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Abstract 
In this research, a new equation was also derived using Rayleigh’s method of dimensional  

analysis. This new equation uses the “soil suction” as key parameter to obtain pile movement 

in the soil. Soil suction values used for analysis chosen for different sites were based on 

comparing with a table where the study was performed by Snethen on Atterberg Limits 

(1977).  

In this thesis, four sites were chosen to have expansive clay soil nature with different clay  

minerals type and their comparison is made in the analysis part of the thesis on net 

movement. Free-state province of the South Africa (between Kroonstad and Vredefort), 

Nanning, Guangxi Province of China, Colorado State University, Fort Collins, Colorado, and 

Shri Vishnu Educational Society of Andhra Pradesh, India. 

An efficient pile design comparison was done on length for the design guide section of the 

thesis. The Rigid pier method was used for estimating length of pile required for 2 sites Free-

state province and Colorado State University as pile length is not provided. Thereafter a 

comparison is performed for different pile bottom design types by Elastic design method, 

namely elastic straight shaft pier, belled pier, and helical pier (Nelson 2007). The results are 

presented for future design reference. 

Keywords: Expansive soil, RSPile, Case Study,  New method,  Design Curve,  Elastic Solution
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1. EXECUTIVE SUMMARY

Dear Examiner, 

I present this thesis with respect and admiration titled “Analysis and Design of Piles in Expansive 

Soil by uplift force only.” This executive summary culminates the research objectives, various 

analyses in expansive clay with key findings of the research on the uplift force, and a new set of 

methodology guidelines for the design of piles. 

The thesis has endeavoured and guided me to understand various complexity of the analysis 

and design of piles, with distinct attention needed on underlying principles on the expansive 

nature of the soil, and to resolve issues being met by the Geotech engineering community on 

design. 

Expansive soils are types of soil that undergo swelling/heaving (or shrinkage) due to changes in 

moisture content. When water is ingressed by soil, volumetric change in the form of expansion 

(swelling) forces soils to push the pile upwards (hard bedrock beneath does not allow downward 

movement). The movement in this research is calculated by using a new equation which in turn 

is compared with other empirical equations Design curves of Poulos (1989), Elastic solution by 

Silva (2021), and RS pile (RocScience Software). 

In this research, a new equation was also derived using Rayleigh’s method of dimensional 

analysis. This new equation uses the “soil suction” as key parameter to obtain pile movement in 

the soil. Soil suction values used for analysis chosen for different sites were based on comparing 

with a table where the study was performed by Snethen on Atterberg Limits (1977). 

In this thesis, four sites were chosen to have expansive clay soil nature with different clay 

minerals type and their comparison is made in the analysis part of the thesis on net movement. 

Free-state province of the South Africa (between Kroonstad and Vredefort), Nanning, Guangxi 

Province of China, Colorado State University, Fort Collins, Colorado, and Shri Vishnu 

Educational Society of Andhra Pradesh, India. 

An efficient pile design comparison was done on length for the design guide section of the thesis. 

The Rigid pier method was used for estimating length of pile required for 2 sites Free-state 

province and Colorado State University as pile length is not provided. Thereafter a comparison 

is performed for different pile bottom design types by Elastic design method, namely elastic 

straight shaft pier, belled pier, and helical pier (Nelson 2007). The results are presented for future 

design reference. 
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2. INTRODUCTION

2.1. Background 

2.1.1 Definitions of expansive soil with adverse effects 

Expansive soil or Reactive soil is a term for soils that undergo large change in volume (shrinking and 

vice versa swelling) because of moisture content change in soil. These predominantly contain 

Hydrophilic clay minerals. (Al-Rawas et al, 1998). 

Hydrophilic clay minerals have a high affinity (water-love) for adsorbing and exchanging water 

molecules which readily absorb and retain water inside their structure. Montmorillonite, kaolinite, and 

Illite are common hydrophilic clay minerals, found in all sites mentioned in this thesis. 

Expansive soils have caused severe financial consequences in every continent of the world. Jones 

and Holtz (1973) have reported in the USA, the yearly damage to infrastructure has constituted twice 

as many earthquakes, hurricanes, and tornadoes combined. Correspondingly, Jones and Jefferson 

(2012) have pointed out that swelling clays as being the most catastrophic calamity in Britain, putting 

GBP 400 million per year costing towards the insurance industry. 

These clays are widely encountered in the arid and semi-arid regions in the Sudan (Particularly 

South Sudan), Australia, India, and Tanzania (Morin, 1971) Texas, the USA, and South Africa are 

known to have concerns with expansive clay (Jones and Holtz 1973; Williams et al 1985). 

Figure 1 Global distribution of expansive soil sites reported. (Sawangsuriya et al. 2011) 

Figure 1 shows the expansive soil sites which are distributed globally and had been reported. Taken 

from Sawangsuriya et al. 2011. 

Figure removed due to copyright restriction.
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2.1.2 Expansive soil Ground Improvement 

Variety of techniques are used for mitigating shrink-swell behaviour in expansive soil. 

1. Excavating, removing expansive soil layer, and infilling with non-expansive soil from close by

site. Is preferred when the area is not large, and the cost is not too high.

2. Using additives like cement, lime, fly ash, polypropylene fibre, and industrial wastes (Fattah

et al., 2010).

3. Using pile or pier system: Pile is a deep foundation type that takes a load to weak expansive

soil layers and is embedded/placed on a hard stratum layer. These can be steel, concrete,

or timber types. This foundation can be end-bearing, friction, compaction, or anchor piles.

Pier is also a deep foundation that is engaged deeper into the hard stratum which are

normally concrete, steel, or drilled caissons.

During the wet periods of the year, increase in water content, and heaving/swelling of soil/clay 

causes an axial/uplift force generation into the pile (down-drag force where soil shrinkage appears 

in the dry season leading to settlement) (Chengfu et al, 2020). 

Figure 2 Distribution of Shaft Friction, which is experienced along a pile length, before and after infiltration of moisture, 
Taken from Yunlong et al (2015) 

Figure 2 depicts the distribution of Shaft Friction, which is experienced along a pile length, before 

and after infiltration of moisture. 

From the figure 2, positive shaft friction also called skin friction or side friction is resistance developed 

along the lateral surface of a pile as it is driven or inserted into the ground. Negative friction or down 

drag or negative skin friction refers to the downward force exerted on a pile due to the movement of 

the surrounding soil. Prior to infiltration, in unsaturated expansive soil positive side friction is 

dispersed along the entire length and carries load with addition from tip or end. Water 

infiltrates/absorbed into the soil and subsequent swelling takes place. Positive skin friction 

strengthens in active zone and emerges in stable zone (depth of soil where water infiltration does 

not influence). These swell forces pile to move up on infiltration. Net contribution from negative skin 

Figure removed due to copyright restriction.
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friction, tip or end bearing capacity and surcharge unite to stop from being pulled up in expansive 

soil; however, load-carrying capacity decreases when upward movement in the pile takes place 

(Yunlong et al, 2015). 

The thesis will study to analyze pile movement in expansive soil using a comparative approach. This 

research will also help to understand different parameters related to situations of heave and how the 

length of the pile is affected by different shapes of pile type bottom. 

Figure 3 Different types of pile design by bottom shapes 

Figure 3 depicts distinct types of pile design by bottom shapes. 

A new equation is put into analysis where it is compared with the established Design curves by 

Poulos (1989), Elastic solution by Silva (2021) for theoretical analysis, total solution, and Numerical 

Modelling were performed using RS pile software. The new equation requires soil suction as a 

parameter to obtain soil movement and is derived in Literature Review. Using soil movement, axial 

force induced is found, and later skin friction can be derived for the chosen location scenario in the 

results section of the research. 

Projects of these levels are important to many personnel working in the Energy Geotech field as this 

report will help future Geotechnical Engineers to understand the concept of uplift forces (axial force) 

action in expansive clay. The study investigates interaction of pile-soil and expansive soil design. 

This research will predict a novel approach and find its viability in comparison to other prediction 

methods which work to analyse piles in expansive clay and check on the design of piles by different 

pile type bottoms. 

1. Elastic Straight Shaft Pier

2. Elastic Belled Pier

3. Helical Pier

2.2. Scope of Thesis 

Due to time limitations on research. The study investigates interaction of pile-soil under axial loading. 
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Laterally loaded piles are not considered for the project scope. 

The length of the pile foundation by different bottom design types is taken as the research scope. 

2.3. Research Importance 

In the Analysis part, using the method of Section 1 (Design Curves) overestimates results and 

thereby makes it hard for estimating soil movement, Section 2 (Elastic Solutions) is complex for 

application. 

In the design part, Helical piers due to their design shape give the best results having small length 

requirements as compared to elastic and bell-shaped bottom piles. 

The study helps to develop a simple guide by theory combination in section 1 and section 2 in 

conjunction with using new equations to reach a desired model. The advantages of models are. 

1. The present model is easy to apply.

2. Require the least amount of data.

3. Offers an alternative approach to get a prediction for aspects of pile-soil interaction: vertical

pile movement results for axial loads, skin friction of pile.
4. Comparison between distinct types of piers by bottom design and their application as pile.

2.4. Research Aims 

The study focusses to provide a simplified model for the prediction of vertical pile movement with 

accuracy using a novel approach and comparison with complicated models using design curves and 

elastic solutions. 

This model is established for overcoming drawbacks of different equations for separate locations. 

2.5. The Structure of Thesis 

● Part 3 - Literature Review: The part deals with an overview of the pile-soil interaction of

expansive soils. Key sections are produced for verified studies.

● Part 4 - Methodology: This part explains the process of analysis and design approach for the

model using theories and derivation of equations used in the model.

● Part 5 - Results and Discussion: Outcomes are presented here. Results are compared with

preceding studies and RSPile results. A discussion of obtained results is provided here.

● Part 6 - Conclusions and Future Work: The outcomes are summarized and suggestions for

proposed future work studies are based on the limit of the presented model.

● Appendix has RSPile software results and comparison models of analysis with the design of

the pile.
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3. LITERATURE REVIEW

This Literature review provides an analysis overview and design considerations on piles in expansive 

clay soil. Expansive clay soil exhibits significant problems due to clay soil volume change and other 

associated issues. 

3.1. Expansive Soil Terminologies 

3.1.1. Adhesion Factor 

Adhesion is the tendency of dissimilar particles (or surfaces) to be attracted to one another. 

The adhesion factor, α, is a coefficient that computes the bond strength or adhesion between the 

surface of the pile and the surrounding soil. It depicts the ratio of adhesion force to effective vertical 

stress working in between pile-soil interfaces. 

The adhesion factor decreases slightly for dry or optimum samples with moisture while it increases 

linearly with moisture for moisture content higher than the plastic limit. An adhesion factor of 0.45 

may be adopted for moisture content lower than the plastic limit (PL) of the soil. Elsharief (1987) had 

conducted out direct shear apparatus in the similar adhesion tests in the Sudanese clays and the 

results of the tests were used for obtaining adhesion factor equation (moisture content, 𝑚𝑚𝑐𝑐 in 

percentage) above the plastic limit. 

α = 0.045 𝑚𝑚𝑐𝑐 − 0.407 (1) 

3.1.2. Depth of Wetting 

Depth of Wetting, also known as wetting front depth, is the vertical distance where saturation or 

water infiltration takes place in soil contour depth. It is a depth where due to the presence of water 

moisture content in soil increases significantly. After Irrigation or rainfall, water infiltration into the soil 

surface and downward moves gradually, increasing moisture content with depth. 

Zone of Seasonal Moisture Fluctuation is a soil zone, were due to rainfall climatic change and 

evapotranspiration, water content changes in a year. It is a depth where moisture content in soil 

undergoes momentous variation between dry and wet periods of the year. 

The active depth of soil, also known as the Active zone or the active soil layer, refers to soil profile 
depth where seasonal volumetric changes due to soil moisture content variations. Active Depth (𝐻𝐻𝑠𝑠) 

is the depth where volumetric change happens in soil suction due to climate changes at the ground 
surface (Fityus & Delaney 2001). An active Zone is a zone where heave contributes to soil expansion 

at a particular point in time. The change of depth of the active zone takes place due to heave 

progression and varies with time. 
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Designing the active zone of soil, also called design depth of expansive soil or design depth of active 

zone is depth calculation at which volume changes are expected to occur due to fluctuations in 

moisture in expansive soil. The depth which contributes to heaving where the foundation structure 

is designed is the design active zone (𝑍𝑍𝑎𝑎𝑎𝑎). 

Depth of Potential Heave, also known as heave zone or heave-prone zone is defined as the depth 

of soil profile where heaving or upward movement by expansive soil swelling by water induction. It 

is also depth where the swelling pressure of soil is equaled or exceeded to overburden vertical 

stress. The calculation of the maximum depth occurring for the Active zone is beneficial to engineers 

to reduce heave effects. 

3.1.3. Ground Surface Movement (Heave) 

Soil Movement (or heaving) occurs wherein water enters within clay minerals and causes an 

increase in the volume of soil and subsequent lifting up of structure in an upward direction. 

The soil depth which contributes to heave at any instance of time depends usually upon many 

parameters. However, for the prediction of heave, these factors need to be considered. 

1. Soil Type and profile composition - the soil type affects the magnitude of soil movement.

Where Expansive soils (clay soils) absorb water and swell during wet seasons.
2. Depth and degree of wetting of soil

3. Initial and final effective stress state condition with cohesion/adhesion details

4. Groundwater conditions

Free-field heave is a type of movement that takes place due to no other load applied to soil such as 

by a foundation or a structural embankment. Heave varies proportionally linear along the depth, 

starting with maximum value (So) at the Ground level surface to being zero at active depth (Zhang 

et al. 2007, Poulos and Davis 1980). 

Pier heave rate depends on the proportion to which sub-soil becomes wetted. Analysis of the rate of 

wetting of soil movement is done for cases where a constant source of water at the ground surface, 

have shown that water movement toward subsoil for up to ten meters can require in between 20 to 

30 years or sometimes more (Durkee, 2000). 

3.1.4. Soil Suction 

Soil suction, also called matric suction or pore water suction can be defined as the negative 

pressure or tension due to capillary force within the soil matrix. It depicts the ability of soil to retain 

water against gravitational force. 

Soil suction is created from forces of attraction between molecules of water and solid particles within 

soil space. A meniscus is generated in the capillary space of soil by these forces which generate 
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suction. The magnitude of soil suction is impacted by factors such as pore size distribution, soil 

texture, organic matter, and water content. 

Total soil suction, also called total suction or total stress suction, comprises two components in the 

soil system: metric suction and osmotic suction. It is the sum of both capillary forces due to water 

retention and osmotic forces which result from the existence of dissolved solutes in pore water. 

The matric suction occurs between soil particles and water molecules due to forces of attraction. It 

is responsible for retaining water against gravitational force and is the dominant part of soil suction. 

Matric suction varies on factors such as particle size distribution, pore structure, and soil texture. 

Water is also attracted to soil because of dissolved salt concentration in soil water. Salt cations have 

a high affinity for water and when the concentration exceeds in comparison to other external sources, 

water is attracted/pulled towards the soil. However due to restriction occurring in-between soil 

particles when space is filled. Water is pulled into tension due to the attractive nature of soil cation; 

this soil suction is termed osmotic suction. 

3.2. Elementary methods of analysis of expansive soil 

Many methods exist for the estimation of uplift force generated on a pile by heaving in soil. Please 
see Appendix A for Design Steps for each method. 

3.2.1. Design Curve Method 

Poulos and Davis (1980) introduced using Design Curves for analysis wherein applying specified 

movement of soil (induced by soil heave) for calculating tension in a pile. This was based on a load 

transfer method to make an elastic analysis method based on using curves. 

3.2.2. Elastic Solution 

Xiao et al. (2011) and Fan et al. (2007) introduced a method that uses the movement of soil against 
a pile to find the axial force (𝑃𝑃𝑢𝑢) as a function of depth (z). Upward movement induced in soil or pile 

and tension in the pile is negative in this method. Herein movement of soil against the pile is defined 

using shear deformation of soil where results were validated against lab model testing (Fan et al., 
2007) and a similar result was performed by Poulos and Davis (1980). Jiang et al. (2020) considered 
a linear variation of depth with a shear modulus of soil (𝐺𝐺𝑠𝑠) (constant moduli used by Fan et al. (2007) 

and Xiao et al. (2011)). 

Constants was later refined by Silva et al. (2022) for using equations he had included method from 

Jennings (1962) and Van der Merwe (1964) for prediction of soil heaving at the soil surface. 

Table 1 depicts improvements made to Elastic solution constants to get better results by different 

researchers. Firstly, Fan (2007) introduced constants which were improved by Xiao (2011) and at 

last refined by Silva (2022) 
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Table 1 shows improvements made to Elastic solution constants by different authors. 

Fan et al. (2007) Xiao et al. (2011) Silva et al. (2022) 

C3 −𝑆𝑆𝑜𝑜 

𝛼𝛼 ℎ𝑜𝑜 

−𝑆𝑆𝑜𝑜 

𝛼𝛼 ℎ𝑜𝑜 

−𝑆𝑆𝑜𝑜 

𝛼𝛼 ℎ𝑜𝑜 

C4 𝐶𝐶6 − 
𝑠𝑠𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼 ℎ𝑜𝑜) 

𝛼𝛼 ℎ𝑜𝑜 

𝐶𝐶6 − 𝑠𝑠𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼 ℎ𝑜𝑜) 
𝛼𝛼 ℎ𝑜𝑜 

𝐶𝐶6 + 
𝑠𝑠𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼 ℎ𝑜𝑜) 

𝛼𝛼 ℎ𝑜𝑜 

C5 𝐶𝐶3 + 
𝑠𝑠𝑜𝑜 𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼 ℎ𝑜𝑜) 

𝛼𝛼 ℎ𝑜𝑜 

𝐶𝐶3 + 𝑠𝑠𝑜𝑜 𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼 ℎ𝑜𝑜) 
𝛼𝛼 ℎ𝑜𝑜 

𝐶𝐶3 + 
𝑠𝑠𝑜𝑜 𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼 ℎ𝑜𝑜) 

𝛼𝛼 ℎ𝑜𝑜 

C6 − 𝑠𝑠𝑜𝑜 𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼𝛼𝛼) (𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼 ℎ𝑜𝑜) − 1) 
𝛼𝛼 ℎ𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼𝛼𝛼) 

− 𝑠𝑠𝑜𝑜 𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼𝛼𝛼) (𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼 ℎ𝑜𝑜) − 1)
𝛼𝛼 ℎ𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼𝛼𝛼) 

−𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼𝛼𝛼) 𝐶𝐶5 = 
𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼𝛼𝛼) 

− 𝑠𝑠𝑜𝑜 𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼𝛼𝛼) (𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼 ℎ𝑜𝑜) − 1) 
𝛼𝛼 ℎ𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼𝛼𝛼) 

3.3. Dimensional Homogeneity 
When dimensions (powers of fundamental dimensions i.e., L, M, T) of each term on either side of 

the equation are the same; the equation is known as a dimensionally homogeneous equation. 

If the number of variables involved in a physical phenomenon is known, the relation among the 

variables can be determined by mentioned below two methods. 

1. Rayleigh’s Method

2. Buckingham 𝜋𝜋 Theorem

Rayleigh’s Method 
This method is useful when only three or four variables are expressed in an equation. 

Let X is a variable, which depends on variables 𝑋𝑋1, 𝑋𝑋2, and 𝑋𝑋3. X is a function of 𝑋𝑋1, 𝑋𝑋2, and 𝑋𝑋3 and 

written as X = f [𝑋𝑋1, 𝑋𝑋2, 𝑋𝑋3] or X = 𝐾𝐾𝑋𝑋1
𝑎𝑎, 𝑋𝑋2

𝑏𝑏, 𝑋𝑋3
𝑐𝑐. Here K is a constant. The values of arbitrary 

powers a, b, and c are obtained by comparing fundamental dimension powers on both sides. 
Considerations for choosing variables are given as 

1. Repeating variables selected should not form dimensionless group.

2. Repeating variables together must have same number of fundamental dimensions.

3. No two repeating variables should have same dimension.

3.4. Pile Foundation Design 

Rigid pile is a type of deep foundation element providing load-bearing support for structures. 
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An elastic pile, also called a flexible pile, is a type of deep foundation element that shows more 

flexibility or deformation under loading. These piles undergo deflection and distribute load through 

their elastic deformation. 

The anchorage force of a pile, also called pile uplift capacity or pile anchorage capacity, defines 

resistance against tension loads or uplift forces provided by piles. It is the ability of a pile to transfer 

tensile loads effectively from structure to underlying soil. 

3.4.1. Rigid Pier Method 

• In this method, the uplift axial force is equated to anchorage force assuming a pier has no heave.

• The critical pile length design is based on axial stress equilibrium only where pile size design is

predicated on minimizing the pile head movement for the pile performance.

• The skin friction is Coulomb skin friction in uplift and anchorage zones. The friction force is

equivalent to net normal stress acting on the side of the pier times the coefficient of friction (Chen

1988; Nelson and Miller 1992).

3.4.2. Elastic Pier Method 

• In this method, uplift skin friction is considered uniform along the length of the pier or increases

with depth.

• When the soil has the same swelling pressure throughout, the distribution is uniform throughout.

This is a uniform distribution case.

• Cases for linear increasing distribution occurs where several strata of soils exist with deeper soils

having a higher expansion potential (Nelson and Miller 1992).

• Method uses design curves.

1. Normal pier heave plotted as a function of pier length to potential depth for heave.

2. Normalized maximum tensile force plotted as a function of pier length to potential

depth for heave.

3.4.3. Pile Types by Bottom shapes 

Elastic Straight shaft pier 
Straight shaft piers are piers with side wall friction and end bearing carrying assigned design loads. 

Elastic Belled pier 
Belled or under-reamed piers are piers with a bottom bell-shaped or an under ream. A high 

percentage of imposed load on the pier top is carried by the base. 
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Helical pier 
The principle of design is that the pull-out capacity of helical bearing plates plus dead load must 

resist the total uplift force exerted on the pier. The swelling pressures which act on the pier above 

the design active zone and other parts of the foundation system produce uplift forces. (Nelson et al, 

2015) 

Figure 4 Different pier types by bottom design (Nelsons 2015) 

Figure 4 shows different pier types by bottom shapes with loading mechanism 

3.5. RSPile Software 

RSPile is a program developed by Rocscience. RSPile is widely used for the analysis of pile-soil 

interaction under uniaxial or lateral loading or both. In this report, RSPile results generated from 

modelling were used for validation. 

Figure 5 (a) Load transfer mechanism in piles axially loaded and (b) spring mass model. Taken from Rocscience (2022) 

RSPile uses finite element analysis by estimation of t-z curve. The stress-strain relation in case of 

pile loaded axially is described through 3 loading mechanisms: Pile axial deformation, soil skin 

friction on shaft, and soil end bearing (Figure 5 a). Using a spring-mass model to represent material 

Figure removed due to copyright restriction.

Figure removed due to copyright restriction.
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stiffness by springs, numerical techniques are employed to conduct load-settlement analysis (Figure 

5 b). 

Using Spring-mass model, a non-linear stiffness curve is prepared by RSPile based on Finite 

element analysis to show stress-strain behaviour of soil. Hence, RSPile is able to provide high 

accurate interpretations of pile-soil interaction in expansive soil for axial loading, and settlement of 

pile head. 

Calculation in RSPile is based on methodology by Loehr and Brown (2008). 

Figure 6 shows force equilibrium in pile segment based on methodology by Loehr and Brown (2008) 

The force equilibrium equation at each calculation node 𝑠𝑠 is as follows. 

(𝑄𝑄𝑧𝑧)𝑠𝑠+1 = (𝑄𝑄𝑧𝑧) + (𝑓𝑓𝑠𝑠)𝑠𝑠 (2) 

where 𝑧𝑧 = depth to midpoint of pile segment 

(𝑄𝑄𝑧𝑧)𝑠𝑠+1 = top axial force of pile segment at calculation node 𝑠𝑠 + 1 

(𝑄𝑄𝑧𝑧) = bottom axial force of pile segment at calculation node 𝑠𝑠 

(𝑓𝑓𝑠𝑠)𝑠𝑠= soil skin friction at depth 𝑧𝑧 for calculation node 𝑠𝑠 

The software runs an iterative process for solving the internal force of the pile. Solution of the toe 

settlement and calculation of end bearing resistance from load transfer curve due to assumed 

settlement. Soil skin friction is obtained by assuming a displacement in the soil at the midpoint of 

the pile segment, getting the load corresponding from the load transfer curve, and verifying the 

assumed displacement of soil from force equilibrium considering pile axial tension or compression 

due to assumed displacement. The equation above is used for calculating force equilibrium at each 

node from toe to head as the computation progresses. 

Figure removed due to copyright restriction.
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4. METHODOLOGY

This part of the research explains the development of a guideline with a demonstration of its 

validation. A new equation is developed in this study which is used for analysis of vertically loaded 

piles in expansive clay. A new method is prepared using different equations from researchers, this 

method can serve as guideline which is validated using numerical analysis performed for 

comparison. 

4.1. Pile-Soil interaction 

Figure 5B shows an increase in positive friction prior to water infiltration along the entire length of 

the pile to carry pile head load plus pile end resistance. However, as water percolates into the active 

zone, suction reduction and suction-induced volume expansion of expansive soil significantly 

influence the load transfer and movement of the pile. In this scenario, mobilized lateral swelling 

pressure is increased additionally to lateral earth pressure as shown in Figure 5A. With the decrease 

in soil suction, there is a reduction in pile-soil shear strength at the interface. The relative pile-soil 

shear displacement uplifts the pile due to ground heave. Negative friction arises in active zone depth 

when the pile is uplifted in the active zone due to an increase in positive friction. 

Figure 7 shows load transfer mechanism variations in unsaturated soils in piles. There is a notable change in volume 
shown upon infiltration which is obtained from Liu et al (2021) 

Collapsible soil behaviour is shown in Figure 5C for a typical pile. Like expansive soil behaviour, 

properties of the interface shear strength decrease with a reduction in suction associated with water 

infiltration. Soil collapse contributes to ground settlement which relates to the downward movement 

Figure removed due to copyright restriction.
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of soil relative to the pile. Negative friction is generated in the active zone due to this reason. Which 

in turn, both the pile base pressure and stable zone having positive friction increase to balance the 

additional load contribution from negative friction. The shaft friction is influenced by four key factors 

including net normal stress (lateral earth pressure), suction, interface shear strength properties, and 

pile-soil relative displacement. (Liu et al 2021). 

The influence of vertical loads, pile diameter, longitudinal steel ratio, length of pile, and type of soil 

affects the response of piles in soil (Houda et al 2017). 

4.2. New equation developed to be used in Analysis of Vertically Loaded 
Piles in Expansive Soil 

1. Conclusions from section 3.1, needed for derivation of simple relationship between
pile displacements.

1.1. The pile-soil interaction is influenced by four key factors including net normal stress

(lateral earth pressure), suction, interface shear strength properties, and pile-soil relative

displacement. (Liu et al 2021).

1.2. The influence of vertical loads, pile diameter, longitudinal steel ratio, length of pile,

and type of soil affects the response of piles in soil (Houda et al 2017).

1.3. Finite element analysis in RSPile is based on pile stiffness approach where using a

spring-mass model to represent material stiffness by springs, numerical techniques are

employed to conduct load-settlement analysis. (Rocscience (2022).

2. Derivation of an equation

In this study, I proposed a new equation for the calculation of pile movement by soil action

without external loading application.

Using Rayleigh’s Method of dimensional analysis herein, we can derive an equation using

parameters that influence Pile movement from different conclusions as obtained from section

4.2 part 1. Pile movement (𝑤𝑤𝑝𝑝) depends upon these parameters are listed in Table 2.

Table 2 Parameters for pile movement derivation 

Parameters Dimensional Unit 

1 Soil Suction (𝑆𝑆𝑢𝑢), kPa 𝑀𝑀 𝛼𝛼−1 𝑇𝑇−2 

2 Perimeter of Pile (P), meters 𝛼𝛼 

3 Length of Pile (L), meters 𝛼𝛼 

4 Stiffness of Pile (K), kN/m 𝑀𝑀 𝑇𝑇−2 
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Pile Movement/uplift (meter) 𝑤𝑤𝑝𝑝 = 
𝑆𝑆𝑢𝑢 𝑃𝑃 𝛼𝛼 

𝐾𝐾 
(3) 

The derivation of this equation is shown in appendix A. 

3. Soil Suction calculation parameter

For necessary parameters to be used for the equation, Soil suction (S) is needed which can be 

derived from table 3 using Atterberg Limits (Snethen et al 1977). 

However, other studies have been performed in past by different researchers like Nayak and 

Christensen on Plasticity Index, & Percent Clay (1971), and Yoder & Witczak on percent swell 

(1975). 

Table 3 Relation between Liquid Limit, Plasticity Index, Soil suction, and Potential volume change (Snethen et al 1977) 

4.3. New method developed for Analysis of Vertically Loaded Piles in 
Expansive Soil 

1. Calculation of soil mineral type

Atterberg limits and clay content can be combined into a parameter called Activity, 𝐴𝐴𝑐𝑐. Skempton 

(1953) termed it. Table 4 depicts relation between Activity of clay and clay minerals (Skempton 1953) 
and can be predicted using plasticity index values. 

Activity ( ) = 𝑃𝑃𝑃𝑃𝑎𝑎𝑠𝑠𝑃𝑃𝑠𝑠𝑐𝑐𝑃𝑃𝑃𝑃 𝐼𝐼𝑠𝑠𝑎𝑎𝐼𝐼𝐼𝐼 (4) 
𝑐𝑐 % 𝑏𝑏𝑃𝑃 𝑤𝑤𝐼𝐼𝑠𝑠𝑤𝑤ℎ𝑃𝑃 𝑓𝑓𝑠𝑠𝑠𝑠𝐼𝐼𝑓𝑓 𝑃𝑃ℎ𝑎𝑎𝑠𝑠 2𝜇𝜇𝑚𝑚 

Table 4 Typical Activity values for Clay minerals (Skempton 1953) 

Table 7 shows relation between Plasticity Index, Moisture content, Free-swell value, and swell 

potential class. 

Figure removed due to copyright restriction.

Figure removed due to copyright restriction.
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2. Design length required

Design length was found out using rigid method of Nelson and Miller (1992). The design steps are 

explained in appendix B. Some necessary parameters needed for design of length is derived in 

sections 2.1 & 2.2. Detailed design solutions are given in Appendix C. 

2.1. Expansion potential nature and Free-Swell Value 

Table 5 shows relation between Expansion potential and free-swell value of soils with plasticity index, 

and Classification standard for expansive soils (CMC 2004). 

Table 5 Classification Standard for expansive soils (CMC 2004) 

2.2. Swelling pressure is calculated using Vijayvegiva and Ghazzaly (1973) 

𝑃𝑃𝑜𝑜𝑠𝑠𝑠𝑠2 
𝛼𝛼𝑜𝑜𝑤𝑤 𝑃𝑃𝑠𝑠 ( 𝑓𝑓𝑃𝑃 ) = 1/19.5 ⨯ (𝛾𝛾𝑎𝑎 + 0.65𝛼𝛼𝛼𝛼 − 139.5) (5) 

𝛾𝛾𝑎𝑎 = dry density (kN/m3) 

𝛼𝛼𝛼𝛼 = Liquid Limit 

3. Stiffness of pile (K)

Stiffness is resistance of an elastic body to deflection or deformation by applied force.

𝐾𝐾 = 𝑃𝑃
 

𝛿𝛿 
(6) 

P = Axial Applied Force (kN) 

𝛿𝛿 = deflection (m) 

We know that 𝛿𝛿 = 𝐹𝐹 𝛼𝛼
 

𝐴𝐴 𝐸𝐸 
, (7) 

So, solving (6) & (7) equation, we get 

Figure removed due to copyright restriction.
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𝐾𝐾 = 𝐴𝐴𝐸𝐸 
𝛼𝛼 (8) 

𝐴𝐴 = Area of top of Pile (𝑚𝑚2) 

𝐸𝐸 = Modulus of Elasticity of pile material (kPa) 

𝛼𝛼 = Length of Pile (m) 

4. Axial Force (or Uplift Force)

Using Pile movement derived above, we can calculate net movement, which is sum of axial force 

loading and swelling (equation from Design Curve of Poulos, 1987) 

𝜌𝜌 = 
P 𝐼𝐼 

 

𝐸𝐸𝑠𝑠 𝐷𝐷 
(9) 

where, P = axial load applied (kN) 

𝜌𝜌 = axial movement (m) or settlement 

𝐸𝐸𝑠𝑠 = modulus of elasticity of soil (MPa) 

D = diameter of pile (m) 

L = length of pile 

𝐼𝐼 = 𝐼𝐼𝑜𝑜 𝑅𝑅𝑘𝑘 𝑅𝑅𝑏𝑏 𝑅𝑅𝑣𝑣 (10) 

𝐼𝐼𝑜𝑜 = settlement-influence factor for incompressible pile in semi-infinite mass, for Poisson’s ratio 𝑣𝑣𝑠𝑠 = 
0.5 

𝑅𝑅𝑘𝑘 = correction factor for pile compressibility 

𝑅𝑅𝑏𝑏 = correction factor for bearing stratum stiffness 

𝑅𝑅𝑣𝑣 = correction factor for settlement 

The correction factor’s 𝐼𝐼𝑜𝑜, 𝑅𝑅𝑘𝑘, 𝑅𝑅𝑏𝑏, 𝑎𝑎𝑠𝑠𝑎𝑎 𝑅𝑅𝑣𝑣 is solved from Appendix A. Poulo’s design section. 

Net movement = 𝜌𝜌 − 𝑤𝑤𝑝𝑝 (11) 

5. Total Uplift force

𝑃𝑃𝑢𝑢 = 𝛼𝛼 𝑐𝑐𝑢𝑢 𝜋𝜋 𝐷𝐷 𝑍𝑍𝑎𝑎 (12)
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𝑐𝑐𝑢𝑢 = Undrained shear strength of soil 

𝑍𝑍𝑎𝑎 = Active layer depth 

𝛼𝛼 = pile shaft adhesion factor (0.45 is recommended by Elsharief et al. 2016; Byrne et al 

2019). 

6. After the calculation of Uplift force, we can use the Skin Friction formula for calculation.

F = 𝑃𝑃𝑢𝑢 
𝐴𝐴 

(13) 

F = skin friction (kPa) 

A = surface area of pile = 𝜋𝜋 * D * L (𝑚𝑚2) 

4.4. RSPile Software Analysis Steps 

1. Home Tab > Project Settings. In Pile Analysis Type > Individual Pile analysis > Axially loaded

piles.

2. Soils Tab > Define soil properties. Add in soil/clay properties – Unit weight, type, shear strength,

max unit friction permissible and end bearing resistance.

3. Soils Tab > Edit all boreholes. Insert Layers and define by thickness.

4. Piles Tab > Pile sections. Define pile section properties dialog. Adding section type, cross section,

diameter & thickness size, and Young’s modulus.

5. Piles Tab > Single. Add pile and choosing geometry to add Length and pile elevation needed.

Choose Loading tab to add dead load.

6. In displacement tab under “add piles”, we consider ground movement. Here we can replicate

heaving/vertical movement by adding vertical displacement values.

7. Placement of Piles and generating results.

4.5. Comparison of different Pier bottom design types 

A comparison study is also performed on different pier bottom design types on basis of length. The 

study is performed after prediction of free-field heave by Nelson and Miller (1992) is done using Rigid 

Pier method. Elastic method curves for designing pile by different bottom shapes are shown with 

steps in Appendix B in conjunction with Rigid pier method for required length. 
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5. RESULTS

Here data from four case sites that were studied by previous researchers are individually presented 

for analysis and their comparison against different methods are shown in figures & tables. Design of 

pile length required for 2 cases are done Colorado State university (Case Study 1) and Free-state 

province (Case Study 2) with solutions entailed in Appendix C. The Comparison values needed for 

design of pile length on basis of different pile by bottom shape types are also summarized in 

Appendix C. 

Detailed analytical results for Poulos Design Curve and this study are summarized in Appendix D. 

Silva’s result using excel program are summarized in Appendix E. Numerical Results from RSPile 

are summarized in Appendix F. 

5.1. Case Study 1. Colorado State University (USA) Test site in Pierre 
shale formation 
The study used parameters for a study conducted by Nelsons (2007). The diameter of the borehole 

is 250 mm. The maximum tolerable movement of the foundation soil is 50 mm. 

Figure 8 Soil profile chart from Colorado State University, Fort Collins, Colorado 

Figure 8 shows the soil profile chart from Colorado State University, Fort Collins, Colorado. Table 6 

shows results from lab showing Liquid limit (LL), Plastic limit (PL), Plasticity Index (PI), Specific 

Gravity, Optimum moisture content (OMC), and Maximum dry density (MDD) are summarized. Table 

7 shows oedometer test data from site. 

Figure removed due to copyright restriction.
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Figure 10 Chart between Depth below ground surface 
(GL) vs Skin friction (kPa) 

Figure 10 demonstrates comparison between 
Depth below ground surface (GL) vs Skin 
friction (kPa). The site is Colorado State 
university. This study falls close in results as 
compared to Poulo’s Design curve method 
(1991), Elastic Stress Method using constants 
of Silva (2022), and RSPile software. 
All models describe there is an increase in 
maximum skin friction on pile-soil interface up to 
active zone depth. The active depth increases 
from 0 to 3 m, the skin friction also increases 
from 0 to 12.98 kPa (RSPile), 0 to 5.207 kPa 
(Silva, 2022), 0 to 6.24 kPa (Poulos, 1991) and 
0 to 9.25 kPa (This study). The variation 
between this study with RSPile is 40.3 %. 

Figure 11 Chart between Depth below ground surface (GL) 
vs Soil movement (mm) upward induced 

Figure 11 demonstrates comparison between 
Depth below ground surface (GL) vs Soil 
movement (mm) upward induced. The site is 
Colorado State university. This study falls close 
in results as compared to Poulo’s Design curve 
method (1991), Elastic Stress Method using 
constants of Silva (2022), and RSPile software. 
All models describe there is an increase in 
maximum net movement in between soil 
swelling upwards and pile settlement 
downwards. There is an upward movement 
which is maximum at ground level at 4.07 mm 
(RSPile), 5.4 mm (Silva, 2022), 6 mm (Poulos, 
1991) and 5.3 mm (This study). The variation 
between this study with RSPile is 2 %. 

Chart Figures 9, 10, and 11 presents the results of this study, Poulo’s Design Curve model, Silva’s 

Method and RSPile’s model. Figures in table 12 demonstrates present model, which is close, 

implicating that present model can be easily used for estimation of pile-soil interaction in Colorado 

expansive soil with good level of accuracy compared with those models. 
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Figure 13 Chart between Depth below ground surface 
(GL) vs Axial force induced (kN) 

Figure 13 demonstrates comparison between 

Depth below ground surface (GL) vs Axial force 

induced (kN). The site is Free-state province of 

South Africa (b/w Kroonstad and Vredefort). This 

study falls close in results as compared to Poulo’s 

Design curve method (1991), Elastic Stress 

Method using constants of Silva (2022), and 

RSPile software. 

All models describe there is an increase in 

maximum axial load induced up to active zone 

depth. The active depth increases from 0 to 7 m, 

the axial force induced also increases from 0 to 

680 kN (RSPile), 0 to 628.05 kN (Silva, 2022), 0 

to 450 kN (Poulos, 1991) and 0 to 566.89 kN (This 

study). The variation between this study with 

RSPile is 20 %. 

Figure 14 Chart between Depth below ground surface 
(GL) vs Skin friction (kPa) 

Figure 14 demonstrates comparison between 

Depth below ground surface (GL) vs Skin friction 

(kPa). The site is Free-state province of South 

Africa (b/w Kroonstad and Vredefort). This study 

falls close in results as compared to Poulo’s 

Design curve method (1991), Elastic Stress 

Method using constants of Silva (2022), and 

RSPile software. 

All models describe there is an increase in 

maximum skin friction on pile-soil interface up to 

active zone depth. The active depth increases 

from 0 to 7 m, the skin friction also increases from 

0 to 13.49 kPa (RSPile), 0 to 12.48 kPa (Silva, 

2022), 0 to 8.94 kPa (Poulos, 1991) and 0 to 9.25 

kPa (This study). The variation between this study 

with RSPile is 46 %. 
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Figure 15 Chart between Depth below ground surface 
(GL) vs Soil movement (mm) upward induced 

Figure 15 demonstrates comparison between 

Depth below ground surface (GL) vs Soil 

movement (mm) upward induced. The site is 

Free-state province of South Africa (b/w 

Kroonstad and Vredefort). This study falls close in 

results as compared to Poulo’s Design curve 

method (1991), Elastic Stress Method using 

constants of Silva (2022), and RSPile software. 

All models describe there is an increase in 

maximum net movement in between soil swelling 

upwards and pile settlement downwards. There is 

an upward movement which is maximum at 

ground level at 16.1 mm (RSPile), 12.7 mm (Silva, 

2022), 8.01 mm (Poulos, 1991) and 24.8 mm 

(This study). The variation between this study 

with RSPile is 36 %. 

Figures 13, 14, and 15 presents the results of this study, Poulo’s Design Curve model, Silva’s Method 

and RSPile’s model. Figure demonstrates present model, which is close, implicating that present 

model can be easily used for estimation of pile-soil interaction in Province expansive soil with good 

level of accuracy compared with those models. 

Figure 16 shows linear relation is established for soil movement against axial force induced in Free State Province, 
South Africa expansive soil site. 
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Figure 17 Chart between Depth below ground surface 
(GL) vs Axial force induced (kN) 

Figure 17 demonstrates comparison between 

Depth below ground surface (GL) vs Axial force 

induced (kN). The site is Nanning, Guangxi 

Province in China. This study falls close in results 

as compared to Poulo’s Design curve method 

(1991), Elastic Stress Method using constants of 

Silva (2022), and RSPile software. 

All models describe there is an increase in 

maximum axial load induced up to active zone 

depth. The active depth increases from 0 to 0.3 m, 

the axial force induced also increases from 0 to 

0.42 kN (RSPile), 0 to 0.42 kN (Silva, 2022), 0 to 

0.14 kN (Poulos, 1991) and 0 to 5.9 kN (This 

study). The variation between this study with 

RSPile is 34 %. 

Figure 18 Chart between Depth below ground surface 
(GL) vs Skin friction (kPa) 

Figure 18 demonstrates comparison between 

Depth below ground surface (GL) vs Skin friction 

(kPa). The site is Nanning, Guangxi Province in 

China. This study falls close in results as 

compared to Poulo’s Design curve method (1991), 

Elastic Stress Method using constants of Silva 

(2022), and RSPile software. 

All models describe there is an increase in 

maximum skin friction on pile-soil interface up to 

active zone depth. The active depth increases from 

0 to 0.3 m, the skin friction also increases from 0 to 
4.1 kPa (RSPile), 0 to 2.09 kPa (Silva, 2022), 0 to 

1.57 kPa (Poulos, 1991) and 0 to 6.138 kPa (This 

study). The variation between this study with 

RSPile is 34 %. 
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Figure 19 Chart between Depth below ground surface 
(GL) vs Soil movement (mm) upward induced 

Figure 19 demonstrates comparison between 

Depth below ground surface (GL) vs Soil 

movement (mm) upward induced. The site is 

Nanning, Guangxi Province in China. This study 

falls close in results as compared to Poulo’s Design 

curve method (1991), Elastic Stress Method using 

constants of Silva (2022), and RSPile software. 

All models describe there is an increase in 

maximum net movement in between soil swelling 

upwards and pile settlement downwards. There is 

an upward movement which is maximum at ground 

level at 9.14 mm (RSPile), 16.12 mm (Silva, 2022), 

11.15 mm (Poulos, 1991) and 5.99 mm (This 

study). The variation between this study with 

RSPile is 174 %. 

Chart figures 17, 18, and 19 presents the results of this study, Poulo’s Design Curve model, Silva’s 

Method and RSPile’s model. Figures demonstrates present model, which is close, implicating that 

present model can be easily used for estimation of pile-soil interaction in Nanning expansive soil with 

good level of accuracy compared with those models. 

Figure 20 shows linear relation is established for soil movement against axial force induced in Nanning, Guangxi, China 
expansive soil site. 

This chart of figure 20 is prepared where vertical axis is 𝐴𝐴𝐼𝐼𝑠𝑠𝑎𝑎𝑃𝑃 𝐹𝐹𝑜𝑜𝑓𝑓𝑐𝑐𝐼𝐼 ∗ 𝐴𝐴𝑓𝑓𝐼𝐼𝑎𝑎 𝑜𝑜𝑓𝑓 𝑝𝑝𝑠𝑠𝑃𝑃𝐼𝐼
𝑀𝑀𝑜𝑜𝑎𝑎𝑢𝑢𝑃𝑃𝑢𝑢𝑠𝑠 𝑜𝑜𝑓𝑓 𝐸𝐸𝑃𝑃𝑎𝑎𝑠𝑠𝑃𝑃𝑠𝑠𝑐𝑐𝑠𝑠𝑃𝑃𝑃𝑃 𝑜𝑜𝑓𝑓 𝑃𝑃𝑠𝑠𝑃𝑃𝐼𝐼 

is put against 

horizontal axis of 𝐷𝐷𝑠𝑠𝑠𝑠𝑝𝑝𝑃𝑃𝑎𝑎𝑐𝑐𝐼𝐼𝑚𝑚𝐼𝐼𝑠𝑠𝑃𝑃 𝑜𝑜𝑓𝑓 𝑝𝑝𝑠𝑠𝑃𝑃𝐼𝐼  This graph shows a linear relation is established for soil 
𝐷𝐷𝑠𝑠𝑎𝑎𝑚𝑚𝐼𝐼𝑃𝑃𝐼𝐼𝑓𝑓 𝑜𝑜𝑓𝑓 𝑝𝑝𝑠𝑠𝑃𝑃𝐼𝐼 

movement against axial force induced in expansive soil without any external dead load applied. 
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Figure 21 Chart between Depth below ground surface (GL) 
vs Axial force induced (kN). 

Figure 21 demonstrates comparison between 

Depth below ground surface (GL) vs Axial force 

induced (kN). The site is Shri Vishnu 

Educational Society, Andhra Pradesh, India test 

site. This study falls close in results as 

compared to Poulo’s Design curve method 

(1991), Elastic Stress Method using constants of 

Silva (2022), and RSPile software. 

All models describe there is an increase in 

maximum axial load induced up to active zone 

depth. The active depth increases from 0 to 3 m, 

the axial force induced also increases from 0 to 

34.5 kN (RSPile), 0 to 45.31 kN (Silva, 2022), 0 

to 26.4 kN (Poulos, 1991) and 0 to 34.86 kN 

(This study). The variation between this study 

with RSPile is 2 %. 

Figure 22 Chart between Depth below ground surface (GL) 
vs Skin friction (kPa). 

Figure 22 demonstrates comparison between 

Depth below ground surface (GL) vs Skin friction 

(kPa). The site is Shri Vishnu Educational 

Society, Andhra Pradesh, India test site. This 

study falls close in results as compared to 

Poulo’s Design curve method (1991), Elastic 

Stress Method using constants of Silva (2022), 

and RSPile software. 

All models describe there is an increase in 

maximum skin friction on pile-soil interface up to 

active zone depth. The active depth increases 

from 0 to 3 m, the skin friction also increases 

from 0 to 4.1 kPa (RSPile), 0 to 6.138 kPa (Silva, 
2022), 0 to 4.67 kPa (Poulos, 1991) and 0 to 

6.138 kPa (This study). The variation between 

this study with RSPIle is 34 %. 
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Figure 23 Chart between Depth below ground surface (GL) 
vs Soil movement (mm) upward induced 

Figure 23 demonstrates comparison between 

Depth below ground surface (GL) vs Soil 

movement (mm) upward induced. The site is 

Shri Vishnu Educational Society, Andhra 

Pradesh, India test site. This study falls close in 

results as compared to Poulo’s Design curve 

method (1991), Elastic Stress Method using 

constants of Silva (2022), and RSPile software. 

All models describe there is an increase in 

maximum net movement in between soil 

swelling upwards and pile settlement 

downwards. There is an upward movement 

which is maximum at ground level at 16.22 mm 

(RSPile), 16.67 mm (Silva, 2022), 14.7 mm 

(Poulos, 1991) and 14.7 mm (This study). The 

variation between this study with RSPile is 11 %. 

Figures 21, 22, and 23 presents the results of this study, Poulo’s Design Curve model, Silva’s Method 

and RSPile’s model. Figure demonstrates present model, which is close, implicating that present 

model can be easily used for estimation of pile-soil interaction in Colorado expansive soil with good 

level of accuracy compared with those models. 

Figure 24 shows linear relation is established for soil movement against axial force induced in Andhra Pradesh, India 
expansive soil site. 

This chart of figure 24 is prepared where vertical axis is 𝐴𝐴𝐼𝐼𝑠𝑠𝑎𝑎𝑃𝑃 𝐹𝐹𝑜𝑜𝑓𝑓𝑐𝑐𝐼𝐼 ∗ 𝐴𝐴𝑓𝑓𝐼𝐼𝑎𝑎 𝑜𝑜𝑓𝑓 𝑝𝑝𝑠𝑠𝑃𝑃𝐼𝐼 
𝑀𝑀𝑜𝑜𝑎𝑎𝑢𝑢𝑃𝑃𝑢𝑢𝑠𝑠 𝑜𝑜𝑓𝑓 𝐸𝐸𝑃𝑃𝑎𝑎𝑠𝑠𝑃𝑃𝑠𝑠𝑐𝑐𝑠𝑠𝑃𝑃𝑃𝑃 𝑜𝑜𝑓𝑓 𝑃𝑃𝑠𝑠𝑃𝑃𝐼𝐼 

is put against 

horizontal axis of 𝐷𝐷𝑠𝑠𝑠𝑠𝑝𝑝𝑃𝑃𝑎𝑎𝑐𝑐𝐼𝐼𝑚𝑚𝐼𝐼𝑠𝑠𝑃𝑃 𝑜𝑜𝑓𝑓 𝑝𝑝𝑠𝑠𝑃𝑃𝐼𝐼  This graph shows a linear relation established for soil 
𝐷𝐷𝑠𝑠𝑎𝑎𝑚𝑚𝐼𝐼𝑃𝑃𝐼𝐼𝑓𝑓 𝑜𝑜𝑓𝑓 𝑝𝑝𝑠𝑠𝑃𝑃𝐼𝐼 

movement against axial force induced in expansive soil without any external dead load applied. 
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7. CONCLUSIONS

1. New method gives close results for Colorado site in range of 13-43% error for axial force

induced and 2-60% error for net pile movement as shown in discussion section. It gives close

results for Province site in range of 11-21% error for axial force induced and 35-68% error

for net pile movement.

2. New equation has an advantage as it is developed using suction values as key parameter

which can be superimposed using table of Snethen et al (1977) who had established relation

between suction and Atterberg limits among other researchers like Nayak and Christensen

on Plasticity Index, & Percent Clay (1971), and Yoder & Witczak on percent swell (1975).

3. The new method is easy to implement and require values which can be obtained easily

through soil labs like Liquid limit, plastic limit, and Unit weight, etc. or pile data by

designer/supplier.

4. RSPile software gives results among axial force and pile movement only in case of axially

loaded piles. However, skin friction can be obtained by dividing axial force by surface area.

5. Dimensional modelling methods like Rayleigh is viable tool to derive new equations as it

requires least parameters and easy to use. Buckingham’s method can also be used however

it is only useful when related parameters exceed four in totality.

6. Using relation tables from studies which were conducted for connecting relations by different

researcher studies, missing data can be easily acquired by obtaining interconnections

between parameters.

7. Elastic solution by Silva’s overestimates results and Design Curves by Poulo’s give concise

results. The difference in results of Poulo’s and Silva at Nanning lab site is at 66 %.

8. Huge saving in length is predictable in range close to 73 % when using helical pier as

compared to rigid pier. Hence the usage of belled or helical shaped bottom piers is highly

effective in sites having high expansive potential thereby saving huge costs for investors.

8. FUTURE WORK

1. Due to limitation on time of research. The study only investigated pile-soil interaction under

uniaxial loading only. Prospective studies should focus on pile-soil interaction in expansive

soil under lateral loading, and with different combinations of loading like snow, etc.

2. Another means of checking the effects of heave is to use finite element method with

permutation considering time, ingression of other materials, etc., and comparing with

established methods. However, the method is complex and require more research for

comparison with this study.
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10. APPENDICES 
 
Appendix A – Derivation of new equation 

1. Derivation of new equation for pile movement by swelling without loading using soil suction. 
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Appendix B - Empirical Methods and their design steps 

1. Poulo’s Method (1980)

Axial Load Calculation 
𝜏𝜏𝑎𝑎𝑚𝑚 is pile-soil adhesion at the level of pile tip. The maximum pile load, Pmax, is given as a ratio of 

the load 𝑃𝑃𝑓𝑓𝑠𝑠 that occurs if full adhesion was mobilized along the whole shaft. 

𝑃𝑃 = ∫𝛼𝛼 𝜏𝜏  𝜋𝜋 𝑎𝑎 𝑎𝑎 (1) 
𝑓𝑓𝑠𝑠 0′  𝑧𝑧 

Load transfer to Pile Tip 
The load proportion, which is being transferred to pile tip, 𝛽𝛽 is expressed as 𝛽𝛽𝑜𝑜 for an incompressible 

floating pile in semi-finite mass, multiplied by the correction factor to consider the compressibility of 

the pile and relative stiffness of the bearing load stratum. Please refer appendix for Curves. 

𝛽𝛽 = 𝛽𝛽𝑜𝑜 𝐶𝐶𝑘𝑘 𝐶𝐶𝑣𝑣 (2) 

where 𝛽𝛽 = 𝑃𝑃𝑏𝑏 = applied load proportion transferred to pile tip 
𝑃𝑃 

𝛽𝛽𝑜𝑜 = proportion of tip-load for pile (incompressible) in uniform half-space (Poisson’s ratio = 0.5) 

𝐶𝐶𝑘𝑘 = pile compressibility correction factor 

𝐶𝐶𝑣𝑣 = Poisson’s ratio of soil correction factor 

1. The proportion of load being transferred to pile tip, 𝛽𝛽, needed Correction Factor

Proportion of base load, 𝛽𝛽𝑜𝑜 

Figure depicts tip-load proportion for incompressible pile in uniform half-space. The 

presence of an enlarged base increase 𝛽𝛽 significantly, 𝛽𝛽 being not significantly affected if 

pile is situated in finite layer rather than a half-space, provided hard base of layer is more 

than 0.2L below bottom of the pile. 
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Compressibility correction factor for base load, Ck 
 

Figure depicts correction factor for pile compressibility, Ck, to decrease the amount of load 

transferred to tip, less than 1. 
 

Poisson’s ratio correction factor for base load, Cv 

Figure depicts correction factor for Poisson’s ratio of soil, Cv. 

Settlement of Pile 
The settlement of the top of pile is expressed in terms of incompressible pile in a half- 

space, with correction factors for the effects of pile compressibility. 
 

𝜌𝜌 = 𝑃𝑃𝑢𝑢 𝐼𝐼 
𝐸𝐸𝑠𝑠 𝐷𝐷 

(3) 
 

where, 𝑃𝑃𝑢𝑢 = axial force induced (kN) 
 

𝜌𝜌 = axial movement (m) 
 

𝐸𝐸𝑠𝑠 = modulus of elasticity of soil (MPa) 

D = diameter of pile (m) 

L = length of pile 
 

𝐼𝐼 = 𝐼𝐼𝑜𝑜 𝑅𝑅𝑘𝑘 𝑅𝑅𝑏𝑏 𝑅𝑅𝑣𝑣 (4) 
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𝐼𝐼𝑜𝑜 = settlement-influence factor for incompressible pile in semi-infinite mass, for Poisson’s ratio 𝑣𝑣𝑠𝑠 = 
0.5 

 
𝑅𝑅𝑘𝑘 = correction factor for pile compressibility 

 
𝑅𝑅𝑏𝑏 = correction factor for bearing stratum stiffness 

 
𝑅𝑅𝑣𝑣 = correction factor for settlement 

 
1. Settlement Influence Charts and Constants 

 

 
Settlement influence factor, Io 

 
Figure shows decreasing settlement of a pile of constant diameter as length increases. The 

presence of enlarged base also decreases settlement, although the effect is only significant 

for short pile. Settlement-influence factor, Io. 

 

 
Compressibility correction factor for settlement, Rk 
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Figure depicts Pile compressibility, Rk, which increases settlement, especially for slender 

pile. 
 

 
Depth correction factor for settlement, Rh 

 
Figure depicts effect of having a finite layer to decrease settlement. 

 

 
Poisson’s ratio correction factor for settlement, Rv 

 
Figure depicts a decrease in Poisson’s ratio, vs, while maintaining Es constant leads to a 

decrease in settlement 

 
 
 

For Total Tension induced in pile for Full Length 
 

For estimation of Movement for a pile and maximum pile load for a swelling-soil profile, 

estimation is done using dimensionless curves. Consideration has been given for both, a 

constantly increasing pile-soil shear strength, 𝜏𝜏𝑎𝑎 and linearly increasing 𝜏𝜏𝑎𝑎 with depth. 
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Maximum pile load in swelling soil (a). Pile movement in swelling soil (b). Pile-soil shear 

strength is linearly increasing with depth. 
 

Graphical figure (a) above depicts maximum pile load in swelling soil. figure (b) depicts soil 

movement in swelling soil. Pile-soil shear strength is linearly increasing with depth, as a 

function of dimensionless maximum soil-movement, 𝑆𝑆𝑜𝑜 𝐸𝐸𝑠𝑠 and the dimensionless depth of 
𝑎𝑎𝜏𝜏𝑎𝑎𝑚𝑚 

swelling, 𝑍𝑍𝑠𝑠  
𝑃𝑃 
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Maximum pile load in swelling soil (a). Pile movement in swelling soil (b). Pile-soil shear 

strength is constant with depth. 
 

Graphical figure (a) depicts maximum pile load in swelling soil. figure (b) depicts soil 

movement in swelling soil. Pile-soil shear strength 𝜏𝜏𝑎𝑎 is constantly increasing with depth, as 

a function of dimensionless maximum soil-movement, 𝑆𝑆𝑜𝑜 𝐸𝐸𝑠𝑠 and the dimensionless depth of 
𝑎𝑎𝜏𝜏𝑎𝑎𝑚𝑚 

swelling, 𝑍𝑍𝑠𝑠. 
𝑃𝑃 

 

Net movement = 𝜌𝜌 − 𝑤𝑤𝑝𝑝 (5) 
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2. Elastic Method using Silva’s Design Constant - Step 
 
 

C3 −𝑆𝑆𝑜𝑜 
 

𝛼𝛼 ℎ𝑜𝑜 

C4 𝐶𝐶6 + 
𝑠𝑠𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼 ℎ𝑜𝑜) 

𝛼𝛼 ℎ𝑜𝑜 

C5 𝐶𝐶3 + 
𝑠𝑠𝑜𝑜 𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼 ℎ𝑜𝑜) 

𝛼𝛼 ℎ𝑜𝑜 

C6 −𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼𝛼𝛼) 𝐶𝐶5 = − 𝑠𝑠𝑜𝑜 𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼𝛼𝛼) (𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼 ℎ𝑜𝑜) − 1) 
𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼𝛼𝛼) 𝛼𝛼 ℎ𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼𝛼𝛼) 

 
 

w is soil movement in meters and P is axial uplift force. 
 

a. 𝐸𝐸𝑝𝑝 = modulus of elasticity of pile, 𝐴𝐴𝑝𝑝 is the cross-sectional surface area of the pile, 
 

b. 𝛼𝛼2 = 2 𝜋𝜋
 

𝜆𝜆𝑝𝑝 𝐴𝐴𝑝𝑝 𝜍𝜍 
(6) 

 
c. 𝜍𝜍 = In 𝑓𝑓𝑚𝑚) 

𝑓𝑓𝑜𝑜 
(7) 

 
d. 𝑓𝑓𝑚𝑚 = 2.5 L (1-v) (8) 

 
e. 𝜆𝜆 = 𝐸𝐸𝑝𝑝

 
𝐺𝐺𝑠𝑠 

(9) 
 

We will be using constants by Silva for calculation. 
 

𝑤𝑤1 (𝑧𝑧) = 𝐶𝐶3 𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼𝑧𝑧) + 𝐶𝐶4 𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼𝑧𝑧) − 𝑠𝑠𝑜𝑜 (ℎ𝑜𝑜 − 𝑧𝑧) ; 0 ≤ 𝑧𝑧 ≤ ℎ (10) 
ℎ𝑜𝑜 

𝑜𝑜 

 
𝑤𝑤2 (𝑧𝑧) = 𝐶𝐶5 𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼𝑧𝑧) + 𝐶𝐶6 𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼𝑧𝑧); ℎ𝑜𝑜 ≤ 𝑧𝑧 ≤ 𝛼𝛼 (11) 

 
𝑃𝑃1 (𝑧𝑧) = −𝐸𝐸 𝐴𝐴 (𝛼𝛼 𝐶𝐶3 𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼𝑧𝑧) + 𝛼𝛼 𝐶𝐶4 𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼𝑧𝑧) + 𝑠𝑠 ) ; 0 ≤ 𝑧𝑧 ≤ ℎ (12) 

𝑝𝑝  𝑝𝑝 ℎ𝑜𝑜 
𝑜𝑜 

 
𝑃𝑃2 (𝑧𝑧) = −𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝 (𝛼𝛼 𝐶𝐶5 𝑐𝑐𝑜𝑜𝑠𝑠ℎ (𝛼𝛼𝑧𝑧) + 𝛼𝛼 𝐶𝐶6 𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝛼𝛼𝑧𝑧) ); ℎ𝑜𝑜 ≤ 𝑧𝑧 ≤ 𝛼𝛼 (13) 

( 
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[ 𝑃𝑃𝑜𝑜𝑤𝑤(
  

3. Pile Design by Nelson’s Approach 
 

1. Relationship between overburden, swelling and inundation pressure is calculated for 

solving different parameters. 
 

𝜎𝜎′𝑐𝑐𝑣𝑣 = 𝜎𝜎′𝑠𝑠 + (𝜎𝜎′𝑐𝑐𝑠𝑠 − 𝜎𝜎′𝑠𝑠) (20) 
 

𝜎𝜎′𝑐𝑐𝑣𝑣 = overburden pressure (kPa) 

𝜆𝜆 = constant depending upon mineralogy of clay soil 

𝜎𝜎′𝑐𝑐𝑠𝑠 = swelling pressure (kPa) obtained from Consolidation swell data from site 

𝜎𝜎′𝑠𝑠 = inundation pressure (kPa) obtained from Consolidation swell data from site 

2. Determination of Heave Index, 𝐶𝐶𝐻𝐻 
 

𝐶𝐶𝐻𝐻 =  %𝑆𝑆𝐴𝐴  

𝑃𝑃𝑜𝑜𝑤𝑤𝜎𝜎′𝑐𝑐𝑣𝑣−𝑃𝑃𝑜𝑜𝑤𝑤(𝜎𝜎′𝑠𝑠)𝐴𝐴 
(21) 

 
%𝑆𝑆𝐴𝐴 = Percent Swell obtained from Consolidation swell data from site 

3. Potential heave depth, 𝑧𝑧𝑝𝑝, is calculated by equating overburden pressure to swelling 

pressure. 
 

(𝛿𝛿 ∗ 𝜔𝜔 ∗ 𝛼𝛼) + (𝛿𝛿 ∗ 𝜔𝜔 ∗ (𝑧𝑧𝑝𝑝 − 𝛼𝛼) = 𝜎𝜎′𝑐𝑐𝑣𝑣 (22) 
 

𝛿𝛿 = total density of soil from site 

𝜔𝜔 = standard water density 

4. For the heave calculation of soil, the profile is divided into several n layers of thickness, z. 
 

𝜎𝜎′𝑣𝑣𝑜𝑜 = 𝛿𝛿 ∗ 𝜔𝜔 ∗ 𝑧𝑧 (23) 
 

𝜎𝜎′𝑣𝑣𝑜𝑜 = Effective Stress at depth, z 

5. The heave, 𝜌𝜌, at every n depth, z, is calculated and summed up to predict total heave. A 

profile is prepared for a free-field profile. 
 

𝜌𝜌 = ∑𝑠𝑠  𝐶𝐶𝐻𝐻𝑧𝑧𝑠𝑠   𝜎𝜎′𝑓𝑓  (24) 
1 (1+𝐼𝐼0) 𝜎𝜎′𝑐𝑐𝑣𝑣 

 
where: 𝜌𝜌 = free-field heave 

𝐶𝐶𝐻𝐻 = heave index 

𝜎𝜎′𝑓𝑓 = final effective stress state 

𝜎𝜎′𝑐𝑐𝑣𝑣 = swelling pressure from constant volume oedometer test 

𝐼𝐼0 = initial void ratio 

𝑧𝑧𝑠𝑠 = layer thickness 

6. uplift skin friction force 
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𝐹𝐹𝑢𝑢 = 𝛼𝛼1 𝜎𝜎′𝑐𝑐𝑣𝑣 𝑧𝑧𝑝𝑝 𝜋𝜋 𝑎𝑎 (25) 
 

𝛼𝛼1 = coefficient of uplift between pier and soil; assumed between 0.1 and 0.25 (Nelson and 

Miller, 1992) 
negative (anchorage) skin friction force 

 
𝐹𝐹𝑠𝑠 = 𝛼𝛼2𝜎𝜎′ℎ (𝛼𝛼 − 𝑧𝑧𝑝𝑝) 𝜋𝜋 𝑎𝑎 (26) 

 
𝛼𝛼2 = coefficient of negative friction between pier and soil; assumed between 0.1 and 0.25 

and higher than uplift coefficient (Nelson and Miller, 1992) 

𝜎𝜎′ℎ = lateral stress acting on pier in anchorage zone 
7. Summation of both uplift and negative skin friction force with dead load for finding required 

length of pile. 

The resistance to uplift (𝑃𝑃𝑓𝑓) is offered by the adhesion resistance for the pile (𝛼𝛼 − 𝑧𝑧𝑎𝑎) and the 

allowable dead load from superstructure. Safe design requires uplift force be less than or 
equal to withholding force or Resistance (W) 

𝑃𝑃𝑓𝑓 = Resistive force on pier (kN) 

𝛼𝛼 = adhesion between clay and pier (kPa) 

𝑍𝑍 = Total Length of Pier (m) = 𝑍𝑍𝑎𝑎 + 𝑍𝑍𝑠𝑠𝑎𝑎 

 
𝑍𝑍𝑎𝑎 = Active zone depth (m) (27) 

 
𝑍𝑍𝑠𝑠𝑎𝑎 = length extending beyond active zone (m) 

 
𝑃𝑃𝑓𝑓 = (𝛼𝛼 ∗ 𝜋𝜋𝐷𝐷 ∗ 𝑍𝑍𝑠𝑠𝑎𝑎) + (Dead Load kN) (28) 

 
Equating (1) and (2), required total length of rigid pier is obtained. 

3.1. For the design of an elastic straight shaft pier 
 

 
 

Figure shows normalized straight shaft pier heave vs L/zp. (Nelsons 2007) 
 

Figure 7 shows normalized straight shaft pier heave vs 𝛼𝛼/𝑧𝑧𝑝𝑝 

 

. Getting 𝜌𝜌𝑝𝑝
 

𝜌𝜌 

 
 
and intersecting 

against Curve A can be used for deriving length required for elastic straight shaft pier. 

(Nelsons 2007) 
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3.2. For the design of the Belled pier Design, 
 

The design of the bell at the bottom provides additional resistance. 
 
 

 
 

Figure shows normalized Belled pier heave vs L/zp. (Nelsons 2007) 

Figure 8 shows normalized belled pier heave vs 𝛼𝛼/𝑧𝑧𝑝𝑝 . Getting 𝜌𝜌𝑝𝑝 and intersecting against 
𝜌𝜌 

Curve A can be used for deriving length required for belled pier. 
 

3.3. For the design of the Helical Pier Design 
 

Free field heave profile is generated for each depth increment and solved for the depth of the 

pier by checking against pier movement. The graphical profile generated for free-field heave 

is checked and the length of the pier is selected based on heave movement on the amount 

of movement to restrict. 

 
 

Figure free-field heave profile for Colorado by adding or cumulating heave at each layer 



52 

Appendix C – Design of Length of foundation pier by different bottom 
types 

1. Design of Length of pier for Colorado Site
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Appendix D – Analytical Results from – Poulo’s, and Present study 

1. Pic showing Poulos results for Colorado. 
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2. Pic showing Study results for Colorado. 
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3. Pic showing the Poulos results for Province. 
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4. Pic showing Study results for Province 
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5. Pic showing Poulos result for Nanning. 
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6. Pic showing this study result for Nanning. 
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7. Pic showing Poulos result for Andhra. 
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8. Pic showing this study result for Andhra. 
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Appendix E - Results from Silva 2022 using Excel Spreadsheet 

1. Province Result from excel spreadsheet 
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2. Colorado Result from excel spreadsheet 
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3. Nanning Result from excel spreadsheet 
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4. Andhra Result from excel spreadsheet 
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Appendix F – Numerical Results from RSPile 

1. Pic showing RS Pile result for Province. 
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2. RS Pile result for Province 
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3. RS Pile for Nanning 
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4. RS Pile for Nanning 
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5. RS Pile for Colorado 
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6. RS Pile for Colorado 
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7. RS Pile for Andhra 
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8. RS Pile for Andhra 
 




