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Abstract

The lateral load-carrying mechanism of vertically installed and battered minipiles is evaluated using 1g-physical and
numerical modelling. Single minipiles with batter angles of 0°, £ 25° and &+ 45° are tested under lateral load in medium
dense and dense sand. The minipiles are instrumented with fibre Bragg grated optic fibres to obtain a strain profile (two-
dimensional) along the minipile shaft. A calibrated numerical model is further adopted to produce p—y curves for battered
minipiles at various node deflections. The ratio of soil reaction of battered minipiles to vertically installed minipiles is
observed to change with both deflection and depth of the minipile. An analytical solution is developed based on the
decomposition of lateral load into skin friction and passive pressure for battered minipiles. A reduction factor is proposed
that considers a decrease in passive pressure when the minipile is loaded in the opposite direction of the batter. The
analytical solution is capable of accounting for soil properties, pile rigidity and the angle of inclination of battered
minipiles. The analytical method is subsequently verified for cohesive soils using full-scale field results. The ratio of the
ultimate lateral load of battered minipiles to vertical minipiles presented in the literature corroborated the findings of this

study.

Keywords Battered angle - Driven minipiles - FDM - Lateral load-carrying mechanism - Optic fibre

1 Introduction

Minipiles are hollow, shallow-depth piles that are driven
into the soil, often in groups. They typically have a
diameter of 42.4 mm and a length of up to two metres and
are driven into the soil in battered (reticulated) configura-
tions. Groups of three or more battered minipiles are used
as foundations of light structures such as electric poles,
solar panels and small wind turbines. They have recently
become popular worldwide due to their lightweight and
easy installation. To quantify the performance of these
minipile groups, it is essential to understand the behaviour
of single minipiles at shallow depths primarily.

Minipiles are characteristically similar to micropiles in
physical attributes except without grouting. Micropiles are
a small-diameter (normally less than 300 mm) deep
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foundation system first introduced by Lizzi [38]. They have
since been widely used to retrofit existing foundations and
reinforce in situ earth structures due to their ease of
installation in inaccessible areas [25]. In the micropile
design and construction manual [7], the design of vertical
micropiles subjected to lateral load is stated to be similar to
that of a conventionally driven pile. The lateral load
capacity of a pile can be analysed using various techniques
like the p—y curve technique [39], strain wedge method [9]
and the distribution of soil pressure in front of the piles.
The mobilised passive pressure of rigid piles was investi-
gated by Broms [15], Meyerhof and Yalcin [45], Fleming
et al. [21], Prasad and Chari [51] for vertical piles and by
Meyerhof and Ranjan [42], Meyerhof and Sastry [43] for
battered piles under inclined loads. Meyerhof and Yalcin
[45] reported the effects of inclined and eccentric lateral
loading on flexible-type battered piles in the sand.
Battered piles/minipiles have higher lateral stiffness
than vertical piles [24, 42]. The effect of batter angle on p—
y curves was investigated by Kubo [29] and Awoshika [12]
using full-scale and model tests in a tank, respectively.
Based on their test results, they proposed a modifying
constant as a function of the batter angle to increase or

@ Springer


http://orcid.org/0000-0002-2803-3264
http://orcid.org/0000-0002-9231-8598
http://crossmark.crossref.org/dialog/?doi=10.1007/s11440-024-02250-x&amp;domain=pdf
https://doi.org/10.1007/s11440-024-02250-x

6408

Acta Geotechnica (2024) 19:6407-6425

decrease the ultimate lateral resistance. However, the
modifier did not account for the relative density (D,) of the
soil or rigidity of the pile, limiting its application in prac-
tice. Through centrifuge modelling, Zhang et al. [65]
studied the effects of batter angle on flexible piles in dense
and loose sand. They introduced a modifying factor for p—y
curves, which was sensitive to the relative density of the
soils. Kyung and Lee [32] also inspected the effects of the
inclination of micropiles in the sand, and their investigation
reported an optimum batter angle of 30° in dense sand to
reach maximum load-carrying capacity. Sharma and Hus-
sain [58] experimentally studied the effect of the length
(L) to diameter (D) ratio of grouted micropiles at various
batter angles subjected to lateral load and reported an
optimum L/D ratio of 48 for 30° batter angle, beyond
which the increment in the micropile length had an
insignificant effect. However, these above studies do not
consider a wide range of either pile and soil properties or
both, and hence, the proposed empirical factors might not
be robust. A recent study by Ashour et al. [8] again sug-
gested a multiplier from the strain wedge model for p—y
curves of battered piles for sandy soils only, and its
applicability for cohesive soil is not yet justified or
investigated.

The overarching aim of this study is to investigate the
effect of batter angle on the lateral loading capacity of
minipiles in medium dense and dense sand. This is
achieved by 1g-physical modelling through consideration
of the stress-scale effect. The optical fibre instrumented
minipiles were further used to calibrate numerical models
to attain stress contours, axial force and bending moment
distribution, which otherwise require heavy instrumenta-
tion during experimentation. The validated numerical
model also produced p—y curves and p-multipliers at
shallow depth for these scarcely studied shallow-depth
minipiles. Finally, to translate the observations of this
study to a more practical level, a modified classical ana-
Iytical theory is proposed based on the experimental and
numerical observations. The motivation is to elucidate the
interaction of minipiles, especially when oriented in dif-
ferent directions respective to the loading at different batter
angles in both cohesionless and cohesive soil. This study is
aimed to address the research gap about shallow-depth
battered minipiles under lateral loading in cohesionless soil
and the lack of proper understanding based on limited
reported data on battered piles.

2 1g Physical model
To investigate the soil-structure interaction of battered and

vertical single minipiles under lateral loading conditions,
small-scale model minipiles were tested in a sand tank in
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controlled laboratory conditions. A test tank of 25-mm-
thick cross-laminated plywood (braced internally with steel
sections) was fabricated with a length and width of 1000
mm and a height of 600 mm, respectively (Fig. 1). Dry
clean silica sand, classified as poorly graded sand (SP)
according to the Unified Soil Classification System, was
used in this study (Fig. 2). The maximum and minimum
density, X'y max and Xy, min, were measured 18.3 kN/m? and
16.9 kN/m> [10, 11], respectively.

2.1 Methodology

The tank was filled with sand using the pluviation tech-
nique adopted from Rad and Tumay [52], as a high relative
density of 92% was reported to be achieved using a similar
sand pluviation technique earlier [30-32]. The components
of the sand rainer, as shown in Fig. 3a, were first designed
and fabricated. The setup had two main parts: a porous
sand tray with a shutter to hold the sand before diffusing
and two diffusers placed above the sand bed to deposit the
sand evenly. The height between the shutter and the dif-
fuser was designed to be adjustable. The distance between
the shutter and the diffuser is called the falling distance,
and the distance between the diffuser and the sand bed in
the tank is called the falling height. The following factors
affected the deposition intensity or the relative density of
the sand in the tank: porosity of the shutter, diffuser type

Test frame

Sand tank

1000 mm

Fig. 1 Schematic of the test setup
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Fig. 2 Particle size distribution

and falling height. A shutter porosity of 1.54% and two
sieves with an aperture size of 3.33 mm, placed 10 mm
apart, were chosen based on a range proposed for maxi-
mum density [52]. Before filling the sand tank, a calibra-
tion process was completed to find the relationship between
the relative density and fall heights (Fig. 3b). The falling
height for 90% and 75% relative density was determined to
be 400 mm and 200 mm, respectively. The falling distance
was adopted from Rad and Tumay [52] and kept fixed at
500 mm because the sand reached its terminal velocity at

L

Diffuser
- sieves

Fig. 3 a Pluviation setup and b calibration graph for various fall heights

this distance. A constant falling height was adopted to fill
sand in 50-mm-thick layers to achieve a uniform relative
density. Thus, the diffuser sieves were lifted by 50 mm, and
this was done twelve times to maintain the fall height while
filling the 600-mm-deep tank.

2.2 Geometry of physical modelling and scale
effects

2.2.1 Geometric scale

To understand the behaviour of a full-scale minipile with
an outer diameter of 42.4 mm, a thickness of 2.5 mm and a
length of 1.6 m in cohesionless soil, the model minipiles
were geometrically scaled down. The outer diameter of the
steel minipile was selected to be 9.54 mm, and the linear
scale factor (1/N) of 4.44 was determined as the ratio of the
diameter of the prototype to the model minipile. The length
of the model minipile was estimated to be 360 mm fol-
lowing the Buckingham pi theorem [61]. As the area could
not be practically factored down, the relative stiffness of
the model minipile was maintained of the same order as
that of a typical minipile. According to the equation pro-
posed by Poulos [49], the relative stiffness of the pile (K})
can be determined by Eq. 1. This method has been widely
applied earlier for calculating the relative stiffness of
model piles with similar dimensions by Lee et al. [34] and
Abadie et al. [2] among others.

Ky = Epl,/Es L* (1)
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where Epl, is the flexural rigidity of the pile, Eg is
Young’s modulus of soil at the pile tip that can be calcu-
lated using Eg;, = 2(1 + 1)Gy, where Gy, is the small-strain
shear modulus, and L is the embedded depth of the pile [2].
The G, was obtained experimentally in this study, and Egp,
was then determined from the given relation. Eg corre-
sponding to 90% relative density at the desired effective
vertical stress was established from the experimental data,
as described in the following section. When the relative
stiffness of the pile is between 0.208 and 0.0025, the pile
can be considered semi-rigid [2]. The K of the driven
minipiles studied here, according to Eq. 1, is 0.00395, so it
can be classified as a semi-rigid minipile.

2.2.2 Stress scale

In 1g model tests, due to low confining pressure compared
to field conditions, the soil density is reduced to represent
the soil dilatancy in the field for conventional piles
[2, 6, 33]. However, for studies on model micropiles [30],
scaling of stress has not been reported earlier, most likely
due to the shallow depth of the prototype micropiles
themselves. In this study, the peak friction angle, dilation
angle and Young’s modulus of soil were estimated from
direct simple shear tests (DSS) as deformation along the
pile shaft resembles the simple shear condition [4].
NGlI-type simple shear device [14] was used to perform
the simple shear tests over a range of normal stresses from
25 to 150 kPa at three different relative densities (75, 90
and 100%), as shown in Fig. 4a, 4b. The internal friction
angle was calculated per tan_l(rxxlo’ ,) based on the
assumptions mentioned and justified in Al Tarhouni and
Hawlader [5] The friction angle versus effective vertical
stress was logarithmically fitted, and the soil’s Young’s
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modulus was fitted using a power law with an exponent
equivalent to nearly one. The relationship between
Young’s modulus and the effective vertical stress seems
almost linear, as stiffness parameters were measured only
over a narrow range of vertical stresses. This piecewise
linear relationship between shear modulus and normal
stress over a narrow range of normal stresses is also
illustrated in Wang and Mok [62].

The shear parameters at even lower stress levels were
extrapolated, as was also reported by Leblanc et al. [33].
The effective vertical stress at 100% D, for the prototype
minipile of 1.6 m length is 29.3 kPa, and considering the
same unit weight of the soil, the maximum representative
effective stress for the model minipile of 0.36 m length is
6.6 kPa. From Fig. 4a, the peak friction angle at around 6.6
kPa normal stress for 90% D, (1g condition) is 39°, and the
relative density corresponding to 39° peak friction angle at
around 30 kPa is 100%, representing very dense field
condition. Similarly, from Fig. 4b, the estimated Young’s
modulus of soil at 1g level is 0.95 MPa. Along with the
peak friction angle (¢), the critical state friction angle (¢.)
was obtained from the experimental data, and consecu-
tively, the dilation angle (1) was estimated equal to (¢ —
¢.)/0.6 as proposed by Chakraborty and Salgado [17] at
low confining pressure.

Thus, considering a very dense field condition for the
prototype minipiles, two dense but realistic relative den-
sities of 90% and 75% were adopted in this study. Also,
since the effect of batter angle is only significant in med-
ium dense and dense sand [65], the relative density for the
model could not be reduced any further. Nevertheless, the
main cornerstone of this study is to compare the effect of
batter angles at similar soil conditions. The force—dis-
placement curves are presented henceforth adopting the
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Fig. 4 a Internal friction angle and Young’s modulus as a function of relative density and effective vertical stress
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dimensionless framework [33] to compare stress across
various scales and soil properties as shown in Eq. 2 and
Eq. 3,

(2)

normalised force, H =

L*Byr
normalised displacement, it = % (3)

where H, 7’, L and B are the horizontal force, unit weight
of the soil, length and diameter of the minipile,
respectively.

2.2.3 Boundary effect

The minimum distance between the pile and the walls of
the tank was maintained greater than 10B for minimum
boundary effects, as also suggested by Poulos and Davis
[50], Rao et al. [54] and Baek et al. [13], among others. The
pile diameter (B) to the representative particle size of the
sand (Dsg) ratio should be greater than 20 for the particle
size effect to be insignificant [64] and in this study, it was
25.

2.3 Instrumentation with optic fibre

Fibre Bragg grated optic fibre technique was employed for
obtaining strain along the minipile shaft owing to its high
spatial resolution compared to the conventional strain
gauges. Traditional instrumentations such as strain gauges
have drawbacks like large gauge sizes due to the length of
the strain gauges. Thus, this study used robust optic fibre
sensors due to their superior sensing technique [19]. Fibre
Bragg grated (FBG) optic fibres have found their use in
temperature and strain monitoring because of several
advantages over traditional instrumentation techniques.
They are lightweight, easy to install and have the feature of
having several measurement points over small physical
dimensions. These advantages reduce the excessive use of
cables given the already smaller diameter of minipiles. The
working principle of the FBGs is based on Bragg’s law laid
by W.H. Bragg and W.L. Bragg [36]. The FBGs in an optic
fibre have a periodic modulation of refraction index, and
when broadband light is incident on the optic fibre, the
central wavelength matching that local modulation period
is reflected [28]. The reflected central wavelength shifts
when the optic fibre is subjected to strain and temperature
change. The relation between the central Bragg wavelength
and the strain under constant temperature [48] is shown in
Eq. 4.

M (1~ par)a @)

\B

where A/ denotes the shift in central Bragg wavelength,
Petr 1S the photo-elastic parameter and Ae is the strain.
Thus, the strain or temperature change can be obtained
from the shift in wavelength.

Fibre optic sensors have been used earlier by other
researchers to monitor full-scale pile or minipile behaviour
(Mondal et al., 2022). Lee et al. [35] studied the feasibility
of optic fibre instrumentation on piles in laboratory and
field conditions and reported local axial strain as a function
of wavelength shift. Li et al. [36] monitored and analysed
pipe piles under hydraulic jacking using FBG sensing
technology and reported the strain distribution along the
pile. A similar approach has been adopted to instrument
model minipiles with FBG-based optic fibres in this study.

Two arrangements of the FBGs were adopted for the
tests; one pipe was instrumented with seven FBG, which
was used for dense soil conditions (Fig. 5). When the tests
were repeated at 75% relative density, all the minipiles
were instrumented with six FBGs only starting at 110 mm
below minipile head, as the contribution of the FBG above
the soil surface was redundant. The optic fibres were
attached to the surface of the minipile with adhesive owing
to their very small diameter of 0.25 mm.

A calibration process was undertaken with two types of
adhesives based on the literature: (a) cyanoacrylate and (b)
two-part epoxy [60] to opt for an adhesive with a minimum
strain loss. This study performed a three-point bending test
on a model minipile on which one optic fibre with two
FBGs was glued using cyanoacrylate. Two strain gauges
with 2 mm gauge length were also installed adjacently to
find the correlation between the wavelength shift and
measured strain, as shown in Fig. 6. The same procedure
was followed for two-part epoxy. The face on which the
FBG and strain gauges were installed was subjected to
both tension and compression, respectively. The plot
(Fig. 7) shows the correlation between strain and wave-
length shift, suggesting from the high coefficient of
determination (R-squared) that either of the adhesives
could be chosen. The cyanoacrylate adhesive was used in
this study as the intercept was smaller. The relationship
between the shift of wavelength and strain obtained from
the calibration is shown in Eq. 5,

pe = 281.97(A%) — 0.8932 (5)

where pe is the microstrain and A4 is the shift in wave-
length from the corresponding FBG. Even though the data
points on the tension face corresponding to the negative
wavelength shift are limited, the proposed relation can still
produce reliable data. It is because only the compression
face of the minipiles was instrumented for the lateral load
tests in this study, as demonstrated in the following sec-
tion. The shift in wavelength due to temperature change
was neglected as the testing procedure was completed

@ Springer
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within a short period and in the laboratory’s controlled
environment.

2.4 Test procedure

The single minipiles with three battered angles (6 = 0°, 25°
and 45°) with respect to the vertical were tested under
lateral loading at two different relative densities of 90 and
75%, as shown in Fig. 8. The minipile battered in the
direction of load, i.e. + 25° + 45°, and in the opposite
direction, — 25° — 45°, subsequently, will be addressed as
positive and negative battered cases, respectively (Fig. 8a
and c). The minipiles were installed with gentle, repeated
blows using a rubber mallet hammer to replicate the field
installation technique of full-scale steel minipiles using a
jackhammer. A hole of 11 mm diameter battered at the
three mentioned angles was drilled through thick plywood
and used as a guiding frame to drive the minipiles at the

@ Springer

desired angle. The minipiles were driven into the soil up to
a depth of 270 mm with a free head (eccentricity) of 90
mm. The effects of other types of installation were not
considered in this study.

The minipile cap was attached rigidly to an actuator
with a load cell of 10 N least count, and a digital indicator
was connected to the cap to record lateral displacement.
Laser sensors were also used to measure and validate the
displacement of the pile cap. The load was applied at an
increment of 0.01 kN (least count of the load cell) and
maintained for 15 minutes with the aid of an actuator until
the lateral displacement stabilised. An automatic closed-
loop system with control and data logging software was
used to operate the actuator to apply and record the load.
The strain at discrete points along the minipile shaft was
recorded at each loading stage from the optic fibre using an
interrogator. As the interrogator had only one working
channel, only one face of the minipile was instrumented
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(b)

360

10 mm—=

Fig. 8 Loading direction for a positive, b vertical and ¢ negative battered minipiles

and recorded. This limitation was further overcome with
the help of calibrated numerical models, as described in the
Numerical model section.

2.5 Results and discussion
2.5.1 Load displacement curve

The normalised load—displacement curve of the positive,
negative battered and vertically installed minipiles sub-
jected to lateral load at 90% and 75% D, are shown in
Fig. 9a and b, respectively. The model minipiles were
loaded until a maximum head displacement of 10-14 mm
to avoid permanent deformation or bending of the

5
—@— Pos-25° 90% D,
- —+— Pos-45°
s 0°
-&- 0°-repeat
- —— Neg-25°

Fig. 9 Normalised load—displacement curve at a D, = 90% b D, = 75%

minipiles. Each test was repeated twice to confirm its
repeatability, and only one of them (for brevity) depicting
the repeated test results for vertical minipiles is shown in
the plot (Fig. 9a).

The ultimate load capacity of laterally loaded micropiles
is specified at various corresponding displacements. Abd
Elaziz and El Naggar [3] proposed displacements of
6.25 mm, 12 mm or 5% of the diameter of the micropile for
model micropiles; however, a displacement of 60% of the
pile diameter was specified by Fukui [23]. Kyung and Lee
[32] established the ultimate load at 3 mm displacement for
their model micropiles of 5 mm diameter. In this study, the
lateral ultimate capacity was chosen at 20% of the minipile
diameter equal to 2 mm, according to Broms [15], as a

5
-8 Pos-25° 75% D,
- —+— Pos-45°
g0
—+— Neg-25°

| —— Neg-45°
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displacement of 0.2B was believed to be a more relevant
failure criterion for these small-diameter minipiles.
Accordingly, the lateral capacity of the 0°, + 25°, 4+ 45°,
— 25° and — 45° minipile was found to be 20 N, 34 N,
252 N, 12 N and 10 N, respectively, for D, of 90%.
The 4+ 25° has maximum lateral resistance followed
by + 45°, while the negatively battered minipiles have
lower lateral resistance, with — 45° being the least. The
trend seems to change at higher displacement (u > 0.42) as
the force—displacement curve of 4+ 45° minipile reaches
the plastic state.

For 75% D, the lateral resistance at 2 mm lateral head
displacement for 0°, + 25°, 4+ 45°, — 25° and — 45° was
I8 N, 26 N, 16 N, 11 N and 8 N, respectively, as depicted
in Fig. 9b. For 45° battered minipiles, not only the ultimate
lateral load is lowest, but at each loading stage, the lateral
displacement was also significantly higher compared to
other battered minipiles. The general trend in the load-
displacement curve depicts that, as the relative density of
the sand was reduced, there was an anticipated decrease in
the lateral resistance of the minipiles. The divergence
among the load—displacement curves of various batter
angles reduced with the lowering of the relative density of
the soil as well. The lateral load capacity for
0°, + 25°, + 45°, — 25° and — 45° battered minipiles
decreased by 10, 24, 37, 8 and 20%, respectively, when the
density of the sand was reduced from 90 to 75%. This can
be attributed to the fact that due to looser compaction, the
sand in front of the minipile undergoes volumetric com-
pression, and the soil pressure wedge is less mobilised than
denser sand. There is also a clear contribution of the skin
friction due to which the reduction percentages for all
batter angles differ, which is further discussed in the
Analytical solution section.

2.5.2 Strain profile

To compare the soil-structure interaction, the observed
compressive strain profile along the minipile shaft at dif-
ferent loading stages is plotted in Fig. 10 at D, of 90 and
75% for £ 25°. Figure 10a and b compares the strain
profile at the equivalent loading stage at 90% D, for + 25°
and — 25° minipile, respectively. Similar plots are also
presented for 4+ 25° and — 25° battered minipile in
Fig. 10c and d for 75% D,. As evident from the strain
profiles, the induced strain increases at each loading stage
and the maximum value is observed at a depth of around
200 mm below the minipile tip. At equivalent force, the
strain sustained by — 25° minipile is highest, followed by
0° and + 25°, respectively. For instance, at 90% D,, cor-
responding to 0.07 kN load, the strain recorded for — 25° is
334 pe, 0°is 297 pe, and + 25° is 224 pe. This behaviour
can be attributed to higher displacement for — 25° and 0°

@ Springer

compared to + 25° at the same applied lateral force, as
shown in Fig. 9a. The trend observed for the minipiles in
loosely compacted soil at 75% relative density is similar to
that of 90% D,. However, the magnitude of the strain
recorded is comparatively lower than that for the dense
sand condition because of the lesser lateral load resistance
at lower relative density. The reduced strain is caused due
to the reduction in lateral soil pressure and skin friction at
75% D, as described in the Analytical solution section.
The minipile—soil interaction at a particular displace-
ment can be considered to compare the strain for battered
cases. Since the ultimate load was measured corresponding
to 2 mm lateral head displacement, the equivalent strains
are plotted in Fig. 11 for further comparative analysis. The
optic fibre results depict that the strain is higher for the
positive condition followed by vertical and negative con-
ditions at any particular displacement for both soil densi-
ties. When the relative density was reduced from 90% D, to
75% D,, the respective reduction in strain for 0°, + 25°
and — 25° battered minipiles at 2 mm lateral head dis-
placement reflected the load—displacement pattern pre-
sented earlier. The higher strain induced in the + 25°
minipile indicates higher mobilised passive pressure in
front of the minipile at the same lateral displacement. The
depth of maximum strain for 0° and — 25° is deeper than
that for 4+ 25° due to the lower relative stiffness of the
latter at the same lateral displacement. Figure 11 also
presents the strain profile for minipiles battered at 4 45°
and — 45°, where it is noted that the point of maximum
strain shifts towards the minipile toe, supposedly due to the
transition of minipile’s relative stiffness from semi-rigid to
rigid. The strain experienced for 45° is much lower than
0°, + 25° and — 25°, and this is due to lower mobilised
passive pressure in front of the minipile at 45° which is
later observed from p—y curves as well. As only one face of
the minipile was instrumented, the bending moment could
not be directly estimated, and the numerical model (de-
scribed next) was used to compensate for this limitation.

3 Numerical model

A three-dimensional, explicit, finite difference program,
FLAC?P [1], was used to simulate the behaviour of model
minipiles in dense (90% D,) cohesionless soil. The over-
arching aim of the numerical model was to extract
parameters such as stress contours, bending moment, axial
force and p—y curves, which could not be directly obtained
from the instrumentation. The numerical model was cali-
brated against the experimentally obtained force—dis-
placement curve and strain profile for each batter angle,
which was further adopted to extract additional quantities
for deciphering the soil behaviour.
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Fig. 10 Strain profile (compressive) along minipile shaft at 90% D; (a, b) and 75% D; (c, d) for + 25° and — 25°

3.1 Methodology

The minipiles were modelled using the pile structural
elements, straight segments with uniform and bi-symmet-
rical cross-sectional properties between two nodes. A
hexahedral brick-shaped mesh type with eight vertices was
used to model the soil. The mesh size was optimised after
performing sensitivity analysis, in which the mesh size was
changed from coarse to finer; the optimum mesh size
beyond which the change in lateral displacement (for two
consecutive analyses) was less than 3% was chosen [27].
The square soil zone had a length of 100 times the minipile
diameter (B), and the distance from the minipile toe to the
base of the soil was more than 20B, which is significantly
greater than the values proposed in the literature
[13, 20, 27, 50]. The soil was modelled with roller
boundaries at the sidewalls and fixed and free boundaries at

the base and top face, respectively. The initial stresses in
the soil zone were initialised with a coefficient of earth
pressure of 0.37, calculated using the relation K, = 1—sin¢
[40].

An elastoplastic Mohr—Coulomb constitutive model was
used to simulate the soil, as it can accurately predict ulti-
mate failure criteria with only basic soil parameters. The
properties of the minipile used for the numerical model are
presented in Table 1, and the soil properties estimated from
laboratory tests (as elaborated earlier) are summarised in
Table 2.

The interaction between the pile and soil was modelled
using coupling springs, which act in the normal and shear
direction at the interface. The coupling gap in the normal
direction was set ‘on’ to allow pile—soil separation. The
end-bearing mechanism can be modelled by defining a
spring between the structure and the grid at the pile toe.
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Fig. 11 Strain profile at 2 mm lateral displacement for all batter
angles

The springs have both cohesive and frictional properties,
and their controlling parameters are stiffness (ks and k,),
cohesion per unit length (¢ and ¢,) and friction (¢, and ¢,)
in both shear and normal direction, respectively, to the
pile—soil interface. The stiffness parameters out of these six
values require calibration for changes in loading directions
[1].

The numerical model developed was validated with the
respective force—displacement curves and strain profiles
obtained from physical modelling by calibrating the spring
parameters. The cohesive strength per unit length (cs and
c,) was assigned a value of 1 kPa, and ¢, and ¢, were
assumed to be 0.8¢ [18] or 31.2° as the interface friction
angle between the steel and dense sand for all batter angles.
The model was calibrated for each batter angle, assuming
an initial value for the stiffness parameters, k, and k,, based
on the relations mentioned in Mondal et al. [46], as pro-
posed by Randolph [53]. Then, several iterations were
performed using a trial-and-error method until the com-
puted and experimentally observed load—displacement
curve and strain profile coincided. The value of k; and k,

Table 1 Mechanical properties of the minipile used in FLAC?

Table 2 Properties of the cohesionless soil
o) )

0.94 x 10° 18.1 39 4.9 0 0.30

Eq® (N/m?) T ° (kN/m®) ¢ (Nm?

*Young’s modulus “internal friction angle “cohesive strength

°Unit weight of soil “dilation angle Poisson’s ratio

0.04
B +25°-Exp
| @ +45°-Exp
A 0°-Exp
| & -25°-Exp
. 0.03 + -45°-Exp
Z —> +25°-Num
- o _7
_‘8’ — > +45°-Num o —
P —-—>0°Num PO _
= 0021, 25°-Num 7 A
© o ro. A
E > -45°-Num /./ A
© A
- A//// - -w
0.01 -7 . ’
U :_/ 7
« 4 -
L+
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0 04 0.8 1.2 1.6 2

Displacement (mm)

Fig. 12 Comparison of numerically obtained force—displacement
curves with 1g tests

were 1 x 109, 24 x 105, 5 x 108, 1.2 x 10° and
4 x 10%, respectively, for 4+ 25°, + 45°, 0°, — 25° and
— 45° batter angles. After calibration, the decreasing order
of ks and k, of the battered minipiles (excluding 0°) was
found to be consistent with the order of their respective
experimental ultimate lateral load capacities. The load—
displacement curves suggested a very good agreement
between the experimental and numerical results owing to
the appropriate choice of stiffness parameters at the inter-
face (Fig. 12). The validated numerical model was then
used to predict the p—y curves of the battered minipiles.

E, (N/m?) Area (m?) Perimeter (m)

L1 (m*) Jo(m*) Ty

2 x 10! 7.07 x 107° 0.03

3.12 x 10710 6.24 x 10710 0.33

#Second moment with respect to y-axis “polar moment of inertia

Second moment with respect to z-axis “Poisson’s ratio
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3.2 Results and discussion
3.2.1 Shallow-depth p-y curves for battered minipiles

The minipiles’ batter angle significantly affects their lateral
load behaviour at shallow depths [8], which can be well
determined using p—y curves. The bending moment profiles
for all the battered angles were extracted from their
respective calibrated numerical models. Figure 13a shows
that the bending moment increases up to a depth of 0.18 m
below the pile tip, and the maximum bending decreases in
magnitude in the following order of batter angles,
0° > 4 25° > — 25° > + 45° > — 45°. As the vertical
minipile does not carry any axial load, the total strain
sustained is the bending strain only. However, for battered
minipiles, a fraction of the lateral load is converted to the
axial component, contributing to axial strain. Therefore, at
2 mm displacement, the total strain measured from optic
fibre for + 25° was higher than 0° (Fig. 11); however, the
bending moment for vertical minipile at the same 2 mm
displacement is 28% higher due to no strain decomposition.

The mobilised passive pressure per unit length, p, in
front of the minipile is extracted from the bending moment
(Fig. 12b) using the relation [63],

_dPM(z,1)

dz (6)

p(z1) =
where z and ¢ are the pile depth and time, respectively, and
the lateral deflection, y(z¢) is obtained directly from the
numerical model at each node. The maximum p at 2 mm
lateral head displacement decreases in the following order
of batter angles: + 25° > 0° > — 25° > 4 45° > — 45°.
The resisting pressure distribution on the passive side of
the minipiles is almost triangular, as proposed by Lin et al.

0.0

0.1

Depth (m)
o
N

A 0°
0.3 m +25°
o -25°
& +45°
+ 45°
0.4 . .
0.0 0.5 1.0 1.5 2.0 2.5

Bending Moment (N-m)

[37] and Sastry and Meyerhof [57] for laterally loaded piles
in sand. The larger the mobilised passive pressure wedge
area, the higher the ultimate lateral resistance.

The p—y curves at 5B and 10B depth, up to a lateral
deflection of 2 mm (at the respective nodes), are presented
in Fig. 14a and b, respectively, for all the battered angles.
The ratio of soil reaction of battered minipile, pg, to that of
vertical minipile, p,, represented as Q [8, 29, 65] was also
evaluated at lateral node deflection of 0.5, 1, 1.5 and 2 mm,
and is summarised in Table 3. In contradiction to what has
been reported in the literature, € is less than one for pos-
itive and negative battered, shallow-depth, semi-rigid
minipiles at a depth of 5B from the soil surface. However,
at a depth of 10B, @ is higher than one for 4 25°,
increasing further with lateral displacement. The + 45°
battered minipile does not offer a higher soil reaction
compared to the vertically installed minipile. However, this
behaviour was only observed for dense sand, and other
relative densities require further investigation.

3.2.2 Axial force and horizontal stress contour

The mobilised passive pressure in front of the minipile is
extracted from the numerical model and shown in Fig. 15.
The maximum oy, decreases in the following order of
batter  angles, + 25° > 0° > 4 45° > — 25° > — 45°.
The decreasing order of magnitude and nature of the soil
pressure distribution at 2 mm lateral head displacement is
in agreement with the strain profile comparison for dense
sand, as shown in Fig. 11. From the numerical model, the
structural displacement vectors (Fig. 15) indicated that for
positive battered minipiles, the displacement vector points
upwards along the inclination axis as the depth increases.
Contrarily, in the negative case, the pile tends to move into

0.0

(b)

0°
+25°
-25°
+45°
-45°

04
-100 0 100 200 300
Soil Reaction (N/m)

Fig. 13 Bending moment and soil reaction profile at 2 mm lateral head displacement
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Fig. 14 p—y curves at a 5B and b 10B depth from the soil surface

Table 3 Ratio of ultimate soil reaction (Q)

Angle Depth—5B Depth—10B

Deflection (mm)

0.5 1.0 1.5 2 0.5 1.0 1.5 2
0° 1.00 100 1.00 100 1.00 1.00 1.00 1.00

+25° 071 079 084 088 1.12 120 125 132
—25° 019 025 029 032 035 044 048 052
+45° 0.06 008 010 0.11 0.03 0.04 0.05 0.07
—45° 005 005 005 005 0.03 0.03 004 005

the soil along the axis of the batter when subjected to lat-
eral load. This observation will be used to describe the
direction of the decomposed loads used further in the
Analytical section.

800
— O (b)
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The battered minipiles have higher lateral resistance
than vertically installed minipiles due to the conversion of
lateral load into an axial component resisted by the skin
friction along the minipile shaft. From the axial load dis-
tribution obtained using the numerical model, the mobi-
lised skin friction for positively battered minipiles is higher
than that of negatively battered minipiles at ultimate
capacity. The maximum axial load is carried by + 25°, and
the vertical minipile sustains almost zero axial load. The
axial load maintained by + 45° is lower than + 25°, which
justifies the higher lateral resistance of the latter. The
negative battered minipiles also carry axial load, yet their
lateral resistance is lower than vertical minipiles due to
partial mobilisation of skin friction at the same lateral
displacement. While p-multipliers are one approach to
estimating piles’ lateral load capacity, as demonstrated
earlier, it requires further verification for shallow-depth

Z —~ ‘:\
s . ;
R -
-45° -25° +25° +45°
| —
0 -1.2 24 -3.6 -4.8 -5.5 kPa

Fig. 15 Stress contour and minipile node displacement profile at 2 mm lateral head displacement
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minipiles. Hence, an analytical method is proposed in this
study, which is presented next.

4 Analytical solution

The experimental analysis presented earlier demonstrates
the soil-structure interaction and the force—displacement
behaviour of the minipiles. While proposing a p-multiplier
(Q) is one of the common techniques to predict the lateral
behaviour of battered piles, it requires further investigation
for shallow-depth battered minipiles, as seen from the
numerical simulation. Therefore, to further incorporate the
current findings into practice, a classical analytical solution
is adopted and developed further to predict the ultimate
lateral load.

The relative stiffness of the vertical minipile at 90%
relative density is first identified using Eq. 1. For a hollow
minipile with 7, of 3.12 x 107'° m* and E, of 2 x 10"
N/m?, the relative stiffness factor (Ks) is 0.00395, so the
model minipiles can be characterised as semi-rigid (or at
proximity to the maximum threshold for flexible piles).
Meyerhof et al. [44] stated that a flexible pile behaves as a
rigid pile up to a critical depth D,,, which can be deter-
mined using Eq. 7.

Deu
<1 7
<, )

Dey = fuk%"L provided

where K, is the relative stiffness factor, L is the embedded
depth of the pile and f;, = 1.65 and 1.5 for sand and clay,
respectively [44]. For the K., of 0.00395, and embedded
pile depth of 0.27 m, D, is calculated to be 0.23 m from
the soil surface.

4.1 Lateral load on vertical minipile

The ultimate lateral load capacity of a vertical pile can be
estimated from the area of passive soil pressure distribution
as proposed by Meyerhof and Sastry [43] for flexible piles,

0Oy, = (0.129DeyKp; + 0.4¢K ;) BDey (8)

where ), is the ultimate transversal load, B is the diameter
of the pile, c is the cohesion or undrained shear strength, 7"
is the unit weight of the soil, and K;, and K., are the net
lateral soil pressure coefficients and can be obtained from
Meyerhof [41]. For rigid piles, Prasad and Chari [51]
proposed,

0 = 0.24 [10(1‘3 tan <ﬂ+0-3>} »xB{0.27x — 1.7L} 9)

where x is the point of the rotation of the rigid pile and can
be determined using the relation in Prasad and Chari [51].

i;oe, 3

Fig. 16 Soil pressure distribution for vertically installed minipile

The passive soil wedge’s shape depends on the piles’
relative stiffness and can be measured with instrumentation
such as pressure transducers. For cohesionless soil, where
c is zero, the passive soil pressure distribution along the
pile is assumed to be triangular [37, 41, 51], with zero at
the top increasing linearly to Py, at the base, at a depth of
D., [43] (Fig. 16). Their shape can also be determined
from the bending moment profile using p—y curves as
explained in the previous section.

4.2 Lateral load on battered minipile
4.2.1 Load decomposition

The load acting on the battered minipiles can be decom-
posed into axial and lateral components. The subjected
lateral load, Qy;, can be decomposed into two components,
as depicted in Fig. 17. As shown in Fig. 17, Q, is the lat-
eral load acting perpendicularly to the minipile shaft and
resisted by lateral soil pressure (Py,), and the other resisting
component is Q,, the axial load acting along the pile shaft
resisted by the skin friction (P,).

Q, is estimated from the skin friction along the pile shaft
using the method proposed by Hanna and Nguyen [26] for
cohesionless soil and battered piles as follows,

0, = ppKi(ave) tan 5&,(3\,6)0))& dz (10)

where p,, is the perimeter of the pile, K(,ye) is the mobilised
coefficient of earth pressure equivalent to R-K,,. where R is
the reduction factor, K, is the average coefficient of earth
pressure, dmcve) is the average mobilised angle of interface
friction, 7' is the effective unit weight of soil and z is the
depth of soil. The value of K, corresponding to the batter
angle and R corresponding to the ratio of interface friction
angle to internal friction angle can be deduced from the
figures proposed by Caquot and Kerisel [16], as shown in
Hanna and Nguyen [26].
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Fig. 17 Soil pressure distribution for a positive and b negatively battered minipile

4.2.2 Positive battered minipile

For a pile with positive batter, based on the load decom-
position, the axial load acts away from the pile and hence,
is counteracted by the skin friction acting downwards along
the pile shaft (Fig. 17a). The passive pressure acting in
front of the pile is also inclined away from the ground
surface. Thus, the equation for ultimate lateral load
capacity Qy; of a battered pile is,

On = (Q;, + Wsin0)cos0 + (Q, — Wcos0)sind (11)

where Q) is the ultimate lateral load of the vertically
installed minipile and W is the self-weight of the minipile.
The cosine and sine components of the self-weight get
balanced with each other and, hence, are omitted from
Eq. 11.

4.2.3 Negative battered minipile

As stated earlier, in the case of a positively battered
minipile, the pressure wedge is inclined away from the soil
surface, which allows the entire wedge to be formed. For
negative battered minipiles, Fig. 17b depicts that the skin
friction acts upward along the pile shaft. In the case of soil
plugging, the toe capacity (Q,) also contributes to Qy; along
with the skin friction; however, for minipiles, it is
neglected, considering their small diameter. The passive
pressure wedge is inclined towards the ground surface. The
triangle’s base is not completely mobilised as the triangular
pressure distribution hypothetically occurs above the soil
surface. This reduction in pressure distribution can be thus
quantified using a passive pressure angle of ‘i’ where, for
the vertical case, ‘i’ can be defined from Fig. 16.
From the pressure distribution for the vertical case,

il (12)

tan(i) = D
eu

where P;, is the maximum pressure acting at the depth,
Dey.

@ Springer

The net area of the soil pressure distribution with P, at
the base gives the ultimate lateral resistance of vertical
minipile, Qy,. Hence, tan(i) can also be written as,

2
L*)th ( 1 3)

eu

tani =

where @, is the ultimate lateral load capacity of the ver-
tically installed minipile.

The soil boundary limits the pressure wedge when the
pressure distribution is inclined towards the ground sur-
face. Thus, the angle ‘i’ needs to be modified to consider
the altered wedge shape bound by the ground surface and
hence can be termed as ‘i;;,oq.” @ is then defined as the angle
by which the pressure wedge rotates above the ground
surface; therefore, in.q = i—o, and ‘6’ is the degree of
batter. Thus, using trigonometry,

% = imod + 0 — 90° (14)
SO, imod =i — o0 = 90° — 0 (15)
and Ph(mod) = tan(imod) X Deu (16)

where 6 > (90° — i),
Hence, the ratio of modified to actual soil pressure at the

base is,

Ph(mod) . tan(90 — 0)
P tan(i)

(17)

so, a new reduction factor (RF) is introduced to quantify
this modification and can be defined as,

_ tan(90 — 0)

RF
tan(i)

(18)

This RF accounts for the reduced passive pressure for
negative battered minipiles.

Hence, the modified term to determine the lateral
resistance due to soil pressure on negatively battered
minipiles would be @y, cos 0 x RF, and the ultimate lateral
load will be given by,

Opi = Oncosh x RF + Q,sinf (19)
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Table 4 Value of components involved in predicting ultimate lateral
load at 90% D,

Angle Q, 0, sinf  Positive Negative battered
(N) (N) battered
On cosl QO RF O cosl QO
™) (N) ™) ™)

0° 389 0.0 20.0 20.0
15° 289 1715 19.3 26.8

1.000 20.0 20.0
0.005 0.10 7.6

25° 300 127 18.1 31.6 0.003 0.05 12.7
30° 31.8 159 17.3 332 0.002 0.04 16.0
45° 19.3  13.7 14.1 27.8 0.001 0.02 13.7

This proposed analytical method was used to predict the
lateral load-carrying capacity of the experimentally tested
minipiles in dense sand (90% D,) for various batter angles.
In this study, the analytically predicted load for vertical,
positive and negative battered minipile coincided with the
displacement criteria of 20% of B, as stated earlier based
on Brom’s criteria (1964). The values of the components
for respective batter angles, according to Eq. 19, are
delineated in Table 4. The experimentally observed
capacities were 34 N, 25.2 N, 12 N and 10 N, respectively,
for 4+ 25°, + 45°, — 25° and — 45° minipiles. The pre-
dicted ultimate lateral loads are 31.6 N, 27.8 N, 12.7 N and
13.7 N for + 25°, + 45°, — 25° and — 45°, which are in
good agreement with the observed values.

The frictional component has a pronounced effect on the
ultimate lateral load capacity of battered minipiles. In the
case of battered minipiles, the optimum capacity occurs for
the minipiles battered at & 30°, which can be attributed to
the higher skin friction (Q, sin 6 in Table 4). If the skin
friction is factored down for all the cases (e.g., when the
pile shaft is smooth or the relative density of the sand is
lower), the increment in the load capacity for the positive
batter is not very prominent. Thus, it can be deduced that
the effect of pile batter in loose sand is not as significant,
which was also found experimentally (Fig. 9b) and previ-
ously stated by Zhang et al. [65].

4.3 Verification of the analytical method
with full-scale test results in clay

This section validates the proposed analytical model’s
ability to predict the ultimate lateral load for battered
minipiles in clayey soil. The field test results were adopted
from Mondal et al. [46], where full-scale minipiles with a
diameter of 42.4 mm and a length of 1.6 m were tested in a
clayey site under lateral loading. The site was characterised
by cone penetration tests that consisted of medium stiff
clay with no water table up to 6 m of depth. Since the depth
of penetration of the minipiles was only 1.3 m with a

vertical eccentricity of 0.30 m above the soil surface, the
soil properties were averaged for simplification. The
average cohesion, unit weight and Young’s modulus up to
the penetration depth were 38 kPa, 19 kN/m?> and 14 MPa,
respectively, using the methods described in Mondal et al.
[46]. The minipiles were installed using a handheld jack-
hammer at batter angles of 0°, + 25° and — 25° with the
vertical. The force and displacement at the minipile head
were measured using a load cell and linear displacement
transducers, respectively (more detail about field testing
can be found in Mondal et al. [46]). The lateral load
for + 25°, 0° and — 25° at 0.2B displacement (8§ mm for
full-scale minipiles) is 7 kN, 4.2 and 3.2 kN, respectively.

The Eg;, of the soil (based on Vesic’s 1961 formula as
explained in Mondal et al. [47]) and the K, were calculated
to be 6.3 MPa and 1.4 x 1074, respectively, categorising
the minipile as flexible. The effective embedment depth,
D, calculated using Eq. 7, was 0.67 m. The analytical
method was utilised to estimate the ultimate load for full-
scale minipiles similar to the physical model minipiles. The
experimentally obtained Qy, for vertically installed minip-
iles was 4.2 kN. Adopting the soil properties as mentioned
earlier, the unit skin friction was evaluated for cohesive
soil using Focht and Vijayvergiya [22],

faov = A6, + 2¢4) (20)

where A is the coefficient that varies with the penetration
depth of the pile, 6,/ is the average effective vertical stress
for the entire pile embedment length and c, is the mean
undrained shear strength. The total skin friction is thus,

Q, = fa X mBLcos0 (21)

The estimated skin friction for various batter angles and
the predicted ultimate lateral load for the full-scale
minipiles are summarised in Table 5. The predicted lateral
load capacity of 4+ 25° and — 25° are 7 and 3.3 kN,
respectively, and those obtained experimentally are 7 and
3.2 kN, respectively. The very good agreement between the

Table 5 Predicted ultimate lateral load using the analytical solution
for full-scale battered minipiles

Angle Q, Q, sinf  Positive Negative battered
(kN)  (kN) battered

Oh cosl Oy RF Oh cosl QO

(kN) (kN) (kN) (kN)
0° 6.9 0.0 4.2 4.6 1.00 4.20 4.2
15° 6.8 1.8 4.1 6.0 0.20 0.84 2.6
25° 6.7 2.8 3.8 7.0 0.11 0.48 33
30° 6.6 33 3.6 7.5 0.09 0.39 3.7
45° 6.2 4.4 3.0 8.6 0.05 0.22 4.6
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experimental and the predicted ultimate load proves the
analytical method’s suitability for semi-rigid and flexible
minipiles in cohesionless and cohesive soil.

4.4 Impact of batter angle

As explained earlier, a new reduction factor was proposed,
and the lateral load-carrying capacities (Qy;) of experi-
mentally tested minipiles battered at positive and negative
battered minipiles in sand and clay were predicted (sum-
marised in Table 4 and Table 5). When the lateral load and
skin friction are compared with increasing batter angle, the
lateral load component (Q;, cos ) decreases as the batter
angle increases. However, the skin friction (Q, sin 0) is
maximum at 30° for sand and 45° for clay. This combi-
nation gives an optimum angle of £ 30° and + 45° for
sand and clay, respectively, only for the adopted minipile
properties, and this optimum batter angle is expected to
vary with the pile properties. For a particular soil type
(either cohesionless or cohesive), the optimum batter angle
depends on the shear strength of the soil as well as the
properties of the pile, such as diameter, length and relative
stiffness (as shown for clay [47]). It should be noted that
the optimum batter angle observed here is for a range of
batter angles between + 0° to £ 45° only.

The plot in Fig. 18a compares the ratio of the ultimate
load at respective batter angles to the ultimate lateral
capacity of the vertical model minipile in this study with
results from the literature in cohesionless soil. In Fig. 18a,
the ultimate load reaches a maximum at an optimum angle
of 30° for the positive batter case, as also reported by
Kyung and Lee [32]. However, for the negative case,
Kyung and Lee [32] indicated a monotonous decreasing
pattern, while Sharma et al. [59] presented an increment

2.5
<& 1g model (present study) (a)
M Meyerhof et al., (1973) 4
L/B=15 T
ol@ 20, Meyerhof et al., (1973) - .
o[ L/B = 30 Y
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TS 5L UB=12 /,
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with batter angle, which is again highly dependent on the
slenderness ratio of the pile and is well captured by the
analysis proposed in this study. The predicted full-scale
ultimate lateral load ratio is compared with the limited data
on battered piles in clay [55, 56] and plotted in Fig. 18b.
The comparison of the predicted lateral capacity of the
battered minipiles in this study with the limited experi-
ments in clay results shows similar trend.

Although the soil and pile properties studied here differ,
the load predicted by the analytical solution depicts a
pattern similar to that reported in the literature. Hence, the
ability of the analytical method to predict the ultimate
lateral load for two pile geometries in clayey and sandy soil
establishes its reliability.

The calibrated numerical model was further simulated to
perform a parametric study of the model and prototype
minipiles in both cohesive [47] and cohesionless soil. The
ultimate loads observed from the numerically produced
force—displacement curves of the respective cases were in
very good agreement with those predicted using the ana-
Iytical method (results not shown here for brevity). Thus,
while computing the ultimate lateral load capacity, the
mobilised passive pressure and skin friction play an
indispensable role. This analytical method uses the ulti-
mate lateral capacity of vertically installed minipiles
(which can be obtained experimentally or using classical
analytical methods). It accurately predicts the ultimate
lateral load of shallow-depth battered minipiles. The pro-
posed method considers soil properties, including relative
density for sandy soil and cohesive strength for clayey soil,
and hinges on the relative stiffness of the minipile.
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Fig. 18 Comparison of predicted ultimate lateral load ratio for various battered angles in a sand and b clay
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5 Conclusion

The lateral load-bearing mechanism of driven minipiles
installed at 0°, + 25°, + 45°, — 25° and — 45° was
investigated in this study using a 1g physical model at 90%
and 75% relative density of sand. An optic fibre-based
instrumentation technique was adopted to obtain the strain
profile along the model minipile shaft at different loading
stages. The maximum load-carrying capacity in dense sand
was observed for + 25° followed by + 45° and 0°,
respectively, and — 25° and — 45° showed lower capacity
than the vertically installed minipile. A similar trend was
also noted for 75% relative density, except that there was a
lower divergence in lateral resistance for various batter
angles.

From the calibrated numerical model, bending moment,
axial force, stress contours and p—y curves were obtained.
The + 25° semi-rigid minipile carried the maximum lat-
eral load and sustained lesser bending than 0° and, hence,
could be recommended to have optimum performance
capability. The p—y curves plotted at 5B depth from the soil
surface showed higher passive pressure for 0°; however,
the passive pressure for + 25° was higher than 0° at a pile
depth of 10B from the soil surface. It can be noticed that
with the increase in lateral head deflection, the ratio of
ultimate soil reaction for all battered angles also increases.

The analytical solution proposed in this study accurately
predicts the ultimate lateral resistance of shallow-depth
battered minipiles, and the presented method accounts for
both pile and soil properties. The shape of the passive
pressure wedge is the first of the two key discriminating
factors between the lateral load capacity of the positive and
negative group of battered minipiles. The second con-
tributing factor to higher transversal resistance of battered
piles/minipiles is axial resistance or skin friction, which
was quantified here. The skin friction component was
highest at 30° for sand and 45° for clay, influencing the
optimum batter angle under lateral load in different soil
conditions. The analytical method’s reliability and robust-
ness were verified with experimental results in both cohe-
sive and cohesionless soil for flexible and semi-rigid
minipiles, respectively, and hence can be implemented in
practice.
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