculated by dividing the pile axial load by
the pile length and the pile element thickness. In the
absence of pile test data, MIDAS user manual
recommends using design standards to calculate the
ultimate skin friction. The B-method (Bowles 1996) is

23

used herein to calculate ultimate skin friction (Qj).
Using a pile element thickness of 1m, the values of Q,
are determined for axial load as in Table 2. This
assumption is assumed to limit the failure to either the
soil or the pile and limit the relative displacement
between the pile and the soil. It should be noted that
MIDAS user manual has no criteria to calculate the
value of Q, for lateral load and battered pile. Also,
MIDAS user manual suggests the following empirical
formulations to define the values of K; and K.

(3)

(4)

21+

(1)

Ejed =20 (6}

Z(1-Z v )

Where, L is the pile length and R is a strength
reduction factor represents the friction between sand
and pile which ranges from 0.6 to 0.7 in case of steel
and 0.8 to 1 for concrete. t, is a virtual thickness for
the interface element that has a value between 0.01 to
0.1 as recommended in MIDAS user manual and Ong
(2015). The higher the stiffness difference between
soil and pile, the smaller the value of t,. vy, is the
interface Poisson's ratio which has a value of 0.45
(MIDAS user manual).
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laterally loaded battered pile at Arkansas River

Alizadeh and Davisson (1970) performed a full-
scale lateral load test on negatively battered steel H-
section pile (B = -18.43%) with a flexure stiffness EI of
71081kN-m*> and a pile length (L) of 13.8m at
Arkansas river site. As reported by Meyer and Reese
(1979), the pile was a free-head driven pile in sandy
soil with 18.06 kN/m’ unit weight and 9.89 kN/m’
submerged unit weight. The soil’s angle of internal
friction (@) was 38° and the water table was 0.4m
below the ground surface. The pile-head (i.e., the
location of loading (e), Fig. 1) was 0.15m above the
ground surface. For MIDAS, The pile interface
parameters are used to be 1300 KN/m?, 4000 kN/m’,
and 45000 kN/m’ for Qu, K, and K,, respectevely.
Figure 5 presents the measured pile-head response at
the ground surface and the LPILE, MIDAS, and SW
model results. A good agreement is found between the
measured data and MIDAS, LPILE, and SW results.
However, the results of MIDAS are very sensitive to
the interface element parameters specially the
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parameter t, which is used with a value of 0.1 in the
present study. More details about the sensitivity of t,
presented in Ong (2015).
Parametric Study

The SW model, MIDAS and LPILEprocedures
are utilized in performing a series of analyses on
laterally loaded battered piles embedded in loose,
medium dense, and dense sands. The current study
concentrates on the influence of typical soil/pile
properties on the lateral response of battered piles.
Such properties include the pile battering angle (B),
relative density of sandy soil (D,), and pile cross
section shape. The study also presents a comparison
between the passive wedge size obtained from SW
model and MIDAS. Tables 1 and 2 present the soil and
pile properties used in the analysis, respectively. For
each sand density, the values suggested by Bowles
(1996) for the sand modulus of elasticity (E) and other
soil properties are employed. The response of battered
piles is investigated for several values of batter angles
B that ranged from -20 to +20 degrees.
Analysis and Results
1.4. Pile batter angle

Figure 6 presents the lateral response of battered
piles for B = +20° and +10°. The utilized medium
dense sand and pile properties are presented in Tables
1 and 2, respectively. A good agreement between the
SW model, LPILE, and MIDAS results can be
observed in Fig. 6a with negative battered piles, which
is not the case with the positive battered piles shown
in Fig. 6b. MIDAS results are not in good agreement
with the predicted response of positive battered piles
obtained from the SW model and LPILE even by
changing the value of t, from 0.01 to 0.1 (Figs. 6b and
7) as recommended in MIDAS user manual and Ong
(2015).
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Fig. 6. Response of laterally loaded battered pile a) Negative battered b) Positive battered



New York Science Journal 2018;11(7)

http://www.sciencepub.net/newyork

300 =
=20 -
g B +10 B=+20
Z /%20
ac 200 + 4
= o) .
] '/'
2 A P,=250kN
— s v
Tioo L fo =3
£ 100 g i
Fﬁ: t" _SW' .ﬁ L
3 / --MIDAS { N
Medium Sand
T SN WU ISENEES WSNET——_ " ks Sttt
0 10 20 30 40 50 60

Pile Head Deflection, Y,, mm

Fig. 7. Response of laterally loaded battered pile

300

z =

™. o

ar200 T+ =8

=

o )4

A G P, = 250kN

— PR =\

£100 + —SW .

= # -« LPILE A

- " =+20"\+

P --MIDAS Medium
Y ol U —— 1
0 20 40 60

Pile Head Deflection, Y,, mm

Fig. 8. Response of laterally positive battered pile
(t,=0.8)

300
1 Dense  Medium Lawsa:
i i ]
[
Z
aF200
: (a)
Elﬂﬂ 1l SW P = 250kM
o L T
A +LPILE |
f --MIDAS  Ja. .3
il . — voa e —f— v
0 10 20 30 an

Pile Head Deflection, Y, mm

El1]
o -
o8
el 200 + -
-]
A
=
= = P50kN
E 100+ - P"._- Z50kN
?i —5W » Looas el A
o LPILE  » Mediam Dense I
== MIDAS & Dense B = +20 N
1]

MIDAS can be used to predict the response of
laterally loaded positive battered piles by using t,
equals to 0.8 as shown in Fig. 8. The resistance of the
negative battered piles is greater than that of the
positive battered ones. Likewise, the higher the value
of negative battering angle the higher the stiffness of
the pile. In contrast, the higher the value of positive
battering angle the softer the stiffness of the battered
pile.

1.5. Sand relative density (D,)

The pile-soil lateral resistance increases by
changing the state of sand from loose to dense for both
negative and positive battered piles as presented in
Fig.9. As shown in Fig. 9a, the difference between
MIDAS's predictions of lateral response of negative
piles and those from the other two techniques
decreases by increasing the sand relative densities to
exhibit very good agreement in the case of dense sand.
On the other hand, the SW model provides moderate
predictions for the positive pile in loose, medium
dense and dense sands compared to the results
obtained from MIDAS and LPILE (Fig. 9b). It can be
noticed that LPILE provides a softer pile head
response and MIDAS predicts a stiffer one compared
to the results of the SW model.

n 20 40 ] B

File Head Deflection, ¥, mm

100 120

(b)

Fig. 9. Influence of sand relative density on the response of laterally loaded battered piles for a) Negative

battered b) Positive battered

Pile cross section

The medium dense sand and piles No. 1 and 2
(Tables 1 and 2) are used to study the influence of pile
cross section on the lateral response of battered piles.
The SW and LPILE results indicate that the circular
cross section has less resistance compared to the pile
with an H-section. On contrast and unexpectedly,
MIDAS provides a stiffer pile head response for the
pile with a circular cross section as demonstrated in
Fig. 10.

25

Deflection pattern

Figure 11 presents the profile of pile lateral
deflections along the pile length. A very good
agreement can be observed between the three
techniques used in this paper for the negative battered
pile (Fig. 11a). As previously noted, MIDAS results
are obtained based on t, = 0.1 do not match those
predicted by other methods for positive battered piles
(Fig. 11b).
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Fig. 10. Pile lateral deflection profile for Negative
battered pile

1.6. Bending moment and shear force

Figuresl2and 13 display the bending moment
and shear force diagrams along the pile, respectively.
For the same lateral load, the maximum bending
moments of positive battered piles are greater than
those of the negative battered piles which agree with
the results presented by Sastry et al. (1995). The
medium dense sand and pile No. 1 properties
described in Tables 1 and 2, respectively, were utilized
in the analysis. The straining actions (i.e., bending
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moments and shear forces, Figs. 12 and 13)
determined from MIDAS are less than those calculated
from the other two techniques.
1.7. Wedge size

Once the battered pile deflects, a mobilized
passive soil wedge develops in front of the pile. The
wedge size/geometry is controlled by the mobilized
fanning angle (,,), the width of the wedge face (T17)),
and the wedge height (h) (i.e., the depth to the first
zero-deflection point) (Fig. 2). Figurel4portrays the
wedge size at the ground surface predicted using SW
method and MIDAS. A reasonable agreement can be
observed for the negative battered pile as shown in
Fig. 14a. As in Fig. 14b, MIDAS predicts larger soil
passive wedge which may explain the relatively stiff
response of the positive battered piles compared to the
SW model one (Figs. 6b, 7and8b). The value of h of
the negative battered pile is equal to 3.17m and 4.0m
for the SW model and MIDAS, respectively, as shown
in Fig. 1la. For the positive battered pile, the SW
model and MIDAS provide an h of 3.62m and 3.65m,
respectively, as demonstrated in Fig. 11b.

Fig. 11. Pile lateral deflection pfbﬁle a) Negative battered b) Positive battered
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Fig. 12. Bending moment diagram, a) Negative battered b) Positive battered
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Summary and Conclusion

The SW model, LPILE, and MIDAS GTS-NX
are used to assess the response of battered piles
subjected to lateral loads. The SW approach predicts
the behavior of laterally loaded batter piles as a
function of soil and pile properties (bending stiffness,
cross-sectional shape, and head fixity). As expected,
the lateral behavior of batterd piles is highly
influenced by the magnitude and direction of the pile
batter angle in addition to the soil properties (i.e., sand
relative density). The SW model and LPILE can be
used to determine the pile lateral deflection and
straining actions (i.e., bending moment, and shear
force) along the pile length for negative and positive
battered piles unlike MIDAS which predicts less
bending moments and stiffer pile head response with
positive battered piles. MIDAS can be utilized to
analyze the positive battered piles by modifying the
controlling parameter of the interface element (i.e., the
virtual thickness, t,) to be0.8. However, MIDAS
interface element needs extended sensitivity analysis
to relate the interface parameters to soil and pile
properties including the pile battering angle. Despite
the good agreement of the SW results with field test,
additional field results are surely needed to validate

27

the predicted straining actions.
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