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ABSTRACT

Pile foundations are elongated structural components, typically fabricated from
steel or reinforced concrete, that transmit loads to deeper, more stable strata of
earth. They are extensively utilized in supporting infrastructures, including
edifices, bridges, railway systems, hydropower facilities, dams, and slope
stabilization projects. Bored piles are commonly utilized for bridge foundations in
Nepal. This research examines the lateral load capability of piles with Plaxis-3D
software. It also investigates the distribution of loads among a collection of
laterally loaded piles and assesses the impact of p-multipliers on their

performance.

The settlement data obtained from routine pile load tests for bored piles of one of
the test piles of the Mahuli Khola Bridge in Saptari district has been utilized. The
Mohr-Coulomb constitutive model is employed in Plaxis-3D analysis, utilizing soil
modeling data from the borehole log of Mahuli Khola, with additional parameters
from the field and laboratory investigation. The model is validated by the curve
obtained from pile load test data and Plaxis-3D results for different values of
modulus of elasticity and different interface interaction factors. After the model
validation, the same model is used for lateral load analysis, where a deflection
limit of 1% of the diameter is considered, and the results are further verified
through analysis by the L-Pile software.

Lateral load analysis is conducted for grouped pile configurations with varying
quantities of piles arranged in distinct patterns. The lateral force carried by each
row pile is evaluated for pile arrangements of (2x2 to 10x10) for spacing 3D, 5D,
and 7D, and the p-multiplier effect for each row pile is determined by utilizing the

lateral force for both single pile and group piles.

Keywords: Lateral load capacity, Mohr-Coulomb constitutive model, Numerical

analysis, p-multiplier effect.



TABLE OF CONTENTS

COPYRIGHT ...ttt sttt et st be et s esaeenne s i
DECLARATION ..ottt ettt ettt sttt s e e e eneenseensenneens iii
ACKNOWLEDGEMENT ..ottt ettt sneenee s v
ABSTRACT ...ttt sttt et sttt et s b ettt satesbeeaesanens v
TABLE OF CONTENTS ...ttt vi
LIST OF FIGURES .....cuiiiieieeeee ettt ettt et nse s iX
LIST OF TABLES .....ooeeoiee ettt sttt e sneese e e Xi
ABBREVIATION AND SYMBOLS ...ttt Xii
1 INEFOAUCHION .. 1
I.1 Background .........ccoeeiieiiiiiiieiieeieeie ettt 1
1.1  Problem Statement and Research Gaps..........ccccevieeiiiiiiiiiiiniiiieneeeee 2
1.2 The objective of the StUAY ....cc.eeviieiiiiiiieiieeeee e 5

| B 1o70] o 1 USSR USRS 5

| S 313111 1310 ) USSR UUSUPRRPR 5

2 Literature ReVIEW .......coouiiiiiiiiiiee e 6
2.1 Introduction tO Piles .....c.ceeiiiieiiiiiiieeiie e 6
2.2 Laterally Loaded Pile ........ccccooiiiiiiiniiiiiiiceeececece e 6
2.3 Soil-Pile Interaction in Sand ............ccoecieriiiiiieniiiiieeeee e 7
2.4 Lateral Load- Displacement Relationship..........ccccceevviiieiciieniieenieeeiieeen 8
2.5  Pile Group Behavior Under Lateral Loading ...........cccccveeveiienciveencieenieeeen 8
2.6 Concept Of p-MUIIPIHET ....occuieiiiiiieiiiciiee e 9
2.7 Load Test 0N Pile.......cooiiiiiiiiiiiieiieteeee e 10
2.8  Finite Element Method...........cccoiviiiiiiiiiciececceeee e 12
2.9 SHt€ DESCIIPHION ..eeeueiiieiiieeiieeeiee ettt e et e e ee e et e e e e e ssaeeeeebeeesnseeenens 13
2.9.1  Geology Of the SILE ....cccuieiieiiieiieeieeiee et 14
2.9.2  Geo-mechanical Parameters...........ccoceeeuieriieiiieniieeieeiie e 14

3 RESEARCH METHODOLOGY .....cctiiieiieieieeiesteie et 17
T B € 0} 10151 1 o SRR 18
311 MESHING.c..eiiiiieiiecitee ettt ettt et eaeeen 19



5

3.1.2 Boundary CONditioN..........ccccuieeriieeiiieeiiee e et vee e e 21

3.1.3 Pile as volume beam element.............cccceeiiiiiiiiiiniiniicce e 23
3.2 Geo-mechanical Parameters.........ccoceeieiiiiiiiiiiiiinieeieeeeeee e 24
3.2.1  Data COIECHION ...cueeiiiiieiiciieriteeee et 24
3.2.2  Soil exploration and Properties ...........eccueerueerieerreerveerreenieesieeseesiseesnneens 24
3.2.3  Sub-S01l PrOPEILIES ...cuveieeiieiieeiieiie ettt ettt ettt aee et aeereeeane e 24
3.2.4  Mohr-Coulomb parameters..........c.eecveerieerieerieeirienreeieeseeesreeseeeseenaneens 25
3.3 Pile and Pile Properties .........cceevieeiieiiieiiieiieeieeeee et 27
3.4  Routine Pile Load Test.......ccooouiiiiiiiiiiiiiieeie et 28
3.5 Lateral Load Analysis on Single Pile and Group Pile.........cccceceniinirninnns 29
3.6  Finite Element Method...........cooiiiiiiiniiiiieeeeeeeeeee e 30
3.7 Numerical ANalYSIS.....cccievieriieiieeiieiieeie ettt ee 30
3.8 L-pile SOfIWAIE...c..eiiiiiiiieiiee e 31
RESULTS AND DISCUSSION ......ooiiiiiiiiieieeeseeeeeee et 32

4.1  Model Validation of Plaxis-3D Model Using Field Load Test Data ............ 32
4.2 Lateral Load Response of a Single Pile Using Plaxis-3D........cccccecevvenennee. 35
4.2.1 Effect of meshing on the model...........c.cccoooiiiiiiniinie, 35
4.2.2  Effect of the interface interaction factors Rinter............ccocccevieiiienennee. 36
4.2.3  Effect of dIameter .......c.oovuiiiiiiiiiiiiiiieceeee e 36
424 Effectofpile length .......cccooooiiiiiiiiiieeee e 37
4.2.5 Effect of water level variations...........cceceeveerieinieniienieiieeieeeeeeeeen 38
4.2.6  Verification of Plaxis-3D results with L-Pile ...........cccccooinininninennnn 39
4.3  Lateral Load Behaviour of Group Pile AnalysiS........cccceceeeviieniieniieniieicnne, 40
4.3.1 Effect of pile SPACING ....oooviieiiieiieiiieiiece e 40
4.3.2 Load-sharing behavior of piles in groups ..........cccceeeveerieriiienieeneenneennen. 41
4.3.3 Effect of pile spacing on shear force distribution............cccecveervveennnenns 41
4.3.4 Evaluation of p-multiplier for group pile........cccovvievviiiiiiiiniieieieeeieeens 50
4.3.5 Effect of pile spacing on p-multiplier..........ccceevvieeiiiiniieinieceieeeieens 58
CONCLUSIONS AND RECOMMENDATIONS .....ooiiiiiiiiiinieneeeeeeieeeene 60

vii



6

7

5.1 Conclusions............
5.2 Recommendations ..

REFERENCES ...........
ANNEXES...............

Annex-I Paper Publication
Annex-II Soil Exploration

Annex-III Static Pile Load

Test of Mahuli Bridge ........cccooeeiiiiiiiiieeeeceeee

viii



LIST OF FIGURES

Figure 2.1: Concept of lateral load (S. Mukherjee & A. Dey, 2016).
Figure 2.2: p—y curves for single and pile groups (Brown et al., 1988).
Figure 2.3: Typical setup for pile load test in compression. (Sharma et al., 1984).
Figure 2.4: Typical setup for pile load test in compression (ASTM Institute, 1977).
Figure 2.5: Google map of site location.

Figure 2.6: Borehole log sheet.

Figure 3.1: Conceptual framework of the study.

Figure 3.2: Mesh model of Plaxis-3D for a single pile.

Figure 3.3:3D soil elements (10-node tetrahedron) (Source: Plaxis).
Figure 3.4: FEM model after meshing.

Figure 3.5: Boundary conditions.

Figure 3.6: Pile as volume element.

Figure 3.7: Pile load test curve at the field.

Figure 4.1: Load vs settlement for Rinter=0.5.

Figure 4.2: Load vs settlement for Rinter=0.67.

Figure 4.3: Load vs settlement for Rinter=0.8.

Figure 4.4: Load vs settlement for Rinter=1.0.

Figure 4.5: Effect of meshing on displacement

Figure 4.6: Load vs displacement for interface interaction factor

Figure 4.7: Load vs displacement for varying diameter.

Figure 4.8: Load vs displacement for varying length and varying diameter.
Figure 4.9: Variation of displacement versus water table

Figure 4.10: Variation of lateral load capacity vs diameter for L-pile.
Figure 4.11: Pile group arrangement for 3x3 pile.

Figure 4.12: Variation of lateral displacement versus pile spacing.

X

14

16

18

19

21

21

22

23

29

33

33

34

34

36

36

37

38

39

39

40

41



Figure 4.13:
Figure 4.14:
Figure 4.15:
Figure 4.16:
Figure 4.17:
Figure 4.18:

Figure 4.19:

Shear force single pile.

Variation of lateral force with row position for 2x4.

Variation of lateral force with row position for 3x4.

Variation of lateral force with row position for 4x4.

Variation of lateral force with row position for 5x4.

Variation of p-multiplier vs spacing (s/d) for pile arrangement 2x2.

Variation of p-multiplier vs spacing (s/d) for pile arrangement 3x3.

42

49

49

49

50



LIST OF TABLES

Table 3.1:

Table 3.2:

Table 3.3:

Table 3.4:

Table 4.1:

Table 4.2:

Table 4.3:

Table 4.4:

Table 4.5:

Table 4.6:

Material Data Set of the Plaxis volume pile..........cccceeeviieeiiienciieeieene. 24

Properties of the surrounding soil in Plaxis-3D (Gupta & Dahal, 2023b)..26

Test PIlE PrOPETLIES ....eeeevieiieiiieiie ettt ettt sre et eeeebeeseaeebeeeaeaens 27
Load-Settlement data of routine Pile Load Test.........cccccevervenennieniennnnne 28
Average shear force for each row pile in the group pile for spacing 3D....43

Average shear force for each row pile in the group pile for spacing 5D....44

Average shear force for each row pile in the group pile for spacing 7D....46

p-multiplier factor for each row pile in the group pile for 3D.................... 52
p-multiplier factor for each row pile in the group pile for 5D.................... 53
p-multiplier factor for each row pile in the group pile for 7D.................... 55

Xi



ABBREVIATION AND SYMBOLS

2D Two Dimensional

3D Three Dimensional

CIS Cast-in-situ

CPT Cone Penetration Test
DOR Department of Roads
FDM Finite Difference Method
FEA Finite Element Analysis
FEM Finite Element Method
HS Hardening Soil

HSM Hardening Soil Model

IS Indian Standard

IRC Indian Road Congress
kN Kilo Newton

LE Linear Elastic

MC Mohr-Coulomb

mm Millimeter

PDE Partial Differential Equation

SPT Standard Penetration Test

Xii



1 INTRODUCTION

Pile load capacity is a key consideration in foundation design because it defines
how much load a pile can safely carry when placed in various ground conditions.
Soils are broadly grouped into cohesive soils (such as clay) and cohesionless soils
(such as sand), and each type has different characteristics that affect how piles
perform and transfer loads. Conducting pile load tests is essential for both design
verification and performance assessment. Since soil properties strongly control
pile response and bearing capacity, it is necessary to carefully study how piles

behave in sandy soils to ensure structural safety and stability.

1.1 Background

The pile load capacity is one of the most important factors in geotechnical
engineering, as it suggests the maximum load that can be safely supported by a
pile embedded in different types of soil. Soil characteristics—such as soil type,
cohesion, friction angle, elastic modulus, and subgrade reaction—play a major
role in determining the load-bearing capacity of piles.

Deep foundations are generally subject to lateral and vertical loads on structures.
Lateral loads due to wind, water currents, ground pressure, and seismic pressures
can have a significant effect on the performance and stability of pile foundations.
The behavior of a pile subjected to lateral loading is influenced by various
elements, including soil type, pile rigidity, boundary conditions, and load size.
Conventional analytical and empirical approaches, including those proposed by IS
2911 and Broms’ theory, frequently simplify soil-pile interaction and may fail to
adequately represent the nonlinear behavior of soil, which can lead to inaccurate
predictions of pile performance under lateral loads. Numerical modeling has
improved considerably, making FEA methods such as Plaxis-3D very effective in
simulating realistic soil-structure interactions. Plaxis-3D allows modeling of
complex geometries, layered soils, and non-linear material properties, providing
a complete analysis of the bending moments, lateral deflection, and soil reactions
along the pile length. This numerical analysis allows a more accurate prediction of

the behavior of the pile under lateral loads.

The response of piles subjected to lateral loads is very complex owing to the
nonlinear interaction between the pile and the adjacent soil. This complexity
becomes further complicated in the case of pile groups, where the interaction
among neighboring piles results in diminished lateral rigidity and capacity

relative to isolated individual piles. Pile spacing, pile head fixity, soil type, and



loading condition all have significant effects on pile groups' lateral performance,

making it difficult to predict their behavior using simple methodologies.

Piles enable the transfer of structural loads to deeper, more stable strata. You can
install piles, which are elongated and slender columns, using driving, drilling, or
cast-in-situ methods. Driven piles can be made of a variety of materials, such as
concrete, steel, and wood. Piles are of concrete, cast-in-situ. Foundations serve as
the supporting base for structures such as buildings, bridges, railway lines, power
plants, and dams, and they are also relevant in areas prone to landslides. In regions
where soil liquefaction may occur, pile foundations are commonly adopted to
minimize settlement. These foundations are designed to withstand lateral loads,

vertical loads, or a combination of both.

Numerical methods like FEM and FDM are employed to model the behavior of the
pile under various loading conditions and to gain a better understanding of the
interaction between the soil and the pile. These algorithms evaluate pile reactions
according to soil conditions, geometry, load distribution, and boundary
conditions. Through the assessment of pile carrying capacity, researchers and
engineers may comprehend pile behavior under various conditions, thereby
promoting the safety and reliability of deep foundation systems, improving
construction techniques, and optimizing pile designs. This expertise can improve

construction techniques and pile configurations.

In Nepal, the use of deep foundations—particularly pile foundations—is becoming
increasingly common. Cast-in-situ bored piles are widely adopted for bridge
construction where deep foundations are required. As a result, traditional well
foundations are gradually being replaced by bored cast-in-situ piles, which now

perform the role previously served by conventional well foundations.

Some of them are like Tila River Bridge (Siyala Kudari bazar, Jumla District),
Mainawati River Bridge (Devipur, Siraha), Babai River Bridge (Tulsipur, Dang),
Safa Khola Bridge (Brahampuri, Sarlahi), Kadiya Khola Bridge (Morang), etc.
These bridges are successfully designed and approved by the concerned

authorities.

1.1 Problem Statement and Research Gaps

Nepal is located in an active seismic belt of the Himalaya, where earthquakes
induce large lateral forces on foundation systems (M. Laporte et al., 2021).

Previous seismic occurrences in Nepal, notably the 2015 Gorkha Earthquake, have



illustrated that insufficient attention to lateral loading can result in significant pile
head displacements, diminished serviceability, damage to superstructures, and, in

severe instances, foundation failure (GEER Association, 2015; Hashash, 2015).

Pile foundations that support infrastructure, including bridges, offshore
platforms, transmission towers, and marine buildings, can endure substantial
lateral loads from wind, wave action, traffic forces, and seismic activity. The
precise prediction of laterally loaded pile responses in sandy soil is crucial for

secure and cost-effective foundation design (Marjanovi¢ et al., 2020).

The role of laterally loaded piles is governed by complex non-linear soil-pile
interaction mechanisms, which depend on the soil density, pile geometry,
embedment depth, and boundary conditions. Conventional analytical methods,
such as the p-y curve approach, are commonly employed; however, these
techniques oversimplify soil behavior and fail to adequately describe the three-
dimensional nonlinear interactions between piles and adjacent sandy soil
(Bouafia, 2023; L. C. Reese et al,, 1974).

Field lateral load testing is a reliable source of information regarding the response
of individual piles, but such testing is expensive and time-consuming, and limits
its application in routine engineering practice. As a result, numerical modeling
techniques have become increasingly important tools for predicting the behavior
of laterally loaded piles under different loading and soil conditions (Zhang et al,,
1999).

The response of pile groups to lateral loading markedly differs from that of
individual piles due to interaction effects, including overlapping stress zones and
shadowing effects among adjacent piles, which reduce lateral resistance and
change bending behavior (Marjanovi¢ et al, 2020; M. C. McVay et al.,, 2000).
Although many experimental and numerical investigations have explored how
piles behave laterally in sandy soils, relatively few studies focus on validating
numerical models using actual field test results. In addition, there is limited
research that systematically examines both the behavior of single piles and the

interaction effects within pile groups under consistent soil conditions.

Therefore, there is a need to develop a validated numerical model based on field
test results and to perform a comprehensive parametric study to evaluate the

behavior of single and grouped laterally loaded piles in sandy soil.

Despite the prevalent use of numerical modeling to forecast lateral pile behavior,
numerous studies predominantly depend on laboratory-scale testing or

theoretical assumptions instead of comprehensive field validation at full scale.
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Field-based calibration is crucial for enhancing the accuracy of numerical
predictions (Zhang et al,, 1999).

Analytical approaches like the p y curve method provide simplified soil resistance
models, but cannot fully capture the complex three-dimensional nonlinear soil-
pile interactions observed in sandy soils (Marjanovi¢ et al., 2020; L. C. Reese et al.,
1974).

Pile groups subjected to lateral loads behave differently from single piles, as the
interaction between adjacent piles alters both the displacement pattern and the
distribution of bending moments. The interaction effects continue to be
challenging to forecast precisely using traditional design methodologies (M. C.
McVay et al., 2000).

Most prior research examines either individual piles or groups of piles in isolation.
A comprehensive computational framework that compares both systems under
analogous sandy soil conditions remains rare and essential for enhancing the

reliability of foundation design (Marjanovi¢ et al., 2020).

The present study differs from previously published numerical investigations
conducted using Plaxis-3D in several important aspects. First, the numerical
model developed in this research is validated using available field lateral load test
data, which improves the reliability of simulation results compared to studies

based only on theoretical assumptions or laboratory-scale experiments.

Second, this study performs a systematic parametric analysis of a single laterally
loaded pile embedded in sandy soil by varying key parameters such as pile
diameter, pile length, and soil properties under consistent modeling conditions.

Third, the study investigates the group interaction effect of laterally loaded piles
in sandy soil and compares the response of pile groups with that of single piles
within the same numerical framework. Such combined evaluation helps to better

understand pile-soil-pile interaction behavior under lateral loading.

Therefore, the novelty of this research lies in the integration of field-validated
numerical modeling with a comprehensive parametric study of both single pile
and pile group behavior in sandy soil using a three-dimensional finite element

approach.



1.2 The objective of the Study

The primary aim of this study is to conduct a numerical analysis of the lateral load
capacity of piles in soil, in order to improve understanding of pile-soil interaction
and pile performance under different conditions. The specific objectives are:

1. To prepare and validate Numerical modeling using field test data.

2. To perform a parametric analysis of the behavior of a single laterally
loaded pile.

3. To analyze the group effect of a laterally loaded pile.

1.3 Scope

This thesis focuses on the lateral load resistance of pile foundations and pile
groups in bridge substructures subjected to static loading conditions. The
research aims to determine the critical depth affecting lateral resistance, examine
soil-pile interaction factors, and evaluate the average lateral force carried by the

pile in each row. Numerical modeling is utilized to evaluate the performance of

individual piles and pile groups.

This study neglects cyclic loading effects, seismic loading circumstances, long-
term settling behavior, construction-stage effects, and full-scale field testing. The
analysis is confined to the specified soil conditions, pile dimensions, and
parameters of the bridge case study within the project framework.

Note: Future work must address dynamic loading given Nepal’s seismicity.

1.4 Limitations

Limitations of this study include:
* The soil parameters can be varied for further study.
» Validation can be done by the lateral load analysis of the pile test.
* Other advanced models can be used and compared for better results.

* The lateral response observed in pile load tests can be analyzed and

simulated using numerical methods.

* The simplified design methods and codes can be used to compare results.



2 LITERATURE REVIEW

2.1 Introduction to Piles

Piles are employed to transfer the pressure to the underlying bedrock or a more
robust soil layer when one or more top soil strata are excessively compressible
and insufficiently strong to bear the strain imposed by the superstructure (Vesic,
1977). Piles are fundamental components of deep foundations, providing stability
and support for structures. They can be subjected to axial loads (vertical) and
lateral loads (horizontal), each influencing their bearing capacity
differently(Bowles & Guo, 1996). According to (Bowles & Guo, 1996) Piles are
structural members of timber, concrete, and/or steel that are used to transmit
surface loads to lower levels in the soil mass. Piles are widely used for several

functions, including:

e To transfer structural loads through weak soil layers to deeper, stronger

strata, carrying both vertical and lateral forces.

e To resist uplift and overturning forces, such as in basement structures

below the groundwater level or towers subjected to wind loads.

e To densify loose, cohesionless soils through displacement and vibration

during pile driving; such piles may be removed afterward if required.

e To reduce settlement where shallow foundations rest on weak or highly
compressible soils.

e To improve soil stiffness beneath machine foundations, helping to control

vibration amplitude and system frequency.

e To provide additional stability for bridge abutments and piers, especially

in areas susceptible to scour.

e In offshore structures, to transfer loads from above the water surface
through the water column into the seabed, where piles may be subjected to

both vertical (including buckling) and lateral forces.

2.2 Laterally Loaded Pile

Lateral loads are critical for piles subjected to wind, seismic activity, or soil
movement. Designing piles to resist lateral loads in sandy soils is a common
challenge in foundation engineering (Brown et al.,1988). The lateral response of

piled foundations is important in the design of structures that may be subjected to

6



lateral loads (Abdrabbo & Gaaver, 2012). Loads are in the order of 10-15% of the
vertical loads in the case of onshore structures, while this value may exceed 30%
in the case of offshore structures (S. Rao et al., 1998). The response of laterally
loaded pile groups is a complicated soil-structure interaction problem (Abdrabbo
& Gaaver, 2012). The ultimate lateral capacity of a pile is defined as the load at
which the lateral deflection reaches 0.2 times the pile diameter on the load-
deflection curve (Broms, 1964). A specified lateral deflection limit—such as 1% of
the pile diameter in accordance with IRC:78-2014—is adopted as the allowable
criterion. This displacement can arise from lateral loading, soil movement, or the

effects of installation processes.

— 5

Deflected Pile Position

Soil reaction curve

Figure 2.1: Concept of lateral load (S. Mukherjee & A. Dey, 2016).

2.3 Soil-Pile Interaction in Sand

The pile-soil interaction is a complex problem. Soil-structure interaction plays an

important role in the behavior of structures under

static or dynamic loading (Kavitha et al., 2016). The behavior of laterally loaded
piles is influenced by the relative stiffness of the pile with respect to the
surrounding sand, which affects both the deformation pattern and the load-
transfer mechanism along the pile shaft loading (Zhang et al., 2023). For pile
groups in sandy soils, overlapping stress zones caused by the shadow effect reduce
the effective soil resistance on adjacent piles and modify the p-y curves relative to
those of individual piles (Zeng & Jiang, 2025). Experimental findings indicate that
the response of piles to lateral loads in sandy soil is significantly affected by soil
conditions at the surface and the pile tip, while the influence of intermediate soil

layers is comparatively minimal (Lee et al,, 2011). The lateral response of piles in



sandy soils is evaluated using the p-y curve method, in which the pile is treated as
a beam and the surrounding soil is modeled as nonlinear springs that define the
relationship between soil reaction (p) and lateral displacement (y) (Zhang et al.,
1999). This method effectively captures nonlinear soil-structure interaction and
has been extensively utilized in experimental and numerical studies of pile
foundations (Kim & Jeong, 2011).

2.4 Lateral Load- Displacement Relationship

The lateral load-displacement behavior of piles in sand is nonlinear, depending
on complex soil-pile interactions, and is essential for the predictive p-y curve
models in the design and analysis of laterally loaded pile foundations (El Gendy,
2025). The Lateral load and displacement relationship presents that laterally
applied horizontal load on a pile generates the lateral deflection at the pile head
and along the shaft, which reflects the stiffness and soil resistance mobilized
during loading (Poulos & Davis, 1980a) . From the study of (Lao et al., 2026), The
load displacement curve shows that a relatively linear increase in lateral load
with displacement is due to elastic soil response, which is followed by a nonlinear
behavior as soil yielding and passive resistance mechanisms develop around the
pile. Larger diameters and greater depths can increase lateral resistance (Poulos
& Davis, 1980b). Finite element simulations of laterally loaded piles in sand
reveal that the lateral load-displacement curves are strongly influenced by pile
shape, loading direction, and pile length, with different pile geometries and
loading orientations producing variations in the slope and curvature of the load-
displacement response due to changes in mobilized soil support (Liu et al., 2025).

2.5 Pile Group Behavior Under Lateral Loading

Group piles respond differently than isolated piles because overlapping stress
zones reduce lateral resistance, a phenomenon often termed the shadowing effect
(McVay et al., 2000). (Brown et al., 1988)concluded that the pile group “was
observed to deflect significantly more than the isolated single pile when loaded
to a similar average load per pile. The “shadowing” effect was more considerable
in sand compared to the clay, as was mentioned in (Brown et al., 1988). As pile
spacing decreases, the interaction effects intensify, leading to a greater reduction
in lateral resistance per pile and lower group efficiency, whereas increased
spacing (greater than about 5-6 pile diameters) tends to diminish these

interference effects and approach single-pile behaviour (Kavitha et al., 2016).

To account for the latter, the concept of a p-multiplier was developed (Brown et
al., 1988).



2.6 Concept of p-multiplier

Lateral load tests on the group piles indicated distinct behavior from a single pile.
The amount of lateral load carried by each pile in the group depends on its position
(Zhou & Tokimatsu, 2018). This phenomenon is commonly known as the pile
group effect. To account for the reduction in soil resistance during design, (Brown
et al.,, 1988)introduced the concept of a p-multiplier. This factor is used to modify
the lateral soil spring of a single pile to represent the behavior of piles within a
group (Brown et al., 1988). Typically, the p-multiplier is assumed to remain
constant for piles located within the same row.

Single pile curve

Group pile curve for nth row
p=(n)

P =P p;

Lateral Soil Resistance, p

Deflection, v

Figure 2.2: p-y curves for single and pile groups (Brown et al., 1988).

The p-multiplier can be obtained from the p-y curve as the ratio of the single pile
soil resistance to that of the pile group. The p-multiplier (Pm) values of the
leading piles were always greater than those obtained for the first and second
trailing piles. The p- multipliers are 0.8, 0.4, and 0.3 for the leading pile, middle
pile, and trailing pile. These values were obtained by judgment from values
recommended by (M. McVay et al,, 1998), (Chandrasekaran et al., 2010), (Rollins
et al, 1998), (Brown et al,, 1988), (Ilyas et al.,, 2004), (C. Reese et al., 2006),
(Duncan & Wright, 2005), (FHWA, 1996). The available data cover piles installed
in a variety of soil conditions. Previous studies show that the p-multiplier for
leading-row piles typically ranges from 0.60 to 0.93, with an average of about
0.79. For second-row piles, values generally fall between 0.40 and 0.78, averaging
around 0.58. In the third row, the range is approximately 0.40 to 0.63, with a
mean near 0.46, while fourth-row piles exhibit values between 0.40 and 0.68,
averaging about 0.52. However, adopting average values can be challenging due

to variations in site conditions and interpretation methods. Moreover, the p-



multiplier is influenced by factors such as pile length and the relative stiffness of
the pile-soil system. (Abdrabbo & Gaaver, 2012).

2.7 Load Test on Pile

The ultimate geotechnical capacity of a pile is commonly determined through a
direct approach known as a pile load test. This method provides a relatively fast
and dependable way to evaluate the load-bearing capacity of a pile in relation to
the surrounding soil. Static load tests, in particular, are used to assess the pile’s
response—mainly under vertical loading—and are considered the most accurate
for estimating both capacity and settlement behavior (IS 2911 (Part 4), 1985).As
an in-situ technique, it is generally more reliable than indirect methods such as
static or dynamic formulas and penetration test correlations, although it can be
time-consuming to set up and carry out. Since there are so many variables to
consider, it is especially difficult to establish a valid standard for determining the
ultimate and safe bearing capacity of piles and predicting the behavior of pile
groups from test data obtained from individual load tests on single piles(Shiva
Saran Timalsina A, 2022). (IS 2911 (Part 4), 1985)is a code that provides a
guideline to follow the standard procedure that is typically used in Nepal for load
tests on piles. (IS 2911 (Part 4), 1985)specifies two types of tests, namely initial
and routine tests for each type of loading (viz. vertical, lateral, and pullout).

Initial Test: Initial pile load tests are conducted for large or critical projects to
confirm design assumptions. The number of tests may vary depending on the total

number of piles and project requirements.

Routine Test: Routine testing is generally carried out on about 5% of the total
piles. However, this percentage may be increased by up to an additional 2% based

on the soil conditions and project specifications.

Vertical Load Test (Compression): A vertical compression test is performed to
evaluate the axial load capacity and settlement characteristics of a pile under
downward loading. In this procedure, a hydraulic jack applies load increments at
the pile head, while settlement is carefully monitored at each stage. The test
mobilizes both shaft friction and end-bearing resistance, enabling assessment of
whether the pile can sustain the design load within acceptable settlement limits.
These tests are commonly conducted using either the maintained load method
(MLT) or the constant rate of penetration (CRP) method in accordance with

standard guidelines, providing reliable in-situ data for design verification.
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Maintained Load Method (MLT): This method is applicable for both initial and
routine testing. Load is applied in increments, and displacement is recorded at
each stage until the rate of movement at the pile head reduces to specified limits
(e.g., 0.1 mm in 30 minutes, 0.2 mm in 1 hour, or within 2 hours, whichever occurs

first). Each load stage is typically maintained for an extended period, often up to
24 hours.

Cyclic Method: The cyclic loading approach is mainly used during preliminary
testing to separate shaft resistance from end-bearing resistance, particularly for

piles with uniform cross-sections.

Constant Rate of Penetration (CRP) Method: This method is generally used for
initial testing and involves applying load continuously at a constant penetration
rate. Its load-settlement behavior differs from the maintained load method and is
considered efficient for determining ultimate bearing capacity. However, it does
not provide reliable information on settlement under working loads and is

therefore not commonly used for routine testing.

Compression load tests were conducted using anchor piles, consistent with the

procedure described by Sharma et al. (1984).

O O O

= Load test beam

Hydraulic jacks ——1—T T Meters
Reference S {Dial
beams , , gauges)
e Rt e mE LI B G
=== I 1 T r o “r==I-
+--1- HiH -b--1-
Anchor pile Test pile Anchor pile

Figure 2.3: Typical setup for pile load test in compression. (Sharma et al.,, 1984).
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Figure 2.4: Typical setup for pile load test in compression (ASTM Institute, 1977).

2.8 Finite Element Method

The Finite Element Method (FEM) is a numerical approach commonly used to
solve complex engineering and physical problems that are governed by partial
differential equations (PDEs) (Zienkiewicz et al., 2005). The finite element method
(FEM) is a valuable tool in modeling the load-deformation characteristics of piles
subjected to axial loading (Johnson et al., 2001). Many studies have been carried
out in the last few decades to investigate the properties of sands and clays (Dahal
et al.,, 2018). The parameters that are frequently examined in this context include
sand's mechanical properties, such as ¢, E, v, and ¢ (Degago et al., 2010). FEM
provides a great advantage in handling complex geometries, heterogeneous
materials, and mixed boundary conditions that are difficult or impossible to solve
analytically (Cook et al., 2001). The method involves several key steps, including
discretization of the domain, element formulation, assembly of the global stiffness
matrix, application of boundary conditions, and numerical solution (Zienkiewicz
et al.,, 2005). Each element contributes to the global stiffness and load matrices
based on its material and geometric properties, which are then solved to yield
nodal displacements or other primary variables. From these results, secondary
quantities such as stresses and strains can be computed (Reddy, 2006).
Constitutive models simulate the mechanical behavior of soils in the field of FEM
(Devkota & Dahal, 2022; Puri & Dahal, 2022; Regmi et al., 2021). The continuous

development of FEM theory and computational techniques has established it as a
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cornerstone of numerical modeling and simulation in scientific and engineering

research (Zienkiewicz et al., 2005).

New numerical approaches have contributed greatly to the improvement of
geotechnical engineering, allowing the detailed analysis of complex soil-structure
interaction issues (Zienkiewicz et al., 2005). This latter part of the research, in
particular, emphasizes the Finite Element Method (FEM), which has become one
of the most widely employed methods to solve problems based on partial
differential equations (PDEs) (Zienkiewicz et al., 2005). It is widely applied in
slope stability assessment, foundation analysis, retaining structures, tunneling,
excavation, and pile design. Because it discretizes the problem domain into
smaller components, FEM enables engineers to model soil and structural behavior
in many different ways when under different loading conditions. It also
incorporates non-linear material characteristics and spatial variability of soil
properties and makes the analytical results more reliable (Klaus-Jiirgen Bathe,
1996).

Numerous studies have been performed on the behavior and performance of
laterally loaded single piles and group piles. Plaxis-3D numerical analysis of
laterally loaded piles is widely used to investigate the behavior of laterally loaded
piles in a variety of research papers. These numerical models are increasingly
popular as they can fairly accurately predict such phenomena as displacements,
shear strength, and stresses of piles and types of foundation systems in different
soils. Plaxis-3D has been extensively used for many applications in engineering,

such as lateral load behavior and bearing capacity calculations.

This literature review focuses on evaluating numerical approaches for predicting
horizontal displacement in sandy soils using Plaxis-3D. However, there is a lack of
studies investigating its performance for piles embedded in layered soil
conditions. Existing findings suggest that Plaxis-3D provides reasonably accurate
results for common cases, but further research is necessary before it can be

broadly applied in geotechnical engineering practice.

2.9 Site Description

The bridge project is situated over the Mahuli River in the Saptari district of Province
2 (Chainage 160+700). Numerous rivers flow from north to south along Nepal’s East—
West Highway in this region (Gupta & Dahal, 2023a).
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Figure 2.5: Google map of site location.

2.9.1 Geology of the site

The site is characterized by relatively flat terrain and is located in the eastern Terai
region of Nepal. This area forms the northern extension of the Indo-Gangetic Plain
and lies at an elevation of approximately 100-200 meters above sea level, with a
subtropical climate. It extends from the foothills of the Siwalik range in the north
to the Nepal-India border in the south, with a width ranging from about 10 to 50
km. The Terai can be further divided into three zones: the northern (Bhabar),
central, and southern regions. In the northern part, near the mountain front, the
soil primarily consists of coarse gravels that gradually transition into finer
materials toward the south. The site is approximately located at coordinates
26.644797° E and 86.816281° N (Engineering, 2021), as illustrated in the
referenced (Gupta & Dahal, 2023a).

2.9.2 Geo-mechanical Parameters

The type of soil is poorly graded sandy soil with silt. The soil is medium-dense
sand with an average SPT value ranging from 15 to 39. The key parameters include
a unit weight of soil of 18 KN/m3, and the value of cohesion is 0. The frictional
angle value for the soil type is (30-32) degrees. The effective Poisson’s ratio value
is 0.28. The value of Young’s modulus of elasticity varies with depth. Mahuli Khola
Bridge was selected because it has sandy riverbed soil and pile foundations similar
to those of many bridges constructed in Nepal. Also, field test data were available
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for validation of my Plaxis-3D numerical model. Therefore, the study results apply

to similar bridge foundations used in Nepal.

Consulting Services for Soil Investigation of Mahuli Bridge
BORE HOLE LOG BH07
[Contractor: S Engincering & Exploration Y., L.
Location:  Siraha
Bore Hole No.: BE7 (K 160+355.000) GWT: 160 m
Easting: ~ 481840.03 m Drilling started: 2078/03/09
Northing: 294715618 m Drilling inisheed: 2078/03/10
Diameter of BH:  100mm TotalDriling depti: 2500 m || SPT N Plot
Drilling Method: ~ Rotary
Layer No. of SPT/DCPT Blows | SPT/
’ SPT/ |
Deoth | mick | Soil Casfcatin | Symb| Uscs | P/ | S 1 g Reeot) | pepr
(m) ‘ DCPT | recovered
(M) 0-15em | 15-30cm [3045em] N 0 0 4o &
0
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300 , e |6 | 8|9 ||
350 | 350 g
450 Wash 8 9 1 20 g
6.00 ; Wash 8 0 [ 12] 2 (¢ *
s
750 Poorly Graded Sand $pi Wash 9 LI I 3 A ] ¢+
900 : Wash 9 | 12 [ 1] 5 ° *
1050 : wah | 0| 1[5 % .
100 | 750
1200 ; v | o | 1|6l
Poorly Graded Sand with Silt SP-SM 4
1350 ’ : wah | 10| B3| 7] %
i ¢
1500 wab | 10| 16| 16| R
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Consulting Services for Soil Investigation of Mahuli Bridge
BORE HOLE LOG BHO07 Contd...
Contractor:  S.R. Engineering & Exploration Pvt. Ltd.
Location: Siraha
Bore Hole No.: BH-7 (K 160+355.000) GWT: 1.60 m
[Fasting: 481840.03 m Drilling started: 2078/03/09
Northing: 2947156.18 m Drilling finished: 2078/03/10
Diameter of BH: 100mm Total Drilling depth: 25.00 m
Drilling Method: Rotary
Layer = o No. of SPT/DCPT Blows | SPT/
Depth | yick Soil Classification Symbol| Uscs | SPY/ | Sample (Field Record) DCPT
(m) > DCPT | recovered 20 40 60
(M) 0-15cm | 15-30cm |30-45 N |l1s

15.50

16.50 Wash 12 17 17 34

18.00 Poorly Graded Sand with Silt SP-SM Wash 12 17 19 36

18 *
19.50 Wash 13 18 21 39
20.00 | 11.00 -
243 SPT
21.00 4o Wash 9 10 12 22
21 »>
Silty Sand

2250 Wash 9 12 12 24

2400 | 4.00 Wash 10 13 15 | 28 Jloa

24.50 Well-Graded Sand with Sit Wash 19 22 25 47

25.00 | 1.00

Figure 2.6: Borehole log sheet.
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3 RESEARCH METHODOLOGY

The research technique for a thesis outlines the systematic framework for
collecting, analyzing, and interpreting data. The process begins with establishing
the research design, which may be qualitative, quantitative, or mixed
methodologies, depending upon the research question. This section outlines
sample methodologies, data collection tools, and analytical techniques, while
considering ethical issues such as confidentiality and informed consent. The
methodology seeks to facilitate the replication of the study and the evaluation of
its validity and reliability. It incorporates a sequence of procedures, including
literature study, field and laboratory studies, and the creation of numerical
models, accompanied by comprehensive guidelines on the instruments and
techniques employed. The methodology chapter enables readers to assess the

research's trustworthiness, validity, and the thesis's subject matter.
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Figure 3.1: Conceptual framework of the study.

3.1 Geometry

The processing time for numerical analysis is significantly influenced by the
model's dimensions and elemental composition (Garcia & De Albuquerque, 2018).

Additionally, depending on the model's dimensions and element count, the
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computational time needed for numerical analysis varies greatly (Nasasira
Derrick, 2020). Therefore, selecting suitable boundary conditions is a critical
aspect that has been emphasized in many research studies. As a result, the bottom
edge of the model was fixed in all directions, while the side edges were limited in
horizontal movement (Liyanapathirana et al., 2005).

The axisymmetric mesh of 10-node triangular elements is used to compute the
model size (Brinkgreve, 2021). The size of the mesh was adopted from coarse to
very fine to closely predict the field settlement value of the pile load test. Figure
below shows that the five-layer sandy soil, each with different properties like unit
weight, strength parameters, friction angle, and stiffness value, is defined in order
to construct the geotechnical model. These five-layer soil strata have different
thicknesses. The choice of the size of the model would minimize strain closer to
the boundary in dimensions that would be smaller. Calculation time will increase
as the geometry becomes larger. Thus, the dimension of the model was chosen as
20 m in length, 20 m in breadth, and 30 m in depth, to maximize the geometry of
the model and computational time, as shown in the figure (Gupta & Dahal, 2023a).

30m

Figure 3.2: Mesh model of Plaxis-3D for a single pile.

3.1.1 Meshing

In Plaxis 3D, soil was discretized into 10-node tetrahedral elements, following
the meshing procedure outlined in the Plaxis Reference Manual. Various mesh

elements are applied to structural components and interface zones. Mesh
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generation is a critical step in finite element analysis, as it directly affects both
accuracy and computational efficiency. The mesh must be sufficiently refined to
produce reliable results while remaining coarse enough to limit computation
time. Plaxis-3D provides five standard mesh densities: very coarse, coarse,
medium, fine, and very fine. While finer meshes take a bit more time and a better
computer to achieve, the settlement prediction for the pile load test varies from
very coarse to very fine meshes, depending on whether the mesh is refined
(Derrick, 2020).The effects of changes in mesh size on the model results were
analyzed. For elements with 15 nodes, the distribution of nodes is better, and the
results are more accurate than for elements with six nodes or 10 nodes (Gupta &
Dahal, 2023b). Mesh size affects the bearing pressure at a given settlement and
vice versa (Nasasira Derrick, 2020). Therefore, the analysis is carried out with 10-
node elements. However, educational Plaxis has only elements with 10 nodes. But
15 nodes bring better results. The finer the mesh, the better the settlement trend

and prediction.

The geometric model had been prepared, as well as the subsequent process of
meshing. The aim was to arrive at a refined, accurate and numerically stable
calculation. To facilitate this, large quantities of soil elements were produced, in
regular shapes to prevent excessive elongation and thinness. Elements should be
regular-shaped and uniform, not elongated and/or thin, so that mesh quality was
of utmost importance. It is critical to having such a method so that the numerical
stability could be secured. To achieve the proper accuracy, the mesh granularity
was selected to avoid the extreme of making it all very small and therefore
resulting in the computation time being prolonged from the smallest elements. To
preserve the quality of the mesh, we meticulously considered how to achieve a
trade-off between accuracy and computational time. In the soil material element
consisted of 10-node tetrahedral elements as shown in Figure 3-3, and in the
embedded beam, three-node line elements were added to mimic behavior. For
further improved accuracy, mesh was meshed with "Fine" distribution of the
element and mesh refinement was performed. Refer to Figure 3-4 for the post-

mesh generation geometric model.

20



\ 2%

Figure 3.3:3D soil elements (10-node tetrahedron) (Source: Plaxis).

Figure 3.4: FEM model after meshing.

3.1.2 Boundary condition

In the Finite Element Method (FEM), the boundary conditions play an essential role
in ensuring that the numerical model accurately represents the physical behavior
of a structure or soil domain under external loads (Zienkiewicz et al.,, 2005).
Boundary conditions define how the model interacts with its surroundings by

specifying the constraints and loads at the boundaries of the computational domain
(Cooketal., 2001).

Generally, boundary conditions in FEM are of two main types — essential
(displacement) boundary conditions and natural (force) boundary conditions. The

essential boundary conditions prescribe the displacement or rotation values (for
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example, fixing or restricting movement at certain nodes), while natural boundary

conditions define the external loads or stresses applied to the boundaries
(Zienkiewicz et al., 2005).

For a geotechnical model, such as a pile-soil interaction in Plaxis-3D, the boundary
conditions must prevent any artificial deformation that could distort the results.
Typically, the bottom boundary of the soil domain is fully restrained in all
directions (Ux = Uy = Uz = 0) to simulate the rigid base condition, ensuring no
vertical or horizontal movement occurs at depth (Brinkgreve, 2021). The lateral
boundaries are usually fixed in the horizontal directions perpendicular to their

planes (Ux = 0 or Uy = 0), while allowing vertical movement to replicate natural soil
behavior under loading.

The top boundary, representing the ground surface, is usually kept free to move and
deform according to the applied loading, such as lateral or vertical pile loads.
Incorrectly defined boundary conditions can lead to unrealistic results, such as
over-constrained deformation or excessive stress concentrations, thereby
compromising the model’s accuracy (Bathe, 1996).

Therefore, the proper definition of boundary conditions ensures that the FEM

model behaves realistically and provides reliable results that can be validated
against experimental or field data.
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Figure 3.5: Boundary conditions.
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3.1.3 Pile as volume beam element

In Plaxis-3D, piles can be represented as volume beams, which are structural
elements that depict the pile as a three-dimensional beam immersed within the
earth. The volume beam method enables the software to accurately model both
bending and axial behavior of piles while realistically interacting with adjacent
soil via soil-structure interface elements. In contrast to simple line beams, volume
beams include distinct cross-sectional geometry (diameter or width), allowing
Plaxis to incorporate pile stiffness (EI), shear deformation, and torsion in the
analysis. This method works well for analysing piles under lateral loading,
including pile groups, because it shows how stresses develop and change along
the length of the pile more realistically. The interaction with the surrounding soil
is represented using either interface elements or p-y curves, which depict the
nonlinear soil resistance activated under lateral and axial loads. Additionally,
volume beams in Plaxis-3D can incorporate material properties of concrete or
steel, allowing for realistic elastic or elasto-plastic behavior during simulations.
This makes them suitable for complex numerical analyses of individual piles and

pile groups subjected to complex loading scenarios, including both axial and

lateral forces.
ep
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Figure 3.6: Pile as volume element.

The pile was modeled using a soil material dataset, but its parameters were
adjusted to represent concrete behavior. In this study, M35 grade concrete was

adopted for the pile. The modulus of elasticity of the concrete was estimated using

the empirical relation as E = 5000,/ fck = 29.58Gpa.
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Table 3.1: Material Data Set of the Plaxis volume pile (Gupta & Dahal, 2023a)

Parameter Name Value Unit
Material model - Linear -elastic -
Drainage type - Non-porous -
Unit weight Y 25 KN/m3
Young’s modulus E 29.58 Gpa
Diameter D 1 m
Length L 22.77 m
Poisson’s ratio 1% 0.15 -

3.2 Geo-mechanical Parameters
3.2.1 Data collection

The information used in this study was collected from both primary and
secondary sources. Secondary data were obtained from previously published
research, journal articles, and records maintained by relevant institutions and
agencies. Primary data were collected directly through field visits, sampling of

materials, and subsequent laboratory testing.

Borehole log data were used to define the soil layering, while additional soil
parameters were obtained from the geotechnical report.

3.2.2 Soil exploration and properties

The type of exploration used at the site is a standard penetration test according to
the site conditions (see Annex II). Most parameters were determined through
laboratory and field investigations, with some relying on correlations (Kulhawy &

Mayne, 1990b). The Standard Penetration Test (SPT) values were measured at

different depths and are presented in the table below.

3.2.3 Sub-soil properties

Basic soil parameters, including bulk density and saturated density, were obtained

from the relevant geotechnical report for the bridge site. The engineering
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characteristics of the subsoil and the soil profile were then estimated using

established correlations based on SPT (N). The following correlations were used:
1. Young's Modulus of Elasticity for sand
1.1. Bowles (1997)

Young’s Modulus of Elasticity for sand for 55 % energy is given by E =
7000 X /(N60 x 60/55)Kpa

2. Angle of Internal Friction -: The angle of internal friction for the sand was
adopted layer by layer from the geotechnical report, where it had been
determined through laboratory direct shear tests (DST).

3. ysat = (Gs+e) Xxyw =+ (1+e)
4. Correlation for poison’s ratio is given by
According to (Kulhawy & Mayne, 1990b)
u=01+03x%(p—25)+20
5. Dilatancy Angle for sand,
w = @'peak — 30
Where y = 0 for @,,,,;, < 30°

3.2.4 Mohr-Coulomb parameters

In FEM, the Mohr-Coulomb model represents the soil as an elastic-perfectly
plastic material, requiring both elastic and plastic parameters to characterize its

behavior (Brinkgreve, 2021). The elastic parameters include:

Young’'s modulus (E): defines the soil stiffness and controls deformation under

loading.

Poisson’s ratio (v): represents the ratio of lateral to axial strain, indicating

volumetric deformation tendencies.

The plastic parameters define the yield and flow behavior of soil after reaching the

failure envelope:

Cohesion (c): It refers to the point where the failure envelope intersects the shear
stress axis, indicating the material’s shear strength when no normal stress is

applied.

Friction angle (¢): slope of the failure envelope, representing the resistance due

to interparticle friction.
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Dilatancy angle (ys): It describes the volume change (expansion or contraction)
that occurs during plastic shearing, which in turn affects the form of the plastic

potential surface.

In FEM software such as Plaxis-3D, these parameters are used to simulate the
stress—strain relationship within each soil element. The Mohr-Coulomb model
simplifies the nonlinear soil behavior while capturing the essential response
under various loading conditions, such as lateral and vertical pile loading
(Brinkgreve, 2021). Despite its simplicity, it provides sufficiently accurate results
for many practical problems when the parameters are calibrated using laboratory
or field test data (Duncan & Wright, 2005).

However, the Mohr-Coulomb model assumes constant stiffness and a perfectly
plastic yield surface, which may not represent strain-dependent stiffness and
hardening effects accurately. Therefore, for more refined analysis, advanced
models like the Hardening Soil Model (HSM) may be used, but the Mohr-Coulomb
model remains the most fundamental and widely applied for preliminary analysis
and parametric studies. The Bowles (1997) method is used for Young's modulus

of elasticity, as the model is validated using the Bowles (1997) method.

Table 3.2: Properties of the surrounding soil in Plaxis-3D (Gupta & Dahal, 2023a)

Parameters
) Young
Drainag . .
Dept | Materia e Type Unit weight Modulus
Layer (MPa)
h 1 Type
Yunsat Ysat | Bowles (1997
(kN/m3 | (KN/m3 )
) )
Layer
1 3 | Sand Drained 18 19.34 24220
Layer
2 9 | Sand Drained 18 18.08 33541
Layer
3 7.5 | Sand Drained 18 19.56 40927
Layer
4 4.5 | Sand Drained 18 19.8 34756
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Layer

5 6 | Sand Drained 18 19.6 47940
Parameters
. . Friction Interface

SPT Value | Poisson's | Cohesion Anel Int "

ngle nteraction
Layer (N) Ratio | (kN/m?) &

(degree) Factor
Layer 1 16 0.28 0 30 0.67
Layer 2 24 0.27 0 30 0.67
Layer 3 32 0.29 0 31 0.67
Layer 4 30 0.28 0 32 0.67
Layer 5 47 0.3 0 32 0.67

3.3 Pile and Pile Properties

A pile is a long, slender structural element made of concrete, steel, or timber that
is driven or installed into the ground to transfer structural loads from a building
or structure to deeper, more competent soil or rock layers. A deep foundation
known as a bored pile is created by filling an open-drilled hole with fluid concrete
transfer vertical loads from weak, surface soils to solid soil layers or rock at a
predefined depth (Saran & Kumar, 2022). When a pile foundation is decided upon,
it is necessary to compute the required pile cross-section and length based on the
load from the superstructure, allowable stress in the pile material (usually a code
value), and the in-situ soil properties (Bowles & Guo, 1996). It is generally
accepted that a load test is the most reliable means of determining the actual pile

capacity (Bowles,1997).

The test pile consisted of a cast-in-situ circular reinforced concrete element. Its

key dimensions and material properties are presented in the table.

Table 3.3: Test pile properties (Gupta & Dahal, 2023a)
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Materials Concrete

Length (m) 22.77
Outer Diameter (m) 1

Young’'s Modulus (GPa) 29.58
Poisson’s ratio 0.15

3.4 Routine Pile Load Test

The Mahuli Khola Bridge is located in the Saptari District, near the foothills of the
Chure range in Nepal. Soil samples obtained during site investigation indicate the
presence of sand with a minor proportion of silt, and the subsurface profile at the

bridge site is predominantly composed of poorly graded (Gupta & Dahal, 2023a).

The bridge foundation consists of bored cast-in-situ piles with a diameter of 1000
mm, a length of 20 m, and concrete of grade M35. The designed allowable load
capacity of each pile is 2160 kN. Routine pile load tests were carried out for each
foundation at 1.5 times the allowable load, corresponding to 3250 kN (refer to
Annex III). A routine load test was specifically conducted on a pier test pile of the
Mahuli Khola Bridge in accordance with (IS 2911 (Part 4), 1985). The load-
settlement data obtained from the test are presented in Annex 7.3, and the

corresponding load-settlement curve is illustrated in the figure.

Table 3.4: Load-Settlement data of routine Pile Load Test

S.N. | Load (Ton) Vertical
Settlement (mm)

1 0 0

2 24.45 0.22
3 53.80 0.76
4 78.34 1.43
5 107.70 2.19
6 132.24 3.85
7 161.64 5.70
8 186.14 10.21
9 215.59 18.08
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10 186.14 16.87
11 161.64 16.38
12 132.24 15.77
13 107.70 14.93
14 78.34 13.77
15 53.80 12.45
16 24.45 10.71
17 0 7.75
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Figure 3.7: Pile load test curve at the field.

3.5 Lateral Load Analysis on Single Pile and Group Pile

For the analysis of laterally loaded pile deflection, a limit of 1% of the diameter
(IRC:78,2014) is adopted for both single and group piles. This deflection criterion
is frequently employed as the serviceability limit state for assessing the lateral
load-bearing capacity of piles under horizontal loads. The lateral load capacity of
pile groups is assessed by taking into account group interaction effects, which
decrease the resistance provided by individual piles due to the overlap of soil
stress zones. The distribution of lateral loads among piles is dependent upon their
placement within the group, generally classified as leading, middle, and trailing
piles. Leading piles typically experience greater soil resistance than trailing piles

due to soil shadowing effects.
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3.6 Finite Element Method

The Finite Element Method (FEM) is a computational technique widely used to
obtain approximate solutions for complex engineering problems (Bathe, 1996;
Zienkiewicz et al., 2005). In this method, the governing equations of a system are
represented in a piecewise manner over smaller regions of the domain
(Zienkiewicz et al., 2005). These components can be combined in many different
ways to represent very large domains (V Jagota, 2013). The numerical analysis is
based on the finite element method (FEM), an advanced method that can take into
account most of the factors involved (Sert, 2003). In Finite Element Method
analysis, problems are often simplified to two dimensions, where each node
typically has two displacement degrees of freedom. This allows engineers to
model a representative section of the domain efficiently. However, most
geotechnical problems are inherently three-dimensional, and while plane strain
or axisymmetric assumptions may be reasonable in some cases, certain situations
require full three-dimensional modeling for accurate results (Brinkgreve, 2021;
David V. Griffiths et al., 1999; Reddy, 2006). This means that three displacement
components must be considered, and all three-dimensional geometry must be
considered (Potts & Zdravkovi¢, 2001).

3.7 Numerical Analysis

Examining algorithms that use numerical approximations to solve mathematical
analysis problems is known as numerical analysis (Kendall E. Atkinson, 1989). The
analysis for this study uses the previously mentioned soil constitutive parameters
for the MC model; the drainage condition is assumed to be drained because of the
soil's notable high permeability, and the pile is modeled using linear elastic
material (Gupta & Dahal, 2023a).

According to the Plaxis Connect Edition V21.01 Material Models Manual, Plaxis-
3D is used in this study for both modeling and analysis (Brinkgreve, 2021). To
verify the accuracy of the model, the results obtained from numerical simulations
are compared with data from field pile load tests. Numerical analysis involves the
use of computational methods to approximate solutions to mathematical
problems, especially those dealing with continuous variables. In sandy soils, the
modulus of elasticity (E) can be estimated from SPT values using correlations

proposed by different researchers (Gupta & Dahal, 2023a).

Other parameters, such as the friction angle and Poisson’s ratio (v), are evaluated

using correlations provided by (Kulhawy & Mayne, 1990a).
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The geometry of the model is created, and soil properties along with the pile
properties parameters are included in the Plaxis-3D software for numerical
analysis. After the modeling mesh is generated, a fine mesh is used for better
results and outcomes. The construction stage tab of Plaxis-3D divides the
geometric model into several project phases. Each phase activates the soil and
structures according to the requirements. The calculation of the initial stress field
for the initial geometry configuration by the KO procedure automatically defines
the first calculation phase (the initial phase) (Brinkgreve, 2021). Subsequent
phases of the calculation are defined manually by turning on the corresponding
geometry and structure after the first phase. In each construction stage, the lateral
deflection of 1% of the diameter is applied according to the condition for single
pile and different pile group arrangements. Node points and stress points were
selected at the interested location for the visualization of displacement and stress-

strain parameters during and after the numerical calculation.

3.8 L-pile Software

L-pile is a popular specialized computer application that uses the p-y approach to
analyze how piles respond to lateral loads. L-Pile software models the pile as a
beam on an elastic or nonlinear foundation, dividing it into finite elements along
its length. For each component, L-Pile employs iterative numerical methods to
satisfy equilibrium between the applied lateral load and the soil resistance. A
predefined lateral deflection criterion (e.g., 1% of pile diameter as per IRC:78-
2014) is established as the permissible limit. The software incrementally
increases the lateral load until the pile head or any point along its length reaches
this deflection limit, thereby determining the ultimate lateral load capacity
corresponding to the specified deflection. L-Pile computes slope, shear, and
moment at each depth by solving the governing differential equation of a beam on
elastic foundation EI d4y /dx4 + p(y)=0, where EI is the pile stiffness, y is the

lateral pile deflection, and p is the soil reaction (Isenhower et al., n.d.) .
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4 RESULTS AND DISCUSSION

The numerical analysis of a pile load test for sandy soils was carried out by the
Plaxis-3D software. The goal is to simulate and understand the behavior of
different pile properties and the group effect under lateral loading on the pile and
soil. The result of this analysis provides useful information for laterally loaded pile
performance and capacity when they are placed into sandy soil layers. Following
the analysis of the model FEM, the resultant data of the forces in the structures
such as lateral force and lateral load capacity were extracted and expressed
graphically. Parameters included here such as modulus of elasticity of soil,
interface interaction factors between piles and soils (Rinter), variation in water
level fluctuations, variation in diameter, and variation in length were taken into
consideration in this study. For the group effect analysis pile spacing of 2D, 3D, 4D,
5D and 10D for arrangement 2x2 is considered and along with that pile group
arrangement of 2x2, 2x3, 2x4, 2x5, 2x10, 3x2, 3x3, 3x4, 3x5,3x10, 4x2, 4x3, 4x4,
4x5, 4x10, 5x2, 5x3, 5x4, 5x10, 10x2, 10x3, 10x4, 10x5 and 10x10 for spacing
3D, 5D and 7D is analyzed and p-multiplier effect is studied. The results of the

different conditions are described in the following headings below.

4.1 Model Validation of Plaxis-3D Model Using Field Load Test Data

Model validation is a systematic procedure used to assess whether a model
reliably represents the behavior of a given system. A comparison of the model's
outputs with data gathered from experiments or field testing constitutes this
validation process (Fengetal., 2017). Validation is the process of determining how

well a model represents reality (Brinkgreve, 2021).

In this study, load-settlement data from field pile load tests were used to calibrate
the PLAXIS 3D model. Multiple analyses were performed to examine how
settlement changes when different empirical correlations are applied. The Mohr-
Coulomb (MC) model was adopted in PLAXIS 3D for the simulations. Here, the
modulus of elasticity E values are adapted from FHWA-IF-02-034[Webb (1969),
Chaplin (1963), Papadopoulos (1982), Bowles (1996), Kulhawy and Mayne
(1990)], and interface strength ranges from Rinter (0.5-1.0). The results are
interpreted graphically in the figure, which shows that the simulated field pile

settlement and the MC model's predictions satisfactorily align.
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Figure 4.1: Load vs settlement for Rinter=0.5.
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Figure 4.2: Load vs settlement for Rinter=0.67.
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From the above analysis, the interface strength Rinter=0.67 and the Bowles

modulus of elasticity give a close prediction with the field settlement value. The
Webb (1969) and Chaplin (1963) give excessive settlement compared to the field
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value, and with an increase in interface strength, the settlement value is also

increased.

The model was calibrated using vertical load test data, which ensured realistic soil
stiffness and strength parameters. Although lateral load test data were not
available for direct validation, the predicted lateral load-deflection curves are still
reliable because the same soil parameters control lateral resistance in sandy soil.
However, the results should be interpreted as calibrated predictions rather than

fully field-validated lateral behavior.

4.2  Lateral Load Response of a Single Pile Using Plaxis-3D

After the model is calibrated by field settlement value and Plaxis-3D results for
axial loading, the same model is analyzed by applying the deflection criteria limit
for lateral deflection, i.e., 1% of diameter for lateral load capacity from IRC:78
2014. The model with interface strength 0.67 and Bowles modulus of elasticity is
used for further lateral load analysis.

4.2.1 Effect of meshing on the model

Mesh in Plaxis-3D works by discretizing the 3D geometry into finite tetrahedral
elements, automatically creating a 10-node tetrahedral mesh based on global
coarseness settings (very coarse to very fine). It calculates stress and deformation
at these nodal points, allowing for local refinement around structures or sharp
corners to improve accuracy in high-stress areas. In the Finite Element Method
(FEM), meshing refers to the process of discretizing a continuous domain into
smaller finite elements for numerical analysis (Zienkiewicz et al., 2005). The
quality, size, and type of mesh elements have a significant influence on the
accuracy, convergence, and computational efficiency of the model (Cook et al,,
2002). Figure illustrates that with finer meshing, the lateral load capacity
increases and gives an accurate result. The analysis is done for a diameter of 1.0m
where the criteria of deflection limit 1% of the diameter is adopted. Here, the
lateral load capacity increases from very coarse to fine and slightly decreases from
fine to very fine. Hence, a finer mesh size gives a more accurate result (Gupta &
Dahal, 2023a).
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4.2.2 Effect of the interface interaction factors Rinter

The lateral load versus lateral displacement for different interface strength shown
in the figure below. The curve plotted for different interface Rinter value ranges
from (0.5-1.0) indicates that the lateral load capacity increases with an increase in
interface strength. The increase in interface strength enhances the shear
resistance of the soil pile system and increases the soil pile bonding, which helps
to enhance the lateral load capacity of the pile.
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Figure 4.6: Load vs displacement for interface interaction factor

4.2.3  Effect of diameter

The diameter of a pile is essential in assessing its lateral load capacity. An increase
in pile diameter results in increased lateral load capacity, resulting in the

simultaneous increase in flexural rigidity (EI) and an increased soil-pile
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interaction area (LC Reese et.al.,2025). The ultimate lateral capacity is directly
proportional to pile diameter in both cohesive and cohesionless soils, as larger

diameters generate greater soil resistance (Broms, 1964).

Parametric analysis examined how varying pile diameters influenced lateral
displacement, aligning with trends reported in Marjanovi¢ et al. (2020). The
lateral load versus Lateral displacement for increasing diameter from 0.8 m to 2.0
m is shown in the figure. The curve plotted below for varying diameter of pile with
applied lateral displacement for deflection limit criteria 1% of diameter versus
lateral load capacity, which illustrates that with an increase in diameter from 11%
to 25%, there is an increase in lateral load capacity from 32% to 72%. Here, the
increase in diameter increases the value of the moment of inertia; hence, the

lateral load capacity increases.
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Figure 4.7: Load vs displacement for varying diameter.

4.2.4 Effect of pile length

The numerical findings from the lateral load analysis demonstrate that the lateral
load capacity of piles increases with embedment depth until a certain limit,
beyond which any increases in pile length do not significantly increase lateral
resistance. This behavior was seen at embedment depths of roughly 12 m for 0.8
m diameter piles, 15 m for 1.0 m diameter piles, 18 m for 1.2 m diameter piles, 23
m for 1.5 m diameter piles, 30 m for 2.0 m diameter piles, and 35 m for 2.5 m
diameter piles in the current investigation. Researchers confirmed that a critical
pile length exists beyond which further increase in length does not affect pile head
response under lateral loading (Liu et al., 2025). It is also observed that the critical
length increases with pile diameter due to increased flexural rigidity (EI), allowing

deeper mobilization of soil resistance (Wei et al., 2024).
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Figure 4.8: Load vs displacement for varying length and varying diameter.

4.2.5  Effect of water level variations

The groundwater level has a significant influence on pile performance during load
testing. Water within the soil alters both the load-carrying capacity and the
settlement behavior of the pile. When the water table is near the ground surface,
the effective stress in the soil decreases, which generally leads to reduced soil
strength and lower resistance against applied loads. In addition, groundwater can
reduce friction along the pile-soil interface by providing a lubricating effect,
thereby lowering shaft resistance. It also alters the effective stress within the soil

and can increase its compressibility, further affecting pile performance.

The rise in water table increases the lateral load capacity, and there is no change
in the value of displacement of the water table above ground level, as shown in the

figure.
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Figure 4.9: Variation of displacement versus water table

4.2.6  Verification of Plaxis-3D results with L-Pile

The L-Pile program represents a pile as a beam supported by an elastic or
nonlinear soil medium, discretizing it into finite elements along its length. The
model is analyzed in L-pile software and Plaxis-3D with increasing diameter from
0.8m to 2.0m and considering the deflection limit 1% of the diameter from IRC:78
2014. The figure below shows that the results from the L-pile are satisfactory and
align with the results from the Plaxis-3D outcome. Hence, the model is validated
using L-pile software, as L-pile is a widely used and accepted software in research.
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Figure 4.10: Variation of lateral load capacity vs diameter for L-pile.

39



4.3 Lateral Load Behaviour of Group Pile Analysis

Group Pile analysis is done for different numbers of piles with different pile group
arrangements. The lateral displacement of 10mm is applied to the plate in Plaxis-
3D for analysis. The adopted lateral displacement is 1% of the diameter. For the
group analysis, the lateral deflection for different pile spacing and the lateral force
carried by each pile are studied. Also, the p-multiplier effect for each leading,

trailing, and middle pile is studied for different pile numbers with different

arrangements.
© © 0
Lateral Load S S S
©.©.0
S S S
° S 0 S 0
D

Figure 4.11: Pile group arrangement for 3x3 pile.
4.3.1 Effect of pile spacing

The Spacing between the piles has a significant influence on how the pile group
responds to the applied load. When piles are closely spaced, their stress zones in
the surrounding soil overlap, leading to interaction effects under lateral loading.
This results in group behavior similar to a stronger soil-pile system, increasing
overall lateral deflections and bending moments as compared to isolated single
piles. The Pile spacing used in this study is 2D, 3D, 4D, 5D, and 10D for a 2x2 group
pile. The load displacement curve of different pile spacing for a diameter of 1.0m
and a length of 22.77m long pile in sandy soil is presented in the figure below.
Under the same applied lateral loads, the pile spacing 2d gives more deflection
than the pile spacing 5D and 10D.

The numerical analysis confirmed that pile groups exhibited lower lateral
resistance than single piles, consistent with prior experimental findings on
shadowing effects (Brown et al., 1988; M. C. McVay et al,, 2000). Increasing the

space between piles in a pile group often reduces the lateral displacement of
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individual piles under the same applied lateral loads, as increased spacing reduces
the extent of soil-structure interaction and the overlapping stress zones among
neighboring piles. Research indicates that when pile spacing is small (e.g., less
than about 6 D, where D represents pile diameter), the stress fields around
adjacent piles exhibit significant interaction, resulting in greater lateral
deflections than those observed in isolated single piles subjected to similar loads
(Abbas Al-Shamary et al., 2018). As the spacing increases, the interaction effects
decrease, and the lateral reaction of each pile is equivalent to that of an isolated
pile, leading to reduced overall lateral displacements (Elhakim et al., 2016).

Effect Of Pile Spacing

2D 3D 4D 5D 10D

Pile Spacing

Lateral
Displacement
(mm)

Figure 4.12: Variation of lateral displacement versus pile spacing.

4.3.2 Load-sharing behavior of piles in groups

The effect of different parameters on the load-deflection response of the loaded
piles and the load distribution within pile groups with fixed heads was evaluated
through running parametric studies. The table below shows the different pile
arrangements and the results of their analysis in Plaxis-3D. Here the shear force
carried by each pile is illustrated which shows that lead row carries more shear
force than the preceding row as mainly due to soil-pile-pile interaction and the
shadowing effect. The soil in front of the leading piles is initially intact, which
provides greater resistance, resulting in higher shear force and bending moment

in the leading piles (Brown et al., 1988).

4.3.3  Effect of pile spacing on shear force distribution

The results of the parametric analysis indicate that pile spacing has a strong
influence on how shear forces are distributed within a pile group. When the

spacing is small (around 3D), interaction between adjacent piles causes their

stress zones to overlap, which limits the amount of soil resistance available to the
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piles behind. Consequently, the front piles carry a much larger portion of the

applied lateral load.

As the spacing expands from 3D to 5D and then to 7D, the contact among piles
diminishes, resulting in a more uniform distribution of shear stress across the
rows. This happens because increased spacing reduces the overlap of passive
resistance zones surrounding neighboring piles, allowing each pile to utilize
greater independent soil resistance. So, increasing spacing enhances load
distribution efficiency within the pile group and improves the lateral performance
of trailing piles.

Shear forces Q,, (scaled up 5.00°10-3 times)
Maximum value = 217.9 kN (Element 43 at Node 59)
Minimum value = -59.21 kN (Element 29 at Node 1399)

Figure 4.13: Shear force single pile.

Shear Force Single Pile =217.9 kN
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Table 4.1: Average shear force for each row pile in the group pile for spacing 3D

Pile Arrangement | Lead Row | 2nd Row | 3rd Row | 4th Row | 5th Row | 6th Row [ 7th Row [ 8th Row | 9th Row | 10th Row
2%2 164.95 138.35
2x3 166.45 136.45 128.30
2x4 167.55 137.15 122.55 120.45
2x5 168.70 137.50 123.60 113.95 115.50
2x10 172.15 138.50 124.55 115.70 109.65 106.15 104.25 102.15 100.30 106.75
3x2 149.10 124.53
3x3 149.93 119.37 110.98
3x4 150.57 119.20 103.09 100.47
3x5 152.10 120.43 103.73 94.25 94.52
3x10 156.70 121.60 105.14 94.70 88.65 88.65 85.02 81.36 82.74 93.00
4x2 140.15 115.63
4x3 140.53 109.66 99.69
4x4 141.65 109.32 91.03 88.49
4x5 143.30 111.23 93.12 80.83 82.17
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4x10 148.65 112.77 95.44 84.89 78.75 74.57 71.20 68.06 65.39 72.58
5x2 134.26 110.53
5x3 133.02 103.01 92.51
5x4 135.02 102.92 84.46 80.86
5x5 137.60 104.68 85.85 74.38 74.52

5x10 162.16 115.57 94.60 82.24 75.03 70.76 67.55 64.45 61.97 69.45
10x2 121.01 98.46

10x3 119.34 88.62 77.40

10x4 126.68 91.49 69.10 64.16

10x5 133.78 93.41 71.97 56.25 56.23

10x10 135.22 98.02 78.09 65.50 57.21 51.66 46.86 41.74 37.87 45.30

Table 4.2: Average shear force for each row pile in the group pile for spacing 5D
Pile Arrangement | Lead Row | 2nd Row | 3rd Row | 4th Row | 5th Row [ 6th Row | 7th Row | 8th Row | 9th Row | 10th Row

2x2 198.65 179.40
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2x3 198.40 178.65 164.15

2x4 198.50 178.05 162.90 154.90

2x5 227.65 163.70 138.90 124.00 117.95

2x10 207.95 177.30 159.45 149.45 143.55 141.85 141.10 141.65 144.25 148.20
3x2 187.60 166.93

3x3 189.53 164.53 148.53

3x4 188.47 162.10 143.00 136.20

3x5 187.33 160.80 141.67 131.67 131.03

3x10 200.90 163.53 142.03 130.77 123.97 123.97 120.30 117.90 120.70 127.30
4x2 182.03 159.93

4x3 180.00 153.60 137.88

4x4 183.05 154.23 132.65 125.00

4x5 181.75 152.23 131.08 119.78 119.40

4x10 198.38 156.73 132.33 118.28 110.57 107.40 106.14 105.73 108.34 116.58
5x2 178.32 155.76

5x3 175.70 147.88 131.42
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5x4 179.58 148.02 119.06 117.48
5x5 178.18 147.02 124.40 112.10 111.35
5x10 195.02 152.50 127.82 113.77 105.42 101.73 100.20 99.12 100.78 107.99
10x2 163.56 140.28
10x3 144.72 133.39 114.43
10x4 135.10 129.21 105.37 96.66
10x5 170.83 119.72 108.16 91.00 88.15
10x10 180.16 142.41 114.07 98.00 88.63 83.96 81.51 79.79 80.09 86.05
Table 4.3: Average shear force for each row pile in the group pile for spacing 7D
Pile Arrangement | Lead Row | 2nd Row | 3rd Row | 4th Row | 5th Row | 6th Row | 7th Row | 8th Row | 9th Row | 10th Row
2x2 217.60 197.55
2x3 216.50 199.70 181.95
2x4 218.75 199.00 185.10 175.70
2x5 203.70 207.40 191.15 183.80 176.15
2x10 219.75 186.05 167.05 157.45 153.35 | 152.20 | 153.45 156.20 161.05 176.00
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3x2 210.40 187.67

3x3 214.27 189.97 169.10

3x4 213.70 187.50 168.67 158.57

3x5 228.93 194.77 172.87 163.30 157.43

3x10 215.43 173.77 149.40 136.90 132.30 132.30 131.47 134.40 139.37 157.07
4%2 207.43 182.65

4%3 206.25 179.70 159.63

4x4 211.35 181.53 159.68 149.18

4x5 228.78 190.00 165.25 154.15 148.48

4x10 211.93 167.78 141.73 128.33 122.93 121.35 122.05 125.10 129.58 148.25
5x2 204.60 177.54

5x3 203.16 173.72 152.36

5x4 209.58 176.10 151.74 140.22

5x5 228.66 185.88 158.88 145.26 138.60

5x10 209.90 163.94 136.50 122.64 117.34 116.04 117.02 119.34 124.04 142.02
10x2 182.38 161.88
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10x3 179.67 146.19 134.47

10x4 178.30 142.31 117.73 121.83

10x5 179.48 144.51 120.46 108.56 116.54

10x10 204.01 153.26 123.30 107.18 100.11 97.93 99.21 101.95 108.40 140.14
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Graphical representation of Lateral Force vs Rows
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Figure 4.14: Variation of lateral force with row position for 2x4.
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Figure 4.15: Variation of lateral force with row position for 3x4.
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Figure 4.16: Variation of lateral force with row position for 4x4.
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Figure 4.17: Variation of lateral force with row position for 5x4.

The above analysis of lateral force for spacing, it indicates that with an increase in
spacing, lateral force increases, and also the lateral force decreases from the lead
row to the middle row and trailing row. The results show that lateral resistance
decreases as the number of rows increases from one to four for all spacing from
3D to 7D. This reduction in lateral resistance with increasing number of rows is
mainly attributed to overlapping stress zones within the surrounding soil mass,

which decreases the efficiency of individual piles in resisting lateral loads.

From an engineering design standpoint, our results show that increasing the
spacing can give additional safety margins against lateral loading, particularly for
bridge foundation systems subjected to substantial horizontal forces such as wind,
seismic action, and traffic-induced loads. The efficiency of individual piles
decreases with increasing pile row number due to group interaction effects, but
the overall stability of the pile group can still be increased by increasing spacing.
7D spacing can therefore be considered to be more successful in achieving
stronger lateral resistance and providing safer pile foundation performance under

lateral stress situations.

4.3.4 Evaluation of p-multiplier for group pile

The p-y Curve is modified by p-multipliers to account for shadowing effects within
pile groups (Abdrabbo & Gaaver, 2012). The p-multipliers generally decrease with
decreasing S/D and increasing soil stiffness, and fixed-head conditions result in
lower multipliers due to enhanced group interaction effects. (Adeel et.al 2020).
The below p-multiplier factors show that there is an increase in the value of p-
multiplier from the lead row to the 10t row, and all the p-multipliers satisfy the
range of value of p-multiplier given by (Brown et al., 1988) and (Abdrabbo &

Gaaver, 2012). At smaller pile spacing, the stress zones generated around
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individual piles overlap significantly, which reduces the effective soil resistance
available to each pile. This behavior is commonly known as the shadowing effect,
where trailing piles experience reduced soil resistance due to disturbance caused
by leading piles. As the pile spacing increases, the overlapping of the influence
zones reduces, and each pile mobilizes more independent lateral resistance from

the surrounding soil, and the p-multiplier increases (Jones et al., 2022).
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Table 4.4: p-multiplier factor for each row pile in the group pile for 3D

Pile Arrangement | Lead Row | 2nd Row | 3rd Row | 4th Row | 5th Row | 6th Row | 7th Row | 8th Row | 9 th Row | 10 th Row
2x2 0.76 0.63
2x3 0.76 0.63 0.59
2x4 0.77 0.63 0.56 0.55
2x5 0.77 0.63 0.57 0.52 0.53
2x10 0.79 0.64 0.57 0.53 0.50 0.49 0.48 0.47 0.46 0.49
3x2 0.68 0.57
3x3 0.69 0.55 0.51
3x4 0.69 0.55 0.47 0.46
3x5 0.70 0.55 0.48 0.43 0.43
3x10 0.72 0.56 0.48 0.43 0.41 0.41 0.39 0.37 0.38 0.43
4x2 0.64 0.53
4x3 0.64 0.50 0.46
4x4 0.65 0.50 0.42 0.41
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4x5 0.66 0.51 0.43 0.37 0.38
4x10 0.68 0.52 0.44 0.39 0.36 0.34 0.33 0.31 0.30 0.33
5x2 0.62 0.51
5x3 0.61 0.47 0.42
5x4 0.62 0.47 0.39 0.37
5x5 0.63 0.48 0.39 0.34 0.34
5x10 0.74 0.53 0.43 0.38 0.34 0.32 0.31 0.30 0.28 0.32
10x2 0.56 0.45
10x3 0.55 0.41 0.36
10x4 0.58 0.42 0.32 0.29
10x5 0.61 0.43 0.33 0.26 0.26
10x10 0.62 0.45 0.36 0.30 0.26 0.24 0.22 0.19 0.17 0.21
Table 4.5: p-multiplier factor for each row pile in the group pile for 5D
Pile Arrangement | Lead Row | 2nd Row | 3rd Row | 4th Row | 5th Row | 6th Row | 7th Row [ 8th Row | 9 th Row [ 10 th Row
2%x2 0.91 0.82
2x3 091 0.82 0.75
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2x4 0.91 0.82 0.75 0.71

2x5 1.04 0.75 0.64 0.57 0.54

2x10 0.95 0.81 0.73 0.69 0.66 0.65 0.65 0.65 0.66 0.68
3x2 0.86 0.77

3x3 0.87 0.76 0.68

3x4 0.86 0.74 0.66 0.63

3x5 0.86 0.74 0.65 0.60 0.60

3x10 0.92 0.75 0.65 0.60 0.57 0.57 0.55 0.54 0.55 0.58
4%2 0.84 0.73

4x3 0.83 0.70 0.63

4x4 0.84 0.71 0.61 0.57

4x5 0.83 0.70 0.60 0.55 0.55

4x10 0.91 0.72 0.61 0.54 0.51 0.49 0.49 0.49 0.50 0.53
5x2 0.82 0.71

5x3 0.81 0.68 0.60

5x4 0.82 0.68 0.55 0.54
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5x5 0.82 0.67 0.57 0.51 0.51

5x10 0.89 0.70 0.59 0.52 0.48 0.47 0.46 0.45 0.46 0.50
10x2 0.75 0.64

10x3 0.66 0.61 0.53

10x4 0.62 0.59 0.48 0.44

10x5 0.78 0.55 0.50 0.42 0.40

10x10 0.83 0.65 0.52 0.45 0.41 0.39 0.37 0.37 0.37 0.39

Table 4.6: p-multiplier factor for each row pile in the group pile for 7D
Pile Arrangement | Lead Row | 2nd Row | 3rd Row | 4th Row | 5th Row | 6th Row | 7th Row | 8th Row | 9 th Row | 10 th Row

2x2 0.999 0.91
2x3 0.99 0.92 0.84
2x4 1.00 0.91 0.85 0.81
2x5 0.93 0.95 0.88 0.84 0.81

2x10 1.01 0.85 0.77 0.72 0.70 0.70 0.70 0.72 0.74 0.81
3x2 0.97 0.86
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3x3 0.98 0.87 0.78

3x4 0.98 0.86 0.77 0.73

3x5 1.05 0.89 0.79 0.75 0.72

3x10 0.99 0.80 0.69 0.63 0.61 0.61 0.60 0.62 0.64 0.72
4x2 0.95 0.84

4%3 0.95 0.82 0.73

4x4 0.97 0.83 0.73 0.68

4x5 1.05 0.87 0.76 0.71 0.68

4x10 0.97 0.77 0.65 0.59 0.56 0.56 0.56 0.57 0.59 0.68
5x2 0.94 0.81

5x3 0.93 0.80 0.70

5x4 0.96 0.81 0.70 0.64

5x5 1.05 0.85 0.73 0.67 0.64

5x10 0.96 0.75 0.63 0.56 0.54 0.53 0.54 0.55 0.57 0.65
10x2 0.84 0.74

10x3 0.82 0.67 0.62
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10x4 0.82 0.65 0.54 0.56
10x5 0.82 0.66 0.55 0.50 0.53
10x10 0.94 0.70 0.57 0.49 0.46 0.45 0.46 0.47 0.50 0.64
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4.3.5 Effect of pile spacing on p-multiplier

The relationship between the p-multiplier and spacing ratio shows that wider
spacing between piles improves the lateral load resistance of pile groups. When
the spacing is limited to 3D, intense interaction among piles and the surrounding
soil restricts the development of soil resistance, which leads to lower p-multiplier
values. As spacing extends to 5D and 7D, interaction effects decrease significantly,
and the behavior of piles resembles that of isolated single piles as pile interaction

becomes negligible at larger spacing (IRC:78,2014).

Generally, the p-multiplier values of the leading row piles are higher than the
trailing rows due to the undisturbed soil in the loading direction (Brown et al,,
1988). However, the difference between the first and last row multipliers
decreases with higher spacing, indicating a better load-sharing efficiency within

the pile group.

These findings validate that an increased spacing ratio improves lateral resistance

capability and reduces shadowing effects between neighboring piles.

1.20
1.00

1er

0.80

0.60

p-multipl

0.40 Leading Row

0.20 Trail Row

0.00
1 2 3 4 5 6 7 8

Spacing (S/D)

Figure 4.18: Variation of p-multiplier vs spacing (s/d) for pile arrangement 2x2.
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Figure 4.19: Variation of p-multiplier vs spacing (s/d) for pile arrangement 3x3.

The results show that pile spacing significantly affects lateral behavior. At 3D
spacing, strong pile interaction increases displacement and reduces capacity,
while at 7D spacing, interaction becomes minimal and the pile group behaves
nearly like single piles. Therefore, increasing spacing improves lateral resistance

and reduces deflection.
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5 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

From the above analysis of Finite Element Analysis using the Bowles (1997) for

modulus of elasticity, using interface strength 0.67, and for fine mesh size for

lateral displacement of 1% of the diameter according to IRC:78 2014, the following

findings are summarized below:

The increase in diameter from 0.8m-2.0m there is increase in lateral load
capacity. With an increase in diameter from 11%-25%, there is an increase
in lateral load capacity from 32%-72%.

The research indicates that the critical depth affecting the lateral resistance
is around 15D, where D is the diameter of the pile. This indicates that the
embedment beyond this depth does not substantially improve lateral
capacity; thus, pile design for lateral loading may be maximized by using
15 D as the effective depth for resistance under the examined soil
conditions.

The lateral load capacity and its variation trend are strongly affected by
changes in the groundwater level. An increase in the water table tends to
reduce lateral displacement. In this study, the water level was varied from
+8 m to -8 m. The results indicate that when the water level rises above
the ground surface, it does not significantly influence the lateral load
capacity.

From Plaxis-3D analysis in group pile, the magnitude of shear force and p-
multiplier carried by the lead row is greater than preceding rows, and it
satisfies the concept of previous research done on the basis of field value
and laboratory experiment.

The Pile behaves as an isolated single pile as spacing increases to 7D, as

pile interaction becomes negligible at larger spacing.

Most of the international studies have considered uniform soil conditions for

lateral pile resistance. The lateral stiffness of piles is dependent on soil-pile

interaction, which is affected by the varying soil profiles in Nepal (soft clay,

sandy deposits, and weathered rock). Bridge foundations in Nepal should

consider seismic loading, river scour, and slope instability, unlike cases that

only consider traffic and wind loads. Hence, international findings require site-

specific modifications for their reliable application in Nepal.
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The study provides practical recommendations on pile spacing, critical depth
estimation for lateral resistance, and the use of calibrated modeling for the
prediction of pile group behavior, which can improve foundation safety and

reduce design uncertainties.

5.2 Recommendations

The possible further study may be as follows:

e The soil parameters can be varied for further study.
e Validation can be done by the lateral load analysis of the pile test.
e Other advanced models can be used and compared for better results.

e The simplified design methods and codes can be used to compare results.

Future research should include the effects of cyclic lateral loading, layered
riverbed soil conditions, full-scale lateral pile load testing, and seismic response
of pile groups. These studies would help in improving the prediction accuracy and
assist in the development of Nepal-specific bridge foundation design guidelines.

The study shows that the pile foundations are adequate to bear the applied lateral
loads within allowable displacement limits, with most of the lateral soil resistance
mobilized by the adequate embedment depth. The pile spacing was satisfactory,
although the interaction effects on the pile group were observed. In the future
design of bridge foundations, lateral load analysis, optimized pile spacing, and
three-dimensional numerical modeling should be adopted to improve prediction

accuracy and structural reliability.

The findings of this study suggest that the Department of Roads, Nepal to
incorporate the guidelines for the assessment of lateral pile behavior in bridge
foundation design. Mandatory lateral pile load testing may not be economically
feasible, but it should be encouraged for major structures in sandy riverbed
deposits and high seismic risk areas. For routine projects, validated three-

dimensional numerical modeling can reliably predict lateral pile response.
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Abstract

Pies subjected to lateral forces are commonly used to support structures exposed to horizontal actions such as wind, waves, and
seismic koading. Reliable estimation of ther lateral performance in sandy soils is erucial for ensuring both the safety and economic
consequences. This study numerically examines a single pde under lateral loading using PLAXIS 3D, where the Mohr—Coulomb
constitutive model is adopted to represent the nonlinear behawior of sandy sol. The numerical model is analyzed using different
soil-pile interaction and diferent value of modulus of elasticty and the setfement results are compared with the field setflernent value
to validate the numerical model. The modulus of elasticity propesed by Bowles| 1997 ) and interface strength 873 are determined to
be the closest to field data value . The validated model is used to analyze the lateral load behaviour, deflection patterns for different

Keywords

diameter and length, soil-pile mteraction characterisbics, mesh analysis and ultimate lateral lead capacity of pile.

Constitutive Model; Lateral Load Capacity. Mumerical Analysis: Sandy Soil

1. Introduction

Piles are not only subject to wertical loads but also to
significant lateral koads, which arise from wind, earthquakes,
wave forces or earth pressures. The lateral load capacity of a
pile is a crtical parameter that gquantifies how mmch
horizontal force the pile can sustain before excessive
deflection or fathare, and it is typically evaluated wsing the
non-linear p—y curve method, which models the soil-pile
interaction as a series of springs where resistance (p) depends
on local deflection (¥) and soil stiffness [1]

With the advancement of computanonal tocls, the finite
element method (FEM) has become a powerful approach to
sirmilate the behavior of laterally loaded piles. PLANIS 3D, a
widely used FEM-based geotechmical sofrware, enables
detfailed anakys=is of pile foundations by reprecenting the pile
as a volume or embedded beam element within a 3D =oil
contimmom The program allows for the use of advanced
constimtve soil models, such as the Mobr—Coulomb or
Hardening Soil models, which can represent the nonlinear
and stress-dependent behavior of sandy soils with high
accuracy. [2]Linearty elastic perfectly plastic Mohr cohomon the
simplest model mvolres the cohesion (c), fiction angle (@),
dilanion angle (), Young s moduhos (E), and Poisson’s ratio
(V). [2]The pumerical analysis using the Mohr Colunmn
constiatve model provides sansfactory prediction for pile
seftlemnent within the sandy layer.[3]. The carefual selection of
soil consdtutive models and their associated parameters is
pivotal for achieving reliable predicoions for employing the
Finite Element Method (FEM).[4]The study investigate the
parameiric anakysis of laterally loaded sandy 301 by mumerical
anaky=is method and the model 1s validated by using the pile
load test data from the site.

There has been conducted many research to amalyze the
characteristics of sand and clay. [3] Mohr column constitntive

model with soil parameters cohesion (). fmiction angle (@),
dilation angle (@), Young' s modulus (E), and Poissen’s ratio (v)
for sanddy soil is analysed for this research. [2] This Hterature
presents a wide spectmum of vales for E adapted from
FHWA-TF-020-034 [Web  (1969), Chaplin  (1943),
Papadopounlos (1982), Bowles (1986), Eulhawy and Mayme
(1990) for sand (Jones2020), leading to notewonty
disparities. The value of poisons ratio is namower than E, so
less emphasis is typically placed on precise determination of
Poisson's ratio. [6]

Finite element modelling has become a primary tool for
analyzing seil-stuciure inferaction in laterally loaded piles as
it capmures nonlinear soil behaviour more effectovely than
tradifional anakytical methods [7] Early studies using linear
elastc—perfectly plastic constimtive laws such as the
Mohr—Coulomb model demonstrated limited ability to
represent confimmg-smess effects and dilatancy in sands.[8]
Subsequent research showed that simplified constmtive
models often underestimate pile head deflecnon and bending
moments under lateral loading conditions. [9] Numerical
studies confinm that apphying calibrated stiffness parameters
and realistic interface conditions sigmificantly mmproves
agreement with  experimental load—displacement
responses. [10]

Comparative smdies show that vabdated FEM models can
accurately represent lateral resistance mechanisms across a
range of soil densities and pile geometries [9] Owerall, the
literahure consistentty recognizes FEM as a robust and reliable
framework for evaluating the lateral performance of piles in
sandy soils when properly calibrated and vahidared [10]

1.1 Site Description

The bridge project is located across the Mahmli Fiver in the
Saptan region of Province 2 (Ch. 160+700). Along MNepal's
Eas-West Highwray, there are a large monber of mvers flowing
from north to south. The site has a flat topography. The

Pages: 1-5
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Numerical Analysis of Laterally Loaded Pile in Sandy Soil

project’s location 1s in Nepal's eastemn Tera region. It is the
northem extension of the Indo-Gangenc Plain, 100 to 200 m
above sea level, with a subgopical climate. It smetches
northward from the foot of the Siwalik Hills to the Nepal-India
border in the south, varying between 10 and 50 kilometers m
width There are three fumther Teral regions: the northem
(Bhabar), cenmral. and southem zones. In the north, close to
the foot of the mountains, the Teral Zone consists of coarse
gravels, which gradually become finer in the south The
approximate coordinates of the site are 26.644797° E and
86.816281° N (Engineenng, 2021), as chownin Figure 1.

Figure 1: Google map of site Location

2. Methodology

The methodology for the study involves a structured sequence
of procedures beginning with the selecnon of geotechmical
parameters based on laboratory and published data, followed
by the development of a three-dimensional munencal model
representing the pile, soil domamn, and boundary conditions.
The model 1s discretized using an appropnate mesh density
to ensure numencal stability and accuracy. It includes several
steps geometry. soil exploration and properties, numerical
analysis, validating model by pile load test.

2.1 Geometry

The pile is modelled as volume element which gives very
realistic interacuon with the soil [11] The finer mesh is used
around the pile shaft ensures that lateral deflecdon. are
captured with high accuracy [11] The mesh size employed was
asymmetric comprismg 10 node mangular element enabling
calculation for the actual model size. The dimension of the
model was taken as 20~20~30 which is actuallythe 20 Bon x
and y plane and (9+10B) along z axis.
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Figure 2: Geomety

2.2 Soil Exploration and Properties

The type of exploranon used at the site 15 standard penetation
test according to the site condition. Most parameters were
determuned through laboratory and field mvestugations, with
some relying on comelanons (Fulhawy Mayne, 1990b).
Standard penetration test (SPT) results are recorded at varying
depths and are shown starting with Table 1.

Layer | SPT Unit Effective | Effective
Value) | weight | Effective | Poisson’s| Friction
unsat | Young Ratio Angel
(kN/m3)| Modulus (degree)
(Mpa)
Bowles
(1997)
Layerl | 16 18 24220 028 30
Layer2 [ M4 18 33541 027 30
Layer3 | 32 18 40027 029 31
Layerd | 30 18 34756 028 32
Layers | 47 18 47020 030 32
Table 1: Soil Properties
Layer | Tromie | WEB Papado | Kulhawy
nkov (1969) | Chaplin | poulous | and
(1974) | Mpa (1963) | (1982) | Mayme
Mpa Mpa Mpa (1990))
Mpa
Layerl | 42114 | 16620 [ 14650 20300 11000
Layer2 | 48121 | 20824 | 19790 26565 21166
Layer3 | 53627 | 26383 | 23860 34560 31400
Layerd | 48647 | 21270 | 20260 27230 22666
Layer5 | 58523 | 33247 | 32885 45100 43000

Table 2: Modulus of Elasticity (Mpa)




Marenials Concrets
Length {m) om
Oiter Diameter (o) 1
Tomg's Modulus (GP3) | 1958
Poisson's ratio 013

Table 3: Pilz Propernaz

2.3 Pile Properties

Piles are deep foundanon elements thar mansfer smucmrzl
lozds o competent soil or rock swata when surface soils are
inadequare [12] A pile load fest is a field-baszed venfication
method wsed to assess the acmal load-displacement
behavicur of a pile under conrolled loading. [13] Statc pile
load tests, including compression, tension, and lateral tests,
directly determine the wultimate load capacity and
serviceability performance of the pile [14] The characten =tics
and dimension of pile are in Table 2.

2.4 Pile Load Test

The pile lozd test is conducted to evaluate the load—seflement
response and ultimate compressive capacity of a cast-m-sim
pile under controlled static loading condinoms, typically
following procedures ontlined in international srandards such
a5 ASTM D1143 [15] This method fimdamentally aszesses the
mebilizaton of side fmoion and end-beanng resiztance by
interpreting  the nponlinear load—setilement relanonship,
soll-pile  mferface behavior, apd dp resisrance
development [12] Moreover, this analysis aids in predicting
the lozd semlement behaviour within a single pile using
mmerical sivmilation [16]

Fiald Load Te<t Data
T ——a
E \
& -10 "
: \
g
LY
L]
20
1] S 1000 1500 H0 2500
il Losd (KM)

Figure 3: Field Load Test Dam

2.5 Numerical Analysis

Mumencal Analysis is the method for examiming the algortm
for solving mathematical problems emploving the numerical
appropration  This smdy employ: the Plawis-3D for
modelling and amalysiz using Mobr column constinrbve
model for dranage condition beins drained as the soil is
notable highly permezhle. The pile being modelled as linear
elastic material. The details for Plaxis-3D mode] is from
BLATIS COMMWECT EDITION V2101 Material Modal

Mamal. [2] The fine mesh size is uzed for analysis as it reducas
mumerical discrefization emor. [17]

J. Results and Discussion

3.1 Model Validation

The model is validated nsing sotl pile interaction for diferent
mierface sirength from 0.5 to 1.0 and different comelation of
modulus of elasticity from Bowles (1997), Web (1969),
Chaplin (1863), Papadopoulos (1982), Enlhawy and Mayne
(1990) and Tromienkov (1974) for sand The resalts are
compared with the field load test dara for vernically loaded pile
of diameter 1.0 and lensth 22.77m The results shows thar
merface stength 0.57 and Bowles (1997) Zives close
prediction to fisld dara.
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3.2 Lateral Load Analysis »w o
The validated rumerical model is used for analysis of | e
behaviour of single laterally loaded pile with different Tw -
interface strength, different mesh analysis, different dizmeter Q;,.,‘ SO Loagtei
and different length The result accuracy is increased and jm Bt
errors are decreased by incorporanng the mesh refinement tonTmia
the analysis. [18]Plaxis soffware is a valable finite element © e
: ml. : e “4 . L] e L " I
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w of Pile
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4, Conclusion

= The finer mesh size produces more accurate result.
L The interface strength 67° and Bowles (1997)
Modulus of elasticity demonstrates close prediction
with field sentlement value.

= The load-displacement curve for mterface Rinter (0.5-
1.0) shows there is decrease in lateral displacement value
with increase in interface strength.

s a3 e 2 B B w i = The increase mn diameter from 0.8m-2.0m there 1s
Lateral Dissdecementimim) decrease mn lateral displacement from 21% to 63%. For

. . _ ) the displacement value of 35mm for diameter
Figure 9: Lateral Load vs Displacement for different interface (0.Sm-2.0m) there is increase in lateral load from 18% to
strength 42%.
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= With constant lateral load and mcrease in length of pile
there is minimal vanation in lateral displacement.

= The load-displacement curve can be used in the anabysis
of pile behavior using mumerncal modeling and the pile
bearing capacity can be compuared.
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Annex-II Soil Exploration

Fig: Hammering 37
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1.GENERAL

1.1 Introduction

Static pile load test is an in-situ test to observe the settlement behavior of a pile under an applied
load and the most reliable method for determining pile capacities. This test is performed in cast
in-situ pile under static axial compressive load testing for Mahuli Bridge P6-PP3 Working Pile.

1.2 Test Purpose
The purpose of the static pile load test is

e To determine the adequacy of pile capacity.

e To determine the load-settlement behavior of a pile, especially in the region of anticipated
working load.

1.3 Related Specification
The test load is applied in the increments as specified or approved by the Engineer. These are
generally be those recommended in

e Standard Specification of Roads and Bridges
e ASTMD1143 07

2. DETAILS OF TEST PILE

The test pile is cast in-situ piles. The location and test load are decided by the Consultant. The
details of test piles are shown in the following table:

Table 1 Details of Test Pile

4 Design pile
g | PR | epapns | DileID loads (KN) Dalte af Date of
Name Pi Casting Testing
ier
; K 160+ P6-PP3
1 | Mahuli 355.012 | Working Pile 1056.83 16 Dec 2021 31 Jan 2022

Additional Information
RL of cutoff (Top) level of pile = 114.562 m

RL of testing level of pile = 117.56 m
3. TEST METHOD

The test was done by application of an axial static load to a single pile by compression method. In
this type of test, compression load was applied to the pile top by means of a hydraulic jack acting
directly opposite in reaction to the series of statically placed Kentledges loads. The loading and

unloading process of these weights increments for increasing the loads vand gecrements for
4

O o A
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<% ¥ . & Goeo-technical
P Services Pvt. Ltd.
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S. TEST PROCEDURE

5.1 Test preparation
The following preparations were done before commencing the test.

e Excavate or add fill to the ground surface around the test pile to the final design elevation.

e Cut off or build up the test pile as necessary to permit construction of the load-application
apparatus, placement of the necessary testing and instrumentation equipment, and
observation of the instrumentation.

e Remove any damaged or unsound material from the pile top and prepare the surface so
that it is perpendicular to the pile axis with minimal irregularity to provide a good bearing
surface for a test plate.

e Install a solid steel test plate at least 25 mm thick perpendicular to the long axis of the test
pile that covers the complete pile top area. The test plate is spanned across and between
any unbraced flanges on the test pile.

5.2 Loading Procedure

Based on the loading procedures, the load was applied in increment load. Each load increment and
decrement were held for a specified interval of time. Readings of gross settlement, load, and time
are taken and recorded immediately before and after the application of each load increment and
decrement.

Following the application of each load increment and decrement, the load was maintained at the
specified value for not less than the time shown on the lower portion of the table or until the rate
of settlement is less than 0.25mm/60 min in every stage.

Table 2: Loading and Unloading procedure as per ASTM D 1143/D 1143 M-07

Déstonecd Minimum | Accumulated
S.N g Holding Time Remarks
load (%) "
time
1 0 0
25 60 > 60 minutes till the settlement
minutes rate is < 0.25mm/hour
3 60 1 hour 3
50 .
minutes
4 75 .60 2 hours
minutes
S 100 _60 3 hours
minutes
"
6 125 .60 4 hours
minutes
7 150 '60 5 hours
minutes
8 175 .60 6 hours
minutes
3
< q::»_g‘j"_:_

S e s —

N.S. Engineering i

Ega & Geo-technical |

Services Pvt. Ltd.
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7 hours till the settlement rate <
9 0.25mm/hour and reaching at
A bl least 12 hours from the beginning
of test
10 175 60 12 hours > 60 minutes till the settlement
minutes rate is < 0.25mm/hour
11 150 .60 13 hours
minutes
12 125 .60 14 hours 2
minutes
13 100 _ 60 15 hours )
minutes
14 60 16 hours v
75 :
minutes
15 50 '60 17 hours
minutes
16 25 .60 18 hours
minutes
17 0 19 hours

5.3 Measurement Procedure

During loading and unloading, the readings of time, load and settlement of pile head were taken
and recorded for every increment and decrement at 0,1, 15, 30 and 60 minutes. Rate of loading
and rate of unloading remains same.

5.4 Abandonment of load test
The test is discontinued if any of the following occurs:

Pre-loading before the commencement of the test.
Improper setting of datum.

Faulty of pile cap or instability of the Kentledge.
Faulty jack or gauge.

Pile head crack or broken.

Initial readings are incorrect.

5.5 Failure of test pile
If any of the following conditions is detected after the preliminary tests have been completed as
stipulated above, the tested piles are judged to have failed or attained the ultimate load capacity.

= 1 4
' ‘ . N.S. Engineering |

‘\
|

Pile material is broken.

A settlement equal to 15% of the test pile diameter is recorded.

The rate of settlement continues undiminished without further increment of load.

0‘< W*»*‘-‘l:.‘:,_

”\}”’ & Geo-technical |
A Services Pvt. Ltd. |
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8. Conclusions and Discussions

As per ASTMD 1143/D 1143M-07

The test load at which rapid, continuing, progressive movement occurs, or at which axial
movement exceeds 15% of the pile diameter or width, is termed as failure load.

From the load settlement curve, the total settlement is found to be 18.08 mm, which is within the
permissible limit (i.e. 15% of pile diameter)

As per IS 2911 (part 4)
The safe load on a single pile shall be the least of the following (According to IS 2911 (part 4)):

For piles more than 600 mm diameter:

_Two-thirds of the final load at which the total displacement attains a value of (L&m{n or
maximum of 2 percent pile diameter whichever is less unless otherwise required in a gn\/el;
case on the basis of nature and type of structure in which case, the safe load should be
corresponding to the stated total displacement permissible

e 50 percent of the final load at which the total displacement equal to 10 percent of the pile
diameter in case of uniform diameter piles and 7.5 percent of bulb diameter in case of

under-reamed piles.

From the load settlement curve, the total settlement is found to be 18.08 mm, which is within the
permissible limit. But as noted from the static load test of other bridge sites of the same project,
the settlement of the piles were below 6mm. This pile has much higher settlement as compared to
those piles. Besides, if we see at the rate of settlement data, it is observed that at 186.14 KN and
215.59 KN load, the rate of settlement is much higher (greater than 0.25mm/hr), which is
questionable.

From the PIT test report, the pile do not haveany integrity defect. According to the geotechnical
report, the Soil Investigation shows, the soil condition around this test pile mostly are poorly
graded sand with silt. The reason for higher settlement of the pile may be due to the presence
of some loose pocket of sandy soil along the shaft or toe of the pile thatwerenot detected

during drilling. This may result in the actual friction are less than reported in geological reports.

c< w——«c'{:;)_
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1. GENERAL

1.1 Introduction

Integrity refers to the change in physical dimension, continuity of a pile, consistency of pile
material. Pile integrity test is non-destructive test for evaluation of integrity in concrete piles.
This procedure explains in detail the method statement conducting pile integrity test of cast in-
situ pile of diameter 1000mm Mahuli Bridge.

1.2 Test Purpose
The purpose of pile integrity test is

e To determine the length of pile
e To evaluate the integrity of pile
e To check the consistency of pile material

1.3 Related Specification
The test shall generally be those recommended in ASTM C1740 Standard Test Method for

Low Strain Impact Integrity Testing of Deep Foundations.

2. DETAILS OF TEST PILE
The location is decided by the Designer, Consultant or Employer. The details of test piles are

shown in the following table:

Table 1 Pile Details

Code of Pile in Pile Pile Date of Date of
Location | Type Drawing Diameter length Casting Testing
mm m
; Cast P6-PP3 16 Dec 17 Jan
P8P | susitn | Widdag Pile LN 2 2021 2022

Additional Information

e The Test pile has 1.3m diameter up to a depth of 2.7m from the top followed by 1.0m
diameter.

The total estimated length of the pile during the test is 22.77m

Required pile diameter = 1.0m

RL of cutoff level of pile = 114.562m

RL of Test level of pile = 117.26m

3. TEST METHOD
Pile Integrity Test can be applied to any concrete pile. The test is performed with a hand held
hammer, an accelerometer or geophone and data acquisition and interpretation electronic
instrument. Hammer is used to induce impact of low strain. An accelerometer of geophone
measures the response of hammer impact. Data acquisiti d interpretation electronic
instrument display results.

S. Engineering

iN.
- J & Geo-technical
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