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Abstract
The field of bio-inspired geotechnics has been growing in response to the demand for foundations that are sustainable and

yet have improved load-bearing capacities. This study aims to address the gap in a specialised adaptation of root system

architecture for designing resilient foundations. The lateral load behaviour of one such novel grouped battered minipile

configuration is evaluated in this study based on full-scale field testing and numerical modelling to report the unknown

increase of load capacity caused by shape modification. First, three single minipiles battered at 0� and 25� were subjected
to static lateral loading in fine-grained soil. The strain profiles along the individual minipile shafts were obtained using

optic fibre sensors. Consecutively, full-scale lateral load tests on two types of minipile groups were also performed; one

group had a configuration of two 25� battered minipiles perpendicular to the direction of loading mimicking a tree-root

system, and another conventional group had two positive and negative battered minipiles. A numerical model was

developed to investigate the effect of pile spacing and obtain soil pressures, bending moments and axial forces of the

battered minipile groups. Results show that increased bearing area and higher engagement of soil volume for the novel

minipile group with two perpendicular battered minipiles were larger than the conventional minipile group; thus, the

former offered higher lateral resistance. The deflection pattern, bending moment and p-y curves showed a shadowing effect

in stiff clay for battered minipile groups at a pile head spacing of three times the minipile diameter.
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1 Introduction

In the domain of foundation engineering, bio-inspired

geotechnics can be implemented to improve design for

increased capacity and sustainability; and tree root system

architecture is one such possible source of inspiration for

the same. One of the leading areas of bio-inspired

geotechnics is root-inspired anchorage systems and the

load transfer mechanism between these foundations and

soil [34]. The design of such foundations is inspired by the

biological strategies that the roots of trees represent in

nature. The process of translating bio-inspired geotechnics

to foundation engineering is demonstrated in Lu and

Mitchell [32] by Jason T. DeJong. It begins with testing a

root system, followed by the comparison of their load–

displacement plots, then converting the 3D imaging of the

root system into a 3D model and ultimately, assessing its

load capacity by adopting physical/full-scale modelling.

The past tree-root anchor research has focused on over-

turning and pullout modes of failure [12, 33]. According to

Burrall et al., [12] in comparison to conventional shallow

footings, the root systems can display as high as 100 times

higher efficiency. It has been reported by Frost et al., [20]

that when a branching angle of 15� and 30� is adopted, it
increases the downward bearing capacity by two and three

times, respectively, in comparison to the traditional vertical

piles. Additionally, it was reported by Jewell and Wroth

[26] that a reinforcement battered at 60� with respect to the

opposite direction of shear loading (30� batter angle with

respect to the vertical axis) gives maximum shear resis-

tance. Thus, in order to adopt the root-inspired anchorage

systems, it is essential that the load transfer mechanism of
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these systems is well understood through field and labo-

ratory testing and numerical modelling. Although various

aspects of root systems, such as soil exploration, anchor-

age, and transport, can be adopted for inspiration, this study

only hinges on the increased bearing area (or volume) of

root systems.

Mostly, the root networks of the plants provide

anchorage only up to shallow depths subjected to lower

confining stress [34]. Hence, adopting their design strate-

gies could be most appropriate for designing micropile or

minipile groups. The theory of micropiling was first

introduced by Dr. Lizzi in 1952 when he patented the ‘root

pile’, which is essentially a network of reticulated piles

analogous to a tree root network [31]. Similar to micro-

piles, minipiles are hollow small-diameter piles, with a

typical diameter of 42.4 mm and length of up to 2 m, that

are generally driven into the soil in battered (reticulated)

configuration and usually in groups. Hence, these minipile

groups are designed to resist uplift, compressive and lateral

loading. The advantages of quick installation and increased

load-bearing capacity compared to typical shallow foun-

dations have made these systems very popular in Australia

and globally for supporting light structures and infras-

tructures. They can be used to retrofit existing foundations

in areas with difficult or remote access, mimicking the root

grafting strategy. Minipiles are physically similar to con-

ventional battered micropiles and are installed without

grouting, with minimal disturbance to the surrounding soil

and structures. Micropiles, monopiles and piles, in general,

have a wide range of applications in resisting lateral loads

from superstructures such as transmission towers, offshore

structures, solar panels and highway gantries etc., in both

clay and sand [25]. Although minipiles differ from

micropiles regarding the installation procedure and absence

of grouting, previous studies on micropiles are often

referred to for designing minipiles, as both have overlap-

ping characteristics such as diameter, length and load-

bearing mechanism. Abd Elaziz and El Naggar [2] per-

formed field experimentation and numerical modelling on

vertically installed hollow-bar micropiles in clay. Their

analysis showed that a plastic hinge occurs for the micro-

piles at a depth of seven to ten times the micropile diameter

under lateral load in very stiff clay.

Piles can be installed at batter angles when the lateral

load on a vertical pile exceeds the allowable limit [39, 46],

which is also applicable for micropiles [28]. The design of

vertical micropiles subjected to lateral loading is similar to

that used for piles [1]. The performance of single battered

piles in sand as a function of the length-to-diameter ratio

and the relative density of the soil was studied by Sharma

and Hussain [57] and Zhang et al. [62], respectively. They

reported optimum batter angles under lateral load for var-

ious length-to-diameter ratios and relative density of sand.

Empirical correlations to predict the lateral load capacity of

single battered micropiles were also proposed by Kyung

and Lee [28]; however, they were based on limited phys-

ical and field experiments in cohesionless soil only. Rao

and Veeresh [51] performed lateral load tests on model

minipiles battered at two angles (positive and negative 30�)
in clay. They reported that the higher lateral capacity of

the negative batter pile (loading in the direction opposite of

batter) can be attributed to higher passive pressure devel-

oped for the negative battered piles, in comparison to

positively battered and vertically installed piles. The

number of experimental studies reported on full-scale

battered piles in clay is very limited, with no information

on strain profile and bending; hence, the soil-pile interac-

tion of battered piles in cohesive soil is not well under-

stood. Thus, before evaluating the behaviour of branched

minipile groups, the first objective was to obtain force–

displacement curves and strain profiles of single minipiles

by performing full-scale field experimentation under lateral

loading.

A categorisation of root systems based on five types of

branching patterns, such as VH-type, V-type, H-type,

M-type and R-type, was proposed by Yen [60]. VH-type

root structure has horizontal and vertical roots, H-type and

V-type belong to horizontal and vertical roots, respectively;

M-type roots grow in various directions, while R-type root

structure is dominant with inclined roots. The R-type root

architecture was reported to offer the highest shear resis-

tance in soil by Fan and Chen [18]. The battered pile

groups are more representative of tree root networks

extending in the soil with an inclination angle. Conven-

tional battered pile group configurations are commonly

used as foundations of structures such as bridge piers due

to their greater lateral resistance compared to vertically

installed pile groups [37]. The spacing between the piles,

the fixity at the pile cap, and the orientation of the pile

group relative to the loading direction are some of the

factors that impact the efficiency of pile groups. Among the

previous studies on pile groups, Brown et al., [10] observed

the shadowing effect based on tests performed on hollow

steel piles with a spacing of three times the diameter (3B)

of the pile in dense sand. To account for the overlapping

shear zones, p-multipliers were also proposed. In clay,

however, this effect was reportedly lower, as observed by

Brown and Reese [11]. Vertical pile groups were also

studied by Morrison and Reese [43] in clay and by Rollins

et al., [56] in the sand with a similar spacing pattern, where

the leading piles carried more load than their trailing

counterparts. As the spacing increased from 3 to 5B in

loose and medium-dense sand, very little change occurred

in p-multipliers [38]. According to Kim and Yoon [27],

spacing larger than 6B in loose and medium-dense sand

and 8B for dense sand caused no group effect, and for clay,
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this value was found to be 5B–6B [49]. The diminishing

shadowing effect as the spacing increased from 3 to 7B was

also reported by Chandrasekaran et al., [13] in soft clay.

They looked into the pile head fixity as well and found that

partial fixity causes a maximum bending moment to occur

at a larger depth compared to fixed-headed piles. McVay

et al., [37] also studied pile head fixity for vertical piles as

well as battered piles and concluded that the maximum

bending occurs at the pile head in a fixed-head group.

However, only conventional battered pile group configu-

rations were considered. Abu-Farsakh et al., [3] performed

a numerical analysis of three pile groups, vertical, battered,

and mixed (both vertical and battered), with the same

spacing. They reported that battered pile groups have a

higher lateral load resistance compared to mixed and ver-

tical pile groups, which matches the observation by Zhang

et al., [61]. It can be deduced from the literature that both

batter angle and pile head spacing are important parameters

influencing the lateral resistance of a pile group.

The studies summarised above concern mainly the

vertically installed pile groups—there is limited literature

available on the performance of battered micropile groups

in clay. Also, limited battered pile group configurations

have been studied previously, only involving conventional

positive and negative battered piles in the trailing and

leading row [3, 61]. Full-scale lateral load tests on pile

groups with more than 5B spacing are also very limited

[13]. Thus, the second objective of this study is to inves-

tigate the performance of battered minipile groups from a

soil-structure interaction perspective; hence, full-scale

minipile group systems with different configurations in

clay were tested. The tests also introduce a new battered

minipile group configuration which is a simplified physical

adaptation of the root network with an asymmetric orien-

tation and branching angle.

2 Experimental procedures

2.1 Subsurface soil properties

The test site was located in Dookie, a town in the Goulburn

Valley region of Victoria, Australia. The local hills in the

Dookie region are mainly comprised of alluvium, Cam-

brian and Ordovician rocks. The quaternary sediment is

made of Colluvium, which is aprons of gravel and clay.

The rocks of the Dookie hills comprise rocks of the Mount

Wellington Fault Zone, a geological feature that cross-cuts

Victoria [17].

The in situ testing included seven cone penetration tests

(CPT) around the site performed mainly to check the uni-

formity of the clay site and to assist in identifying the most

suitable locations for testing. The test site map and the

location of the boreholes for the seven CPT tests are shown

in Fig. 1, along with the test locations. Three of the CPT

results nearest to the location of the lateral loading tests are

presented in Fig. 2a, b. The site investigation performed

showed that the sub-surface soil condition consisted of

mainly medium stiff clay and no water table down to the

depth of penetration. The soil can be categorised as clay to

silty clay with intermittent zones of clayey silt from the soil

behaviour type (SBT) classification chart by Robertson

[54] based on cone resistance and normalised friction ratio.

Also, Dynamic Cone Penetration tests (DCP) per AS

1289.6.3.2 [5] (Fig. 2c) were conducted up to a depth of

1 m and 1.3 m for single and group minipiles, respectively,

adjacent to each test location.

The soil unit weight (� ) was approximated to range

from 18.6 kN/m3 to 19.0 kN/m3 from the CPT results [55]

using the relation,

! ¼ 0:27 logRf

� �
þ 0:36 log qt=Pað Þ½ � þ 1:236

� �
!w ð1Þ

where Rf is the friction ratio, qt is corrected cone resistance,

Pa is atmospheric pressure, and �w is the unit weight of

water. The average modulus of elasticity of the soil was

estimated to be 14 MPa equivalent to a(qt-rvo) where a is

the modulus factor, and qt-rvo is the net cone resistance

[55] up to 1.6 m of depth from the cone penetration tests

(Fig. 2a, b). The DCP penetration index in mm/blow values

was used to calculate CBR (California Bearing Ratio), and

CBR was further used to estimate the values of undrained

shear strength Su using the equation Su = (CBR/0.56)0.935

[15]. The correlation from the DCP results adjacent to each

test gave an undrained shear strength, Su, ranging from 36

to 40 kPa for the testing location of single piles, and 52 and

45 kPa for the testing location of the first and second

groups of minipiles, respectively. These values were con-

sistent with the overall undrained shear strength obtained

from CPT; however, DCP results were chosen as they were

performed adjacent to each test location. The liquid limit

and plastic limit of the soil at 1 m depth were 53 and 21,

respectively, and the soil can be classified as highly plastic

clay (CH) with a plasticity index of 32 based on the Unified

Soil Classification System.

2.2 Test minipiles

The full-scale test minipiles were 1.6 m long hollow pipes

with an external diameter of 42.4 mm and a thickness of

2.5 mm, made of stainless steel with a modulus of elas-

ticity of 2 9 105 MPa. The relative stiffness of the piles

can be determined using Eq. 2, proposed by Poulos and

Davis [47].

Krs ¼ EpIp=EhL
4 ð2Þ
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where EpIp is the flexural rigidity of the pile, Eh is the

horizontal soil modulus of elasticity at the pile tip calcu-

lated using Vesic [58]’s formula and L is the embedded

length of the pile. When the relative stiffness of the pile,

Krs, determined by Eq. 2, is less than 10-2, the pile can be

considered flexible [40]. Krs was calculated to be

1.8 9 10-3 for an embedment length of 1.27 m, the flex-

ural rigidity of 2.5 9 104 N m2 and Eh of 5.5 MPa; hence,

the minipiles in this study are considered flexible similar to

that of the biological materials.

2.3 Optic fibre instrumentation

Fibre Bragg grating (FBG) based optic fibre sensors were

used to monitor strain on piles by Lee et al. [29], Doherty

et al. [16], and Li et al. [30], among others. They are

preferred over conventional electric strain gauges owing to

their ease of installation, lighter weight, smaller physical

dimensions, longevity and resistance to electromagnetic

interference [24]. The working principle of the FBGs is

based on Bragg’s law developed by W.H. Bragg and W.L.

Bragg [30]. The incident broadband light on the optic fibre

is reflected by the Bragg grating, whose periodic modula-

tion matches the central wavelength of the light [24]. When

the optic fibre is subjected to strain and temperature

change, it is reflected in a shift of central wavelength. The

relation between the central Bragg wavelength and the

strain under constant temperature [45] is shown in Eq. 3.

DkB
kB

¼ 1� peff
� �

De ð3Þ

where DkB denotes the shift in central Bragg wavelength,

peff is the photo-elastic parameter, and De is the strain.

Thus, the strain or temperature change can be obtained

from the shift in wavelength.

The FBG sensors are generally installed in grooves in

the minipile shaft using a two-part epoxy and allowed to

cure for the bond to gain strength [16, 30]. The minipiles in

this study were instrumented with optic fibres using a

similar technique. 1.5 mm deep, 4 mm wide and 1.35 m

long groove was machined on each of the minipiles, and an

optic fibre with six FBGs was laid in the groove and

Fig. 1 a Test site map, b test and CPT locations, and c close view of test locations
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bonded with two-part epoxy as shown in Fig. 3a, b. The

minipiles were calibrated in the lab before testing in the

field to account for any change in stiffness caused by the

groove and the applied epoxy. For the calibration process,

the minipile was fixed at one end and subjected to incre-

mental loading at the other end, similar to a cantilever

beam, as shown in Fig. 3c. Strain gauges were also glued to

the cured epoxy just above the FBGs to record the strain at

each loading stage. The shift in wavelength due to tem-

perature change was not considered, as quick load tests

(within a minimally varying temperature range during the

short period of tests) were to be performed in the field. The

shift of wavelength was recorded using an Optical Spec-

trum Analyser (OSA) and analysed using a Gaussian fitting

algorithm in MATLAB. The correlation between the shift

of wavelength and the strain for the three minipiles used in

the field experimentation is shown in Fig. 4.

2.4 Field static lateral load tests on single
minipiles

Six single free-headed lateral load tests were performed:

two vertically installed (h = 0�), two positively battered

(h = ? 25�) and two negatively battered minipiles

(h = - 25�). The positive and negative batter describe the

direction of inclination with respect to the loading, where

‘positive’ indicates inclination in the direction of the

loading and vice versa for ‘negative’. The optimum batter

angle for laterally loaded minipiles in cohesive soil was

reported to range from ± 25� to ± 45� [42]; hence, the

Fig. 2 a Sleeve friction, b cone resistance around the test site, and c DCP results adjacent to the test location
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lowest value of the range, 25�, was adopted in this study.

Minipiles 1, 2 and 3 (Fig. 4) were used for vertical, posi-

tive, and negative conditions, respectively. The minipiles

were driven into the ground with the aid of a handheld

electric jackhammer. The net weight of the automated

hammer was 18 kg, and the impact energy was 45 J with

an impact rate of 1000 blows per minute. The minipiles

were driven through the guiding sleeve, as shown in Fig. 5,

to ensure a batter angle of 25� while driving and post-

installation. Similar impact energy and the rate were

imparted to all the minipiles during driving; however, the

effect of installation was not the scope of this study, and it

requires further investigation. Two minipiles (one instru-

mented and one with no instrumentation) were loaded

simultaneously in the opposite direction and tested at a

time, replicating a two-in-one setup [2, 53] (Fig. 5a). The

distance between the minipile and the reaction minipile at

ground level and toe level, for the ? 25� condition, was

1.70 and 0.7 m, respectively, as shown in Fig. 5a. Simi-

larly, the distance the h = 0� and h = - 25� conditions was
1.70 and 1.30 m, respectively. The vertical embedded

depth of the minipiles at 0� was 1.27 m, and for the ? 25�
and - 25� conditions were 1.12 m. The load was applied at

the ground level, and the vertical extension of the minipile

above the mudline was maintained at 330 mm for all three

battered angles to compare their behaviour under lateral

load uniformly.

The quick lateral load test procedure was adopted from

ASTM D3966/D3966M-07(2013) [7], and the lateral load

was applied with a hydraulic jack and was recorded using a

load cell and data logger (Fig. 5b). Each loading stage was

maintained for 15 min so that the rate of the settlement was

less than 0.25 mm/h following ASTM D1143 [6]. As the

ultimate loads for different batter angles were not known, a

consistent lateral load was applied in an incremental range

of 1–2 kN until it became difficult to maintain the load

applied by the hydraulic jack, and it required continuous

jacking. The lateral head displacement was measured by

two linear displacement transducers (LDT), and the optic

fibre data was recorded using an interrogator.

Fig. 3 a Cross-sectional view of the minipile, b location of FBGs, and c calibration setup

Fig. 4 Correlation between the shift of wavelength and strain
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2.5 Field static lateral load tests on minipile
groups

To investigate the interaction of minipiles when loaded in

groups with different orientations, the lateral capacity of

two types of minipile groups was also tested along with the

single minipiles in the field at the same site, as mentioned

earlier. The first minipile group, Mg1, had one positive

(Mg1-3 in Fig. 6a), one negative (Mg1-1 in Fig. 6a) and

two perpendicular outwardly (Mg1-2, Mg1-4 in Fig. 6a)

battered minipiles. The second minipile group, Mg2, had

two positively (Mg1-3, Mg1-4 in Fig. 6b) and two nega-

tively (Mg1-1, Mg1-2 in Fig. 6b) battered minipiles. The

orientation of the constituent minipiles in both types of

groups, respectively, is shown in Fig. 6.

The design of Mg1 is broadly developed from the root

architectures. Plate morphology is one of the prime cate-

gories of root system morphology where the basal roots

either radiate laterally or obliquely from the thick main

stem and offer three aspects of anchorage. In an oblique

(heart) root system, the roots descend diagonally from the

base. Mg1 is a simplified version of this root system with

an R-type architecture which has inclined roots and the

highest shear resistance among other root types [18]. Mg1

can also be observed as a blend of Marianna and Myr-

obalan root systems described in Burrall et al., [12]. The

Myrobalan root system has steep main roots oriented

laterally with branches near the base of the system, and the

Marianna is an overall shallow root system. Similarly, Mg1

is a shallow-depth minipile group with steep laterally

spreading branches (battered minipiles) close to the base of

the system, the pile cap. Mg1 does not have the main

branch, which is the central pile, to adapt to the reticulated

root piles (RRP) design proposed by Lizzi [31]. Although

the RRP is symmetric, Mg1 has an asymmetric design to

minimise failure by rotation of the pile group when sub-

jected to lateral loading. Hence, to engage a large volume

of soil in resisting lateral or axial load similar to that of a

tree root network in nature, this bio-inspired reticulated

arrangement of minipiles (Mg1) was adopted.

Similar to the test configurations of single minipiles,

grouped minipiles were also tested, replicating a two-in-

one set-up (Fig. 7). Mg1 was loaded against Mg1 as shown

in Fig. 7a, and similarly, Mg2 was loaded against Mg2 as

shown in Fig. 7b to perform quick lateral load tests. The

dimensions of the constituent minipiles were exactly sim-

ilar to the single minipiles described earlier; however, for

group tests, the minipiles were un-instrumented. The

minipiles were battered at an angle of 25� and spaced at a

distance (S) of almost 6B (254 mm) at the location of the

pile cap. There was no relative rotation allowed between

the pile head and the cap; hence, they can be categorised as

fixed-headed battered minipile groups. The testing

arrangement was the same as explained for the single

Fig. 5 a Schematic of field test set-up for single minipiles and b general field-testing components
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minipiles, and two pile groups were loaded simultaneously

against each other. First, Mg1 was tested for lateral resis-

tance with small step intervals and based on the ultimate

load achieved, the steps for loading Mg2 were set.

3 Results

3.1 Lateral load–displacement response
of single full-scale minipiles

The data from the load cell and LDTs were used to produce

the load–displacement plot at the minipile head. The lateral

load tests were repeated twice using a two-in-one set-up, as

mentioned previously, to confirm reproducibility and the

load–displacement curves were found to be consistent. For

clarity, data for the instrumented minipiles only are pre-

sented in Fig. 8. There are several criteria proposed to

define the ultimate lateral load of a pile corresponding to a

specified lateral head displacement or rotation [14]. Some

of the proposed displacements based on the literature are

6 mm [35], 12.5 mm [59], 5% of the pile diameter (B) [8]

or 20% of B [9]. Since the minipiles are characteristically

similar to a typical hollow pile but with a comparatively

smaller diameter and shaft length, the criterion proposed by

Broms [9] was adopted in this study. Accordingly, the

lateral loads of the positively, vertically, and negatively

battered minipiles at 8 mm lateral head displacement (20%

of minipile diameter) were found to be 7, 4.2, and 3.2 kN,

respectively. The highest lateral load capacity was

observed for the ? 25� configuration, followed by the 0�
and - 25� battered minipiles, in accordance with the

widely reported findings in the literature [28, 50, 62]. As

the values of undrained shear varied within a very small

range of 36–40 kPa for the corresponding locations of

single minipiles, the effect of stratigraphy on load-bearing

capacity can be eliminated. It can also be deciphered that

the divergence between the vertical and negative cases is

not as high as that between positive and the other two

cases, as shown in Fig. 8. It is observed from the perfor-

mance of negatively battered and vertically installed

minipiles that on average, the lateral resistance of 0� is

25.6% higher than - 25� minipile in medium stiff clay.

Fig. 6 Schematic of minipile orientations and the projections of their bearing area for a Mg1 and b Mg2
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3.2 Strain profile

The optic fibre data was analysed to produce the strain

profile along the minipile shaft, as shown in Fig. 9, cor-

responding to each loading stage (- 0.0 kN indicates after

complete unloading) for 0� (Fig. 9a), ? 25� (Fig. 9b) and

- 25� (Fig. 9c) battered minipiles. As the optic fibres are

installed on the face that is pushed against the soil, the

positive recorded strain is compressive, which is observed

to increase with increasing load. The tensile strain was not

recorded and reported in this study as the objective of the

optic fibre was to obtain a strain profile to validate the

numerical model, and one set of data was found to be

adequate. The maximum strain is observed at a depth of

0.8 m for the battered cases and slightly higher for the

vertical case. At any particular load, the pile head dis-

placement is lowest for the positive case; hence, the strain

Fig. 7 Schematic of field test set-up for minipile group a Mg1, b Mg2, and c general field-testing components

Fig. 8 Force–displacement curves of single minipiles
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recorded is also the least. The force–displacement curves

for the 0� and - 25� cases were nearly similar, and

therefore, the maximum strain recorded at 7 kN loading is

also similar in magnitude for both of them. It should be

noted that the strain reported for the vertical minipile is due

to bending only. However, for the battered cases, it is a

combination of longitudinal and bending strain due to axial

and lateral loads acting on the battered minipiles [51].

To compare the strain for all the three battered condi-

tions, h = 0�, h = ? 25� and h = - 25�, the strain profile

at the ultimate load is reviewed, which was considered

corresponding to 8 mm lateral head displacement. The

corresponding loads are 7, 4.2, and 3.2 kN for 0�, ? 25�,
and - 25�, respectively, from Fig. 8. The strain profile at 7

kN for h = ? 25�, 4 kN for h = 0� and 3 kN for h = - 25�
are plotted in Fig. 9d, which shows maximum strain

for ? 25� followed by 0� and - 25�, respectively. This is
attributed to the fact that at 8 mm lateral head

displacement, the force sustained by ? 25� is the highest,

which in turn indicates that the passive soil pressure in

front of the positive battered minipile is also the highest.

3.3 Lateral load–displacement response of full-
scale minipile groups

The load–displacement curves of field testing on Mg1 and

Mg2 are shown in Fig. 10. It can be seen that Mg1 shows a

very stiff response compared to Mg2. Although both pile

groups can be categorised as fixed-headed with a spacing

of 6B at the pile head, the same embedment lengths and

installation angles but different minipile configurations,

they show very different lateral capacities. After 120 kN

lateral loading on Mg1, the increase in displacement is

substantial, and then the curve starts to get flatter, indi-

cating plastic deformation dominating the soil response.

For Mg2, however, a force of more than 27 kN could not

Fig. 9 Strain profiles along the full-scale minipile a vertical, b positive, c negative battered, and d strain profile at 8 mm lateral head

displacement
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be sustained, indicating an occurrence of ultimate load at

5.9 mm lateral head displacement. When the lateral load is

applied to the minipile groups, the leading row is in

compression, and the trailing row is in tension due to frame

action. In the absence of vertical loading on the pile cap,

the tension failure of the trailing minipiles controls the

lateral load capacity of the minipile group [61]. This can be

attributed to the observation of Mg2’s lateral resistance

getting mobilised at a very small displacement. For Mg1,

the two perpendicularly battered minipiles resist rotation at

the minipile head, hence, significantly increasing the lateral

resistance. The bearing area, which is the projected area of

the foundation on the plane perpendicular to the direction

of loading, is said to be one of the key contributing factors

in increasing the capacity of root systems [12]. The pro-

jected areas are demonstrated in Fig. 6a and b, respec-

tively, where S is the minipile spacing at the head, L is the

length of the minipile, h is the batter angle, and Lcosh and

Lsinh are the vertical and horizontal projections of the

minipile length, respectively. The bearing area can be

estimated as follows:

AMg1 ¼ ðSþ LsinhÞ � Lcosh ð4Þ

AMg2 ¼ S� Lcosh ð5Þ

The bearing area of Mg1 is 3.06 times higher than that

of Mg2; however, for battered pile groups subjected to

lateral loading, only two-dimensional projection is not an

adequate measurement of the volume of soil engaged in

creating anchorage. Following the concept of bearing area,

the projected area of a minipile group with four vertically

installed minipile would be the same as that of Mg2, as

shown in Fig. 6b. Since the lateral capacity of an individual

vertically installed minipile is 4.2 kN (as mentioned in

Sect. 3.1), considering a group efficiency of 100% at

6B pile-head spacing, the group capacity of 2 9 2 verti-

cally installed minipile group would be 16.8 kN which is

61% lower than the reported capacity of Mg2 even though

they have same bearing area. Thus, despite the similar

projected area, the positive and negative orientation of the

battered minipiles in Mg2 increases its lateral resistance

furthermore. Likewise, the two-outward perpendicular

minipiles in Mg1, Mg1-2 and Mg1-4 increase the zone of

influence within the surrounding soil, and Mg1-1 and Mg1-

3 add to the lateral resistance of Mg1 further due to their

batter in the direction of loading. Irrespective of the

direction from which lateral loading is applied, the

response of Mg1 will be similar due to its asymmetric

nature on all four sides of the minipile cap. However, Mg2

will respond differently when the lateral load is applied

from any two adjacent faces of the minipile cap. This gives

an added advantage to Mg1 when the direction of loading

changes, especially in offshore conditions; however, it

should be noted that diagonal loading was not considered

in this study.

4 Numerical modelling

To investigate the behaviour of soil below mudline and

obtain soil pressure, bending moment and axial force in a

pile, numerical models on battered micropiles have been

reported previously [21, 28, 41]. The pile-soil interaction

can be evaluated meticulously using bending moment,

axial force and horizontal soil-pressure distribution; how-

ever, these values cannot be straightforwardly measured by

experimentation, especially below mudline. Hence, the

group field tests were numerically simulated to understand

the force–displacement curves obtained experimentally as

the group minipiles were un-instrumented. In order to find

the optimum pile head spacing for the battered minipile

groups, parametric studies at three different minipile head

spacings were also performed.

4.1 Description of finite difference model

The numerical simulation was performed using FLAC3D, a

finite difference software based on Lagrangian calculation,

generally efficient for large deformation problems. The

software’s inbuilt structural element was used to generate

the minipiles, while the soil block was modelled with zone

elements. The soil zone was created using a hexahedral

brick-shaped mesh with eight vertices. The edge length of

the size of the mesh was optimised with respect to com-

putational efficiency and structural response of the pile

after simulating a wide range of mesh sizes. The width of

the soil zone was 100 times the minipile diameter, and the

depth was two times the minipile length below the minipile

Fig. 10 Force–displacement curves of minipile groups
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toe to avoid boundary effects. These values were adopted

by optimising computational cost and ensuring that there

was no stress at the boundary of the model. The bottom

face of the soil mesh was fixed, and the top surface of the

soil was free in all three directions. Roller boundaries were

applied to the side walls of the model, and they were fixed

in the x-direction only. The geometric, material and inter-

face properties were used to define the behaviour of a pile

element with the surrounding soil.

An elasto-plastic Mohr–Coulomb constitutive model

was used for the clay as this constitutive model has been

previously used for simulating accurate behaviour of piles

in clay by Mroueh and Shahrour [44] and Hazzar et al.

[23], among others. It also requires only basic input

parameters, which could be obtained from the in-situ site

characterisation. Since only the ultimate failure criterion

was given importance in this study over serviceability, the

Mohr–Coulomb model was preferred over other advanced

constitutive models, which increases computational cost

and additional memory [19]. The pile-soil behaviour at the

interface is controlled by normal and shear coupling

springs that are both cohesive and frictional in nature. A

linear Coulomb shear-strength criterion limits the shear

force, normal and shear stiffness, dilation, tensile and shear

bond strength that increases the effective normal force on

the target face beyond the shear-strength limit. The

inelastic constitutive model at the interface allows slip

during large deformation, the absence of which has pre-

vented accurate modelling of micropiles with higher

([ 45�) batter angles [28]. The coupling spring parameters

in shear are cohesive strength per unit length, cs, stiffness

per unit length, ks and friction, us, which define the

cohesion and friction interface properties. Similarly, the

normal behaviour of the pile-grid interface is modelled by

coupling cohesive strength per unit length, cn, coupling

stiffness per unit length, kn, and coupling friction, un. To

calibrate the numerical tool, the soil properties were

determined, and the model was tested for a range of kn, ks,

cs and cn values that are reported in the following section.

4.2 Numerical analysis

The numerical model was validated with full-scale field

investigation data on both individual minipiles and battered

minipile groups (Fig. 11). For the Mohr–Coulomb consti-

tutive model, the parameters obtained from the site char-

acterisation—undrained cohesion of 38 kPa, Young’s

modulus of 14 MPa and unit weight of 19 kN/m3 were

adopted. These values were derived from the site charac-

terisation data as mentioned earlier in the Subsurface soil

properties section. Since the minipiles were subjected to

quick lateral loading in the field, hence, an undrained

loading condition was adopted, and total stress analysis

was performed with zero excess pore water pressure. Thus,

the angle of internal friction and dilation angle were

assumed to be zero assuming completely saturated soil

conditions. The / = 0� analysis has been used for the

calculation of bearing capacity and active and passive

pressure in clay (A.W. Skempton) and gives conservative

results. The values of cohesion, Young’s modulus and unit

weight of the soil were averaged over the embedment

length of the minipile owing to the small length of the

minipiles and also, the confining stress was expected to be

low at such shallow depth. An isotropic condition was

assumed for the initial in-situ stress conditions of the soil,

and a gravitational equilibrium was first achieved. The

structural pile element was then introduced into the model,

and although the field installation was performed by driv-

ing the piles into the soil, the installation effects were

neglected in the numerical model. It was assumed that the

soil zone affected due to the application of lateral load

would be larger than the area affected by the pile instal-

lation [4, 22]. This simplification was compensated by

calibrating the stiffness properties at the interface of the

piles with force–displacement curves obtained from full-

scale testing, as explained further.

The properties of the minipile used in the numerical

analysis are summarised in Table 1. The stiffness proper-

ties were calibrated for the battered minipiles using the

experimental load–displacement curves (Figs. 8, 10). The

cn was kept fixed at 1 9 108 N/m2 for the constituent

minipiles, and cs was equivalent to the undrained cohesion

at the respective test location. Also, both kn and ks were of

the order of 106–107 N/m2 for battered minipiles and

1013 N/m2 for the perpendicularly outward battered

minipiles, respectively.

The initial values were estimated using the relations

[48],

kn � 10 ðEp=GÞ�0:14 � G ð6Þ

and ks � 1:6 � G ð7Þ

where Ep is Young’s modulus of the pile, and G is the shear

modulus of the soil (obtained from CPT results). The kn
was estimated to be 1.2 9 107 N/m2, and ks was estimated

to be 8.4 9 106 N/m2. However, these relations were

proposed for vertically installed piles and hence, they

required further adjustments for modelling battered piles

with unique orientations. Although the order of kn and ks
was appropriate for the positive and negative battered

minipiles; however, for the perpendicularly outward bat-

tered minipiles, a higher value of kn and ks was required to

calibrate the numerical model with the field results, which

was of the order 1013. The calibrated stiffness properties

for minipile groups are summarised in Table 2.
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4.3 Numerical simulation of full-scale minipiles

The validated force–displacement plot of the individual

full-scale minipiles is shown in Fig. 11a, where ‘Num’

denotes numerically obtained plots and ‘Exp’ denotes

force–displacement curves from full-scale field investiga-

tion of single minipiles. A tension gap was observed on the

active side of the minipiles in the field, which was simu-

lated and observed in the numerical model as well. It was

noted from the numerical simulation that the passive

pressure in front of the negative battered minipile was

lower than that for the positively battered minipile. This

reduction in soil pressure for the battered case where the

load is applied in the direction opposite to the batter was

also reported by Rao and Veeresh [50] using p-y curves

derived from the strain profile. The observed reduction in

passive pressure between ? 25� and - 25� is almost 2.35

times and should be taken into account when predicting the

lateral load capacity of negative battered minipiles in

practice.

Lateral load tests on full-scale minipile groups were

simulated using their respective calibrated numerical

models to obtain bending moments, horizontal stresses and

axial force distributions. The two full-scale minipile groups

presented previously were modelled numerically using the

stiffness parameters mentioned above. However, the

apparent cohesion of the soil was adjusted based on dif-

ferent in-situ test data obtained from site characterisation

adjacent to the location of these tests, as explained earlier.

The validated force–displacement plot of the full-scale

minipile groups simulated until 5 mm lateral head dis-

placement is shown in Fig. 11b.

Fig. 11 Comparison of force–displacement curves obtained from experiment and numerical model for a single minipiles and b minipile groups

Table 1 Mechanical properties of the full-scale minipiles

Ep (N/m
2) Area (m2) Perimeter (m) Iy

a (m4) Iz
b (m4) Jc (m4) ld

2 9 1011 3.13 9 10–4 0.133 1.25 9 10-7 1.25 9 10-7 2.5 9 10-7 0.30

aSecond moment with respect to y axis, bsecond moment with respect to z axis, cPolar moment of inertia, and dPoisson’s ratio

Table 2 Coupling spring parameters in numerical model

Minipiles kn
a (N/m2) ks

b (N/m2) cn
c (N/m2) cs

d (N/m2)

Mg1-1, Mg1-3 4 9 1013 4 9 1013 1 9 108 52 9 103

Mg1-2, Mg1-4 1.2 9 107 8.4 9 106 1 9 108 52 9 103

Mg2-1, Mg2-2, Mg2-3, Mg2-4 1 9 106 1 9 106 1 9 108 45 9 103

aNormal coupling stiffness, bshear coupling stiffness, cnormal coupling cohesion, and dshear coupling cohesion
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4.3.1 Bending moment, axial force and horizontal stress
contour

The bending moment profiles of the constituent battered

minipiles of the groups were acquired to compare the

minipile group’s behaviour in clay. Figure 12a shows the

bending moment at 5 mm head displacement (since Mg1

was terminated at 5 mm) of the minipile cap. As observed

in Fig. 12a, Mg1 sustains a much higher bending moment

compared to Mg2, as at the same lateral head displacement,

the force resisted by Mg1 was also much higher. The

location of occurrence of the maximum bending moment

depends on the rotation of the pile head [63]. In this study,

the minipile group cap is allowed to rotate; however, the

relative rotation between the cap and the minipile head is

restrained. Hence, the maximum moment occurs near the

cap, which is in agreement with the findings of McVay

et al., [37] for fixed-head battered pile groups. Figure 12a

also suggests that for both Mg1 and Mg2, respectively, the

bending moments of the trailing and leading minipiles are

the same. When it comes to the effect of the orientation of

minipiles, for Mg1, the bending moments in Mg1-2 and

Mg1-4 (minipiles perpendicular to the axis of loading;

Fig. 6) close to the minipile cap were significantly lower

than in Mg1-1 and Mg1-3 (minipiles in the axis of loading;

Fig. 6). This indicates that Mg1-2 and Mg1-4 resisted the

rotation of the minipile cap.

In battered minipiles, part of the lateral load is sustained

by axial resistance. Thus, to further understand the axial

force distribution in the constituent minipiles, the axial

Fig. 12 a Bending moment, b axial force and c horizontal soil pressure (at 8 mm displacement) for minipile groups from numerical analysis
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force distribution was obtained from the numerical model

and plotted with vertical depth for tested minipile groups.

Figure 12b depicts that the axial resistance of Mg1 is much

higher compared to that of Mg2. Looking further into the

impact of minipile orientation, Mg1-2 and Mg1-4 (minip-

iles perpendicular to the axis of loading) carry a substantial

proportion of lateral load in the form of the axial compo-

nent. The leading and trailing minipiles are in compression

and tension, respectively, with each row carrying an equal

magnitude of axial load, similar to what is reported in

Fig. 12a with bending moments.

The horizontal soil pressure (rxx) distribution was

recorded from the numerical model to visualise whether

there was an overlapping of shear zones. Figure 12c shows

the stress on the XY-plane at a depth of 5B from the ground

level at 5 mm head displacement of the minipile caps. As

evident from Fig. 12c, the magnitude of the horizontal soil

stress in the vicinity of Mg1 is almost three times higher

than for Mg2. For Mg2, stress bulbs of the leading and

trailing minipiles do not interact much with each other;

however, the minipiles on the same side have overlapping

stress zones. For Mg1, nevertheless, all four minipiles have

independent stress bulbs, and in addition, the perpendicular

minipiles increase the influence area, engaging a larger soil

volume. These are some of the reasons why Mg1 exhibited

a higher load-carrying capacity than Mg2. Thus, in fine-

grained soil, the resistance of Mg1 to transverse loading is

higher mainly due to the contribution of two perpendicular

battered minipiles, which increases the tensile resistance of

the trailing row, prevents the rotation of the minipile cap

and also increases the volume of soil engaged. This out-

come corroborates the fact that when the central column of

a tree root extends radially rather than continuing verti-

cally, it increases the load-bearing capacity, as reported by

Burrall et al., [12].

4.3.2 Effect of pile spacing

The numerical model was further adopted to investigate the

effect of pile spacing on the behaviour of minipile groups

advancing the overall concept of root geometry and spac-

ing. Three different spacings of three (3B), five (5B) and

six (6B) times the minipile diameter for the minipile

groups, Mg1 and Mg2, were adopted. The force–dis-

placement curve indicated that as the pile spacing increased

from 3 to 6B, the lateral resistance of the minipile groups

(both Mg1 and Mg2) increased, consistent with the litera-

ture [13, 36]. The pile deflection patterns for Mg1 and Mg2

at 5 mm lateral head displacement, as obtained from the

numerical model, are shown in Fig. 13a and b, respectively

(in the legend, Mg1-1-3B indicates minipile Mg1-1 at

3B spacing and, so on). At 5 mm lateral head displacement,

the overall deflection of Mg1 is lower than Mg2, which is

representative of the latter’s lower lateral resistance, as also

obtained from the field experimentation. Due to the dif-

ference in orientation of battered minipiles in Mg1 and

Mg2, their deflection patterns are also different from one

another. Also, at each spacing, there was almost no dif-

ference in deflection pattern between the leading and

trailing minipiles, even at a lower spacing of 3B. This is

consistent for both types of minipile groups studied here.

Nevertheless, for Mg1, the deflected shapes of Mg1-1 and

Mg1-3 are different from Mg1-2 and Mg1-4 due to their

orientation directions in the group. For Mg1, as the spacing

was reduced from 6 to 3B, the deflection of the negative

and positive battered minipiles, Mg1-1 and Mg1-3,

increased due to pile-soil-pile interaction, as was also

reported by Chandrasekaran et al., [13] for vertically

installed minipile groups. The decrement in spacing,

however, did not affect the deflection profile of perpen-

dicularly battered minipiles, Mg1-2 and Mg1-4. For Mg2,

the overall lateral deflection of minipiles in the group at

3B spacing was quantitatively lower than at 5B and 6B,

respectively, which is in contrast with the observation of

Mg1.

The bending moment profile as shown in Fig. 13c and d,

indicates different patterns for both Mg1 and Mg2 similar

to their deflected shapes. The bending moment recorded for

Mg1 is almost ten times higher than Mg2 at 5 mm lateral

head displacement; however, at the same lateral load, Mg1

sustains a much lower bending moment compared to Mg2.

Since at the same load, the moment for Mg1 is lower than

Mg2, Mg1 can be used as an alternative pile group to

reduce bending at critical depths. The bending moment for

Mg2 is higher at greater depth due to softening of soil

caused by group interaction, as also reported by Chan-

drasekaran et al., [13]. The moment recorded by the lead-

ing and trailing minipiles for Mg1 and Mg2 configurations

is nearly similar, as also reported by Abu-Farsakh et al. [3],

except at 3B spacing. At a lower minipile spacing of 3B, for

Mg1, the absolute value of bending moment recorded for

Mg1-1 is almost three times the value observed for Mg1-3

at 1.068 m below mudline. Also, the bending moment at

1.068 m below mudline for Mg2-1 and Mg2-2 is double of

Mg2-3 and Mg2-4. The higher bending moment in the

leading row of minipiles is indicative of the shadowing

effect at 3B spacing. This shadowing effect has been

reported extensively for vertically installed pile groups by

Brown et al. [10] and Rollins et al. [56], among others.

However, there is no discrepancy in bending moments

between trailing and leading rows of the outwardly battered

minipiles (Mg1-2 and Mg1-4) in Mg1.

As the spacing in the battered minipile groups increases

from 3 to 6B, the shadowing effect diminishes even in stiff

clay, and the individual minipiles offer higher lateral

resistance, similar to or even better than when installed in
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isolation. Thus, among the limited pile group spacings

investigated in this study, 6B can be proposed as the

optimum pile head spacing. This results in group efficiency

greater than 100% as also mentioned by Reese et al., [52].

Thus, p-multiplier values greater than unity can be

expected from the minipile groups, Mg1 and Mg2, at

6B spacing in this study. The p-multipliers can be esti-

mated from the p-y curves, which, in turn, can be back-

calculated from the bending moment profiles, as shown in

Fig. 13c and d. The p-y curves are the soil resistance versus

lateral pile displacement at any depth of the minipile.

From the soil pressure distribution profile, the maximum

soil resistance was found to occur at a depth of 0.18 m

(4.2B) below the mudline for both Mg1 and Mg2. The p-

y curves at 5 mm displacement were back-calculated from

the bending moment curves using a similar technique

described in Chandrasekaran et al., [13] and are shown in

Fig. 14a and b for Mg1 and Mg2, respectively, at a depth of

4.2B below mudline. With the decrease in pile spacing

from 6 to 3B, the soil reaction curves became softer,

indicating a shadowing effect for minipile groups. For Mg1

in Fig. 14a, the soil reaction of Mg1-1 and Mg1-2 are

minutely lower than Mg1-3 and Mg1-4, respectively,

although the former is in the leading row. A similar pattern

can also be seen for Mg2 in Fig. 14b at 3B spacing and this

is due to the orientation of the battered minipiles in the

group. It should be noted that the leading row has nega-

tively battered minipiles, and similarly, the trailing row has

positively battered minipiles, and the load-carrying

capacity of a single positively battered minipile is much

higher as found experimentally (Fig. 8).

The p-y curves are commonly used to calculate p-mul-

tipliers; however, given the difference in undrained shear

strength at the test location of single and grouped battered

Fig. 13 Deflection pattern for a Mg1 and b Mg2, and bending moment for c Mg1 and d Mg2 at 5 mm lateral head displacement from numerical

analysis
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minipiles; it is not accurate to use the single minipiles’

results to estimate the p-multipliers. Nevertheless, con-

cluding remarks about the non-occurrence of the shadow-

ing effect at 5B and 6B spacing for battered minipile groups

can be drawn from the p-y curves, indicating a value of p-

multiplier of at least unity or even higher.

Although the numerical model was calibrated with field

experiments, it has some limitations. The excess pore water

pressure developed during the driving of the minipiles was

not allowed to dissipate completely and return to the pre-

installation hydrostatic condition of the field. The DCP

tests were performed adjacent to the test locations, yet it

does not capture the change in soil properties post-instal-

lation, and hence, the installation effect was not accurately

depicted in the numerical model. Also, the soil plugging

effect was neglected in this study owing to the small

diameter of the minipile. Thus, a further advanced

numerical model is essential and until then, this investi-

gation can be used as a primary source of reference.

5 Discussion

Although bio-inspired tree root systems have been long

discovered and applied in the form of underpinning that

replicates the roots of a tree [31], their design has not been

further improvised or evolved. The performance of pile

foundations and soil anchorage systems have been identi-

fied as a potential area to be benefitted from the bio-in-

spired approach. In addition to the physical replication of

tree root systems, their behaviour or principles can also be

adopted depending on the type of engineering solution we

wish to achieve. Previous studies report pullout tests per-

formed on root structures in their original form; however,

this research reports the translation of features such as

angle and level of branching and relative stiffness of root

into a prototype shallow foundation system. An approxi-

mate adaptation of the form of root architecture was only

studied here as both the biological context and geotechnical

application are almost similar. This study upscales the

biological strategy and evaluates the performance at the

system level, paving the way for further levels of

abstraction. The limitations that were mentioned in the

literature from the upscaling and the disparity between

biological and engineering materials were also somewhat

bridged.

However, there are additional aspects of tree root sys-

tems that have not been adopted in this study, such as the

system mass and spatial non-linearity. Further studies are

recommended to implement the tapering thickness of bat-

tered piles and other orientations of individual battered

piles within a pile group. The biological features such as

self-healing properties, adaptation to dynamic environ-

mental conditions, shape-change feature, varying surface

texture and composite material properties of the roots are

yet to be explored. In terms of material, only steel pile was

considered here, while a vast opportunity still remains in

exploring other complex materials that could have varied

surface roughness and self-healing properties and could

also simulate both flexible and rigid behaviour of roots. In

summary, the multifunctional attributes of a tree-root-in-

spired foundation and the interaction among the individual

facets require further in-depth study. The bio-inspired

landscape that is yet to be explored in terms of imple-

mentation is anticipated to improve sustainability and

resilience in the built environment.

Fig. 14 p-y Curves of the constituent minipiles at 4.2B depth below mudline for a Mg1 and b Mg2 from numerical analysis
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6 Conclusion

This study aimed to understand the load-transfer mecha-

nism of a simplified nonlinear branched foundation design

inspired by a tree root system. The scaling and technical

feasibility of the root systems were taken into consideration

to introduce an asymmetric branched foundation that pos-

sesses higher lateral load capacity than the conventional

branched group. The conclusive remarks are as follows,

(i) The experimentally obtained load–displacement

curves (Fig. 8) of the single minipiles indicate that

the positive 25� carries the maximum lateral load,

followed by the vertically installed minipile and

negative 25� battered minipile having the least

lateral resistance, respectively.

(ii) The asymmetric minipile group with two perpen-

dicularly battered minipiles (Mg1) carried almost

five times more lateral load than the conventional

battered minipile group configuration (Mg2) due

to the engagement of a larger volume of soil and

increased bearing area for Mg1 as depicted in

Fig. 10.

(iii) The numerical model results show that for the

group with two perpendicularly battered minipiles

(Mg1) in clay, the bending moment of the

minipiles in the loading axis was significant near

the pile cap. However, bending moments for the

perpendicular minipiles were considerably lower

in Mg1 (Fig. 12a).

(iv) The axial load carried by the perpendicular

minipiles in Mg1 was substantial compared to

the minipiles in the axis of loading, which

increased the horizontal load capacity of Mg1

compared to Mg2 (Fig. 12b).

(v) The numerical model was further used to inves-

tigate the effect of pile head spacing on the

minipile groups. The increment of pile head

spacing from 3 to 6B had no significant effect on

the deflection pattern of the constituent minipiles

in the group (Fig. 13a, b). At 3B spacing, the

bending moment of the leading minipiles was

higher than that of trailing minipiles in both

battered pile groups, indicating a shadowing effect

in clay (Fig. 13c, d). Also, as the spacing was

reduced from 6 to 3B, the soil reaction curves

became softer due to the overlapping of shear

zones.

(vi) Although Mg2 is the conventional battered pile

configuration that is being used in practice, the

new type of bio-inspired group configuration

investigated in this study which represents a tree

root network performed better in terms of lateral

load resistance.
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