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ABSTRACT 

Extreme hydroclimatic events like heavy rainfall, flooding, and prolonged drought 

can potentially cause the failure of infrastructure foundations, leading to socio-economic 

losses. Extreme drought events are often ended by heavy rainfall events in U.S. states like 

California, New Mexico, Nevada, and Utah, resulting in massive flood events which have 

damaged house foundations. Foundations in expansive soils are prone to damage caused 

by the shrink-swell potential of such soils when subjected to wetting and drying. Thus, it 

is important to understand and quantify the effects of extreme hydroclimatic events on the 

behavior of deep foundations supporting large infrastructures to prevent potential damage 

to infrastructure and loss of life. These extreme events are predicted to be increasingly 

common in the future. The bearing capacity of deep foundations depends on the strength 

and deformation characteristics of the surrounding soil, which vary with changes in the 

matric suction and/or degree of saturation during the occurrence of an extreme 

hydroclimatic event. The non-linear relationship between the matric suction/pore pressure 

and fundamental soil properties underlies these problems, but methods for including these 

non-linearities in pile design are currently unavailable. Significant progress has been made 

in developing methods for simulating non-linear hydromechanical effects in soil 

mechanics, but insights from these simulations have been slow to be incorporated into 

methods for designing piles. One reason for this is the lack of data describing the 

performance of deep foundations under conditions representing the range of extreme 

hydroclimatic events anticipated for the future. Another shortcoming is the lack of data 
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describing the strain, and stress change in soil, caused by initially creating the pile and then 

later as pore pressures change.  

The objective of this dissertation is to understand the deformation and bearing 

capacity behavior of drilled shafts subjected to extreme hydroclimatic events, including 

heavy rainfall, prolonged drought, and earthquake. The sub-objectives included (1) 

developing a procedure for experimental testing and calibration and numerical analysis for 

drilled shafts subjected to heavy rainfall, flooding, and drought; (2) understanding the 

impact of heavy rainfall and earthquake occurring in sequence on the deformation and 

bearing capacity of drilled shafts; and (3) simplifying the procedure for prediction of the 

structural response of drilled shafts caused by the liquefaction-induced lateral spreading. 

This study attempts to contribute to the advancement of the knowledge on this topic which 

will help in updating the existing design methodology of drilled shafts in the future to 

achieve a robust and economical design that will have broad impacts on the U.S. economy 

and quality of life. The broad approach of the investigation for sub-objective (1) is to use 

both numerical simulations and intermediate-scale laboratory experiments for drilled shafts 

under different extreme hydrological loads; for sub-objective (2) is to use numerical 

simulations for drilled shafts under extreme hydrological and earthquake loading; and for 

sub-objective (3) is to use numerical simulations of the drilled shafts under liquefaction-

induced lateral spreading caused by extreme earthquake loading. 

The deformation and bearing capacity behavior of drilled shafts in unsaturated soil 

conditions subjected to heavy rainfall followed by prolonged drought was evaluated using 

the fully-coupled Geotechnical-Hydrological finite element code PLAXIS 2D. Among the 
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many constitutive models available in the literature, a modified Mohr-Coulomb 

constitutive model, which updates the yield criterion and modulus with changes in the 

matric suction and/or degree of saturation, was used as the model parameters are easy to 

implement and are known to be robust for a variety of scenarios. A full-scale drilled shaft 

subjected to time-varying hydrological load in the sand and silty sand was evaluated 

separately. The analysis was then repeated for a proportionate small-scale drilled shaft in 

the sand and silty sand. The results show that during rainfall, the drilled shaft settled caused 

by a decrease in the porewater pressure in the sand leading to a decrease in the axial bearing 

capacity, and displaced upwards during drought, caused by an increase in the porewater 

pressure in the sand leading to increase in the axial bearing capacity. This behavior was the 

opposite in the case of silty sand. Then, for a realistic approach, an experimental setup was 

constructed and calibrated to investigate the effects of three different rainfall intensities on 

the deformation and bearing capacity behavior of the small-scale drilled shaft and to 

validate the small-scale finite element model. The materials and methods adopted for the 

construction of the experimental setup are discussed in detail. The results obtained from 

the experimental investigation were used to validate the Finite Element Model (FEM) in 

PLAXIS 2D. It was observed that the wetting front moves at the same rate in FEM as 

compared to the experiment and also reaches the drilled shaft bottom at the same time. The 

axial force variation at various time intervals for the FEM matches with the experiment 

qualitatively in various aspects.  

The impact of natural hazards on deep foundations can be critical and highly 

unpredictable when extreme hydrological and seismic events occur simultaneously or in 
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sequence. Thus, to understand the structural response of deep foundations subjected to 

hydrological loads followed by an earthquake load, a multi-hazard analysis was carried out 

in PLAXIS 2D. The individual effect of the earthquake load and the combined effect of the 

hydrological and earthquake loads on the foundation structural demands for the full-scale 

drilled shaft in the sand were analyzed. When the drilled shaft was subjected to the dynamic 

load from heavy rainfall followed by dynamic load from the earthquake, the vertical 

settlement for the drilled shaft was significantly high (7.74 mm) compared to the case 

where the drilled shaft was subjected to dynamic load from the earthquake (0.01 mm). 

Hence, the combined effect of heavy rainfall and earthquake can cause more damage to the 

deep foundations.  

Liquefaction-induced lateral spreading can cause damage to a bridge foundation 

and superstructure if not accounted for in the design stage. The available analytical 

methods to account for such effects in the design are complex and difficult to follow, as 

described in the design manuals. Hence, a case study was adopted to predict the structural 

response of drilled shaft at the end bent of a proposed bridge subjected to liquefaction-

induced lateral spreading caused by extreme earthquake events. The structural response of 

the bridge foundation before, during, and after liquefaction-induced lateral spreading was 

predicted using the analytical and finite element methods, and the results were compared, 

which showed that the during-liquefaction scenario was the worst. The accuracy of the 

analytical methods could not be assessed, and their accuracy needs to be validated by 

comparison studies between the results of analytical methods with more documented case 

histories of liquefaction-induced lateral spreading and centrifuge experiments. 
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CHAPTER 1.  INTRODUCTION 

1.1. OVERVIEW AND MOTIVATION 

Global warming has caused the atmospheric temperature to rise, potentially leading 

to heavy rainfall and flood events. Moreover, high temperatures may cause some regions 

to experience more frequent droughts. (NOAA 2022). On average, over the past 50 years, 

a disaster related to weather, climate, or water hazard has occurred every day, killed 115 

people and causing US$ 202 million in losses daily (WMO 2021). Forecasts indicate that 

such extreme hydroclimatic events will become more frequent in the future (IPCC 2013). 

Currently, the adverse effects of extreme hydroclimatic events on the geotechnical systems, 

including deep foundations in unsaturated soil conditions, are poorly understood 

(Vickneswaran and Ravichandran, 2023). For a better understanding of such effects, 

prediction by using the finite element method and its validation by conducting an 

experimental investigation would help in updating the existing design methodology of deep 

foundations to achieve a robust and economical design that will have broad impacts on the 

U.S. economy and quality of life.  

For the finite element method, many constitutive models are available in the 

literature for unsaturated soils for the finite element modeling of the deep foundations in 

unsaturated soils subjected to such extreme hydroclimatic events. Among these models, 

the Barcelona basic model (BBM) proposed by Alonso et al. (1990) is one of the 

fundamental models. Other constitutive models for unsaturated soils include an 

elastoplastic constitutive model that fully couples hydraulic hysteresis with the mechanical 
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behavior of the unsaturated soil presented by Wheeler et al. (2003). Robert (2017) proposed 

a modified Mohr-Coulomb model within a generalized effective stress framework 

considering material softening and suction hardening effects to capture the mechanical 

behavior of unsaturated soils. Ng et al. (2020) proposed a simple framework for the state-

dependent hydromechanical behavior of unsaturated soils. Their framework uses mean net 

stress, deviator stress, and suction as the constitutive stress variables. There are nine 

variables with clear physical meanings in their proposed framework. A new hydraulic 

coupling bounding surface model for unsaturated soils, considering the effects of 

microscopic pore structure and bonding effect, was proposed by Han et al. (2020). There 

are many other similar sophisticated constitutive models that are available in the literature, 

but most of the models are difficult to understand by practicing engineers and numerically 

unstable or computationally expensive when used for analyzing coupled problems. Also, 

the model parameters are difficult to determine from the data in standard subsurface 

exploration reports. In this dissertation, a Modified Mohr-Coulomb (MMC) constitutive 

model (Vickneswaran and Ravichandran 2022) is used, which modified the simple and 

widely used linear elastic-perfectly plastic MC model for unsaturated soil. The MMC 

model updates the yield criterion and modulus with the change in matric suction and/or 

degree of saturation. The MMC model parameters are easy to implement and are known to 

be robust for a variety of scenarios. The MMC model can be implemented as a user-defined 

model in the widely used industry Geotechnical-Hydrological finite element code, 

PLAXIS 2D.  



3 

 

Moreover, the adverse effects of natural hazards on deep foundations can be critical 

and highly unpredictable when extreme hydrological and seismic events occur 

simultaneously or in sequence. Most major environmental disasters result from compound 

climate extremes (Zscheischler et al. 2018). Hence, multi-hazard analysis is required to 

understand and predict the combined effect of hydrological and earthquake events on the 

behavior of deep foundations. In the case of bridge foundations, the seismic events can 

cause liquefaction-induced lateral spreading in loose soil deposits, which imposes an 

additional lateral load on the foundation, which can exceed the lateral capacity of the 

foundation and cause damage to the foundation and the bridge if not accounted in the 

design stage.  

The motivation of this study is to improve the existing design methodology of deep 

foundations supporting large infrastructures by understanding and quantifying the 

hydrological and seismic effects of extreme events, including heavy rainfall, flooding, 

prolonged drought, and earthquake, on the behavior of deep foundations, which will help 

to achieve a resilient design of deep foundations and reduce socio-economic losses. 

1.2. OBJECTIVE AND APPROACH 

To objective of this study is to advance the understanding of the effects of extreme 

hydroclimatic events and earthquakes on the deformation and bearing capacity behavior of 

deep foundations. The approach is to use a combination of laboratory experiments and 

numerical simulations to meet the project objectives. Laboratory experiments will be 

conducted by measuring the deformation of piles placed in tanks filled with sand and 
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subjected to constant axial loading and varying moistures and temperatures selected to 

represent different hydroclimatic events. For example, the tanks will be filled with water 

to raise the pore pressure and represent a flood, or to use a pressure nozzle setup over the 

ground surface to represent heavy rainfall, and then they will be drained, and their surfaces 

will be dried with heat lamps to create conditions resembling drought.  Instruments in the 

experimental tanks will measure the deformation of the piles and enveloping sand, as well 

as the degree of saturation and temperature. A finite element code that solves equations of 

fully-coupled poroelasticity and plasticity and is widely used in geotechnical engineering 

will be calibrated using data from the experiments, and constitutive and flow models will 

be refined as needed to improve the calibration. The calibrated model will then be used to 

evaluate the performance of deep foundations at full scale under conditions of wide 

variations of pore pressure expected during extreme climatic events. Accelerations 

resembling seismicity will be included in the simulations to evaluate the effects of an 

earthquake occurring after an extreme hydroclimatic event.      

1.3. DISSERTATION ORGANIZATION 

The dissertation consists of six chapters. In Chapter 1, the introduction is presented, 

which consists of the objectives, motivation, and organization of the entire dissertation. In 

Chapter 2, numerical methods were used to predict the deformation and bearing capacity 

behavior of a full-scale and a small-scale drilled shaft subjected to extreme hydroclimatic 

events, including heavy rainfall and prolonged drought. A new modified Mohr-Coulomb 

constitutive model, which updates the yield criterion and modulus with changes in the 
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matric suction and/or degree of saturation, was used in the fully-coupled Geotechnical- 

Hydrological finite element code PLAXIS 2D.  

In Chapter 3, the construction and calibration of an experimental setup to 

investigate the effects of extreme hydrological loads on the deformation and bearing 

capacity behavior of the small-scale precast drilled shaft are carried out. The materials and 

methods adopted for the construction of the experimental setup are discussed. The design 

and construction of the precast drilled shaft and soil box are discussed. The instrumentation 

and calibration of sensors and loading setups, consisting of the working, specifications, 

data acquisition, and configuration layout, are discussed in detail. In Chapter 4, the results 

of the experimental investigation and validation of the fully-coupled Geotechnical- 

Hydrological finite element model for a small-scale drilled shaft in sand subjected to 

constant mechanical load and varying hydrological loads are discussed. 

In Chapter 5, multi-hazard analysis was carried out in the coupled Geotechnical- 

Hydrological finite element code PLAXIS 2D for a full-scale drilled shaft. The foundation 

structural responses were predicted for the full-scale drilled shaft caused by the individual 

effect of earthquake load and the combined effect of hydrological and earthquake loads, 

including heavy rainfall followed by the seismic load. In Chapter 6, a case study was 

adopted to predict the structural response of a deep foundation at the end bent of a bridge 

subjected to liquefaction-induced lateral spreading caused by an extreme seismic event. 

The structural responses on the bridge foundation before, during, and after liquefaction-

induced lateral spreading were predicted using the analytical methods and finite element 

method, and the results are compared for relative accuracy. In Chapter 6, the overall 
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summary of the conclusions and the recommendations for future research studies are 

provided. 

1.4. CONTRIBUTION OF THIS DISSERTATION 

The major contributions of this dissertation are: 

1. Designing and constructing model scale experimental setup for understanding the 

behavior of deep foundations under extreme hydroclimatic events. 

2. Understanding the behavior of deep foundations under extreme hydroclimatic events 

using experimental and numerical methods.  

2.1. The axial bearing capacity of deep foundations changed with the deformation of 

the surrounding soil when subjected to extreme hydroclimatic events and depended 

on the intensity of the events and the flow and deformation properties of the soil.  

2.2. Lower-intensity rainfall caused a decrease in the axial bearing capacity of deep 

foundations due to the volumetric contraction of the surrounding soil. In 

comparison, higher-intensity rainfall caused an increase in the axial bearing 

capacity at shallow depths due to the volumetric expansion of the surrounding soil 

and an increase in axial bearing capacity at deeper depths due to the volumetric 

contraction of the surrounding soil.  

3. Understanding the behavior of deep foundations under combined rainfall and 

earthquake scenarios using numerical methods.  
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3.1. The combined effect of heavy rainfall and earthquake caused significantly high 

settlement of the drilled shaft as compared to the vertical settlement caused by the 

individual effect of heavy rainfall and earthquake.  

4. Developing/Interpreting the analytical procedure for prediction of the structural 

response of deep foundations caused by the liquefaction-induced lateral spreading by 

comparison with the finite element method.  

4.1. The finite element method provided more realistic results. 
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CHAPTER 2. NUMERICAL ANALYSIS OF DEEP FOUNDATIONS 

SUBJECTED TO EXTREME HYDROCLIMATIC EVENTS 

2.1. ABSTRACT 

In this study, the effect of extreme hydroclimatic events, including heavy rainfall 

and prolonged drought, on the behavior of drilled shafts was predicted using a numerical 

method. For numerical analysis, a new modified Mohr-Coulomb constitutive model, which 

updates the yield criterion and modulus with changes in the matric suction and/or degree 

of saturation, was used in the fully-coupled Geotechnical- Hydrological finite element code 

PLAXIS 2D. First, a full-scale model with a 0.6 m diameter and 12 m long drilled shaft 

was modeled separately in the sand and silty sand, then subjected to a constant mechanical 

load and varying extreme hydrological loads. Then, the analysis was repeated for a small-

scale model with a 76 mm diameter and 1.52 m long drilled shaft and compared with the 

results of the full-scale model. The results show that during rainfall, the drilled shaft settled 

caused by a decrease in the porewater pressure in the sand leading to a decrease in the axial 

bearing capacity, and displaced upwards during drought, caused by an increase in the 

porewater pressure in the sand leading to increase in the axial bearing capacity. This 

behavior was the opposite in the case of silty sand. The total percentage change in the total 

ultimate bearing capacity for the full-scale drilled shaft was significantly lower (0.75%) as 

compared to the small-scale drilled shaft (55.29%) in silty sand. 
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2.2. INTRODUCTION 

Deep foundations are used to support large, critical infrastructure and typically 

consist of multiple shafts, or piles, driven or cast several meters deep into the soil. These 

foundations must carry the load of all the structural elements within an acceptable factor 

of safety. The conventional design methods are based on hydrostatic soil conditions, and 

also the common perception in practice is to ignore the effects of unsaturated soil to 

consider the worst-case scenario. However, this perception can lead to inaccurate 

conclusions (Siemens 2018). The axial capacity of the deep foundation is controlled by its 

skin and end-bearing resistances, which depend on the strength and deformation 

characteristics of the surrounding soil. These soil characteristics vary with changes in 

matric suction and/or degree of saturation (DOS) of the soils. Matric suction is one of the 

stress state variables that control the strength and deformation behavior of unsaturated soil 

(Fredlund et al. 1978). It can change significantly in response to changes in saturation 

caused by extreme hydroclimatic events (Fredlund et al. 2012), decreasing during heavy 

rainfall and flooding and increasing during drought. The increase in matric suction 

increases the stiffness and strength of soils and potentially increases the coefficient of 

friction on the sides of the pile. However, a significant increase in matric suction can cause 

the surrounding soil to shrink and lose contact with the pile. Thus, prolonged drought can 

cause loss of normal stress at the soil-pile interface and result in significant loss of skin 

resistance. Hence, considering fully saturated soil conditions may not be the worst case for 

design. There is a need to consider the effects of extreme hydroclimatic events, as forecasts 

indicate that these events will become more frequent in the future (IPCC 2013). As per the 
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National Oceanic and Atmospheric Administration (NOAA), some parts of central and 

western USA are predicted to have a 50-100% chance of below-normal precipitation until 

next year. Also, the western and some parts of the eastern USA are predicted to have a 50-

100% chance of above-normal temperatures until next year. Moreover, the current drought 

outlook shows the existence of persistent drought in the Western USA (National Drought 

Mitigation Center, United States Department of Agriculture, and National Oceanic and 

Atmospheric Administration).  

More understanding and quantification of the impacts of extreme hydroclimatic 

events on deep foundations are needed where unsaturated soil mechanics principles are 

considered for updating the existing design procedures. The objective of this study is to 

understand the deformation and bearing capacity behavior of drilled shafts subjected to 

extreme hydroclimatic events, including heavy rainfall and prolonged drought, using the 

finite element method. Many constitutive models are available in the literature for 

unsaturated soils. Among these models, the Barcelona basic model (BBM) proposed by 

Alonso et al. (1987) is one of the fundamental models. Other constitutive models for 

unsaturated soils include an elastoplastic constitutive model that fully couples hydraulic 

hysteresis with the mechanical behavior of the unsaturated soil presented by Wheeler et al. 

(2003). Ng et al. (2020) proposed a simple framework for the state-dependent 

hydromechanical behavior of unsaturated soils. Their framework uses mean net stress, 

deviator stress, and suction as the constitutive stress variables. There are nine variables 

with clear physical meanings in their proposed framework. There are many other similar 

sophisticated constitutive models that are available in the literature, but most of the models 
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are difficult to understand by practicing engineers and numerically unstable or 

computationally expensive when used for analyzing coupled problems. Also, the model 

parameters are difficult to determine from the data in standard subsurface exploration 

reports. Ravichandran and Vickneswaran (2021) used a numerical method to show that 

flooding-induced settlements caused the failure of shallow foundations in unsaturated soils. 

Mahmoudabadi and Ravichandran (2021) developed a new procedure based on unsaturated 

soil mechanics principles to couple the site-specific hydrological loads, such as 

precipitation, evapotranspiration, and water table depth with conventional geotechnical 

design to quantify the impact of the site-specific extreme hydrological cycle on the 

performance of a shallow foundation.  

In this study, a Modified Mohr-Coulomb (MMC) constitutive model 

(Vickneswaran and Ravichandran 2022) was used, which modified the simple and widely 

used linear elastic-perfectly plastic MC model for unsaturated soil. The constitutive model 

parameters are easy to calculate, and this model can be used as a user-defined model in the 

widely used industry Geotechnical-Hydrological finite element code, PLAXIS 2D. The 

MMC model updates the yield criterion and modulus with the change in matric suction 

and/or degree of saturation. The MMC constitutive model was used to understand the effect 

of extreme hydroclimatic events on the strength and deformation behavior of the 

surrounding soil and predict the deformation and bearing capacity behavior of drilled 

shafts. A full-scale model with a 0.6 m diameter and 12 m long drilled shaft subjected to 

time-varying hydrological load in the sand and silty sand was evaluated separately. The 

analysis was then repeated for a proportionate small-scale model with a 76.2 mm diameter 
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and 1.83 m long drilled shaft in the sand and silty sand to facilitate validation with an 

experimental study.  

2.3. CONCEPTUAL MODEL 

A conceptual model was put together in order to have a clear understanding of the 

effect of various parameters which control the flow and deformation behavior of soil when 

subjected to extreme hydroclimatic events, including rainfall and drought. Figure 2.1 

enlists different controlling variables and how they can affect the deformation and flow in 

soil when subjected to rainfall and drought. Ravichandran et al. (2021) and Mehndiratta 

and Sawant (2019) evaluated the effect of wetting due to rainfall on the response of shallow 

foundations in unsaturated soils and concluded that the movement of the wetting front 

induces additional settlement of the foundation.  

 

Figure 2.1. Conceptual model 

Mehndiratta and Sawant (2019) also concluded that the soil and foundation 

settlement are higher when the wetting front moves down when the foundation is subjected 
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to a higher mechanical load. Bushra and Laith (2014) conducted an experiment on model 

piles in very high expansive soil subjected to wetting and drying. They observed the 

upward and downward movement of the piles caused by the upward and downward 

movement of the surrounding soil when the soil swells and shrinks due to wetting and 

drying. The conceptual model was the basis of understanding the results obtained from 

further analyses in this study. 

2.4. MATERIAL PROPERTIES 

This section enlists the soil properties, groundwater parameters, and drilled shaft 

properties used in this study.  

2.4.1. Soil properties 

The site-specific soil properties of the Houston silty sand (H-SM), TX (Aviles 

Engineering Corporation 2010) were used for numerical modeling. The Test Sand 

properties were obtained by conducting laboratory tests, including sieve analysis (ASTM 

C136-01), hydrometer analysis (ASTM D7928-17), standard proctor test (ASTM D698), 

direct shear test (ASTM D3080-04), and constant head permeability test (ASTM D2434), 

and used for numerical modeling and experimental validation. The two types of soils were 

selected to facilitate a comparison of the hydroclimatic effect on the behavior of the drilled 

shaft. The Test Sand was later used for conducting small-scale experiments, which will 

provide data for validation of the small-scale numerical model. Table 2.1 lists the soil 

properties. 
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The soil deformation properties change with the flow of water (degree of 

saturation); hence it is crucial to couple the flow with the soil deformation. The fully-

coupled flow-deformation code PLAXIS 2D was used, where the deformation and flow 

models are developed separately and then coupled to consider the effects of pore pressures 

(suction) on the deformation behavior and deformation on the pore pressure development 

and dissipation behavior. The deformation model is derived by considering the body force, 

boundary traction, Bishop’s effective stress equation for the unsaturated soil, and the stress-

strain relationship. Bishop’s effective stress equation (Bishop 1955, 1959) is given by 

Equation (2.1). 

'
a a wu (u u )              (2.1) 

where ' is the effective stress in the unsaturated soil,   is the total stress, au is the pore-

air pressure, and pore-water pressure,   is a parameter related to the degree of soil 

saturation of the soil and an implied fraction of water mineral contact area. 

The MMC constitutive model was used, which updates the yield criterion and 

Young’s modulus with a change in matric suction and/or degree of saturation 

(Vickneswaran and Ravichandran 2022). For updating the MC yield criterion with suction, 

the change in cohesion due to matric suction was considered by keeping the friction angle 

constant. The relationship of modified cohesion (cmodified) and matric suction  a wu u  

(Vickneswaran and Ravichandran 2022), as given by Equation 2.2, was incorporated in 

PLAXIS 2D. 
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where 'c  is the effective cohesion relative to zero suction, atmP  is the atmospheric pressure, 

n is the porosity, ng  is the van Genuchten SWCC model fitting parameter, and r  is the 

residual water content.  

For updating Young’s modulus with suction, the relationship between unsaturated 

modulus and matric suction (Oh et al. 2009) was incorporated in PLAXIS 2D as given by 

Equation (2.3) 

( ) ( ) 1 ( ) e
s unsat s sat e a wE E u u S            (2.3) 

where Es(sat) is the modulus of elasticity under the saturated condition at a strain level of 

1%, ( a wu u ) is the matric suction,   and e are fitting parameters, and is the degree 

of saturation. The recommended fitting parameter equals 1 and 2 for coarse- and fine-

grained soils, respectively. Also, the fitting parameter   depending upon the plasticity 

index (IP) can be computed using the following empirical equation (Equation 2.4), 

developed by Oh et al. (2009).  

21 / 0.5 0.063( ) 0.036( ) (0 (%) 16)P P PI I I          (2.4) 

Table 2.1. Properties of Test Sand and H-SM 

General properties Test Sand H-SM 

Specific gravity 2.68~ 2.68~ 

Void ratio 0.88 0.48 
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Dry unit weight (kN/m3) 13.95 17.75* 

Moisture content (%) 17.67(OMC) 26.00(NMC) 

Saturated unit weight (kN/m3) 18.57 20.94 

Saturated Young's modulus (MN/m2) 35.65 14.50*$ 

Poisson's ratio 0.30 0.30 

Effective angle of friction (°) 39.22 35.61*^ 

Effective cohesion (kPa) - 5.00 

Plasticity index (IP) - 3.00 

MMC model parameters  

e  2.00 0.987 

e  1.00 1.00 

S 25.76 37.88 

#Budhu (2000); ~ Lee & Seed (1967); *Aviles Engineering Corporation (2010); $Kulhawy & Mayne 

(1990); ^Wolff (1989); NMC: Natural Moisture Content; OMC: Optimum Moisture Content. Note - All the 

values were either calculated or assumed unless otherwise stated. 

2.4.2. Groundwater flow parameters 

To define the saturation-suction behavior of soil, there are many Soil Water 

Characteristic Curves (SWCCs) and corresponding relative hydraulic conductivity 

functions available in the literature. In this study, the Mualem-van Genuchten model 

(Mualem 1976; van Genuchten 1980) and the van Genuchten model (van Genuchten 1980) 

were used for defining the relative hydraulic conductivity functions and the SWCC, which 
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are available in PLAXIS 2D. The van Genuchten function relating the saturation to the 

matric suction is shown in Equation 2.5.    

  c
n

ggres
a

sat res

S( ) S
1 (g | |

(S S )

 
 


       2.5 

where S( ) is the degree of saturation, resS  is the residual degree of saturation, satS is the 

degree of saturation at a fully saturated state,  is the matric suction, ag is a fitting 

parameter related to the air entry value of the soil, ng is a fitting parameter related to the 

rate of water extraction from the soil once air entry value has been exceeded, and cg  is 

another fitting parameter related to ng as, c n ng (1 g ) / g  .  

The unsaturated hydraulic conductivity unsat(k ) is calculated as a product of 

saturated hydraulic conductivity sat(k )  and relative hydraulic conductivity r(k )  , as shown 

in Equation 2.6. Mualem-van Genuchten (Mualem 1976; van Genuchten 1980) proposed 

the model, as shown in Equation 2.7, for the relative hydraulic conductivity based on the 

corresponding SWCC.   

unsat r satk k k           (2.6) 
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where eS is the effective degree of saturation res
e

sat res

S S
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S S

 
  

 



19 

 

 The van Genuchten groundwater flow parameters for H-SM and Test Sand were 

obtained from Bentley (2021) (Carsel and Parrish 1988) and enlisted in Table 2.2.  The 

SWCCs for Test Sand and H-SM are shown in Figure 2.2. The saturated hydraulic 

conductivity for Test Sand was obtained from the constant head permeability laboratory 

test.  

Table 2.2. Groundwater flow parameters for H-SM and Test sand. 

Groundwater flow parameters Test Sand H-SM 

Residual water content,  r  0.045 0.065 

Saturated water content,  s  0.43 0.41 

Model fitting parameter, ag  (m-1)  14.5 7.5 

Model fitting parameter, ng  2.68 1.89 

Saturated hydraulic conductivity, satk  (m/day) 21.78 1.06 

  

Figure 2.2. SWCC for Test Sand and H-SM 
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2.4.3. Drilled shaft properties 

A full-scale drilled shaft (0.6 m diameter, 12 m long) and a small-scale drilled shaft 

(76.2 mm diameter, 1.52 m long) were used. A concrete mix design of 1:2:2.5 was used 

(ACI 543R 2012) to obtain the 28-day compressive strength of 35 MPa, Young’s modulus 

of 27.80 GPa, and Poisson’s ratio of 0.15.  

2.5. ANALYTICAL DESIGN  

Initially, the total ultimate bearing capacities of full-scale and small-scale drilled 

shafts were calculated as a sum of total skin resistance using the Beta method (Kulhawy et 

al. 1983; Kulhawy 1991) and end bearing resistance (Coyle and Castello 1981). The 

settlement corresponding to the total ultimate load was calculated using the Fellenius 

(1999) method. Then, axially loaded pile analysis was conducted in RSPILE software 

(O’Neill and Reese 1988), where the previously calculated total ultimate load was applied 

as the axial load, and the corresponding settlement was obtained. It was observed that the 

settlement of the drilled shaft obtained from axially loaded pile analysis using RSPILE 

software (O’Neill and Reese 1988) was lower compared to the settlement obtained from 

Fellenius (1999) method. Hence, for a conservative approach, the Beta method, Coyle and 

Castello's (1981) method, and Fellenius (1999) method were selected for the analytical 

design.  

The total ultimate capacities of the full-scale drilled shaft in the sand and silty sand 

were calculated as 1784 kN and 2117 kN, respectively (Kulhawy et al. 1983; Kulhawy 

1991; Coyle and Castello 1981). The total settlements of full-scale drilled shafts in sand 
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and silty sand were calculated as 60.20 and 60.90 mm, respectively (Fellenius 1999). The 

total ultimate capacities of the small-scale drilled shaft in sand and silty sand were 

calculated as 3.65 kN and 4.96 kN, respectively (Kulhawy et al. 1983; Kulhawy 1991; 

Coyle and Castello 1981; Fellenius 1999). The total settlement small-scale drilled shaft in 

sand and silty sand were calculated as 7.62 mm and 7.70 mm (Fellenius 1999). The end 

bearing resistance and total skin resistance for the full-scale and small-scale drilled shafts 

in the sand were 87.4% and 12.6%, respectively, of the total ultimate capacity. The end 

bearing resistance and total skin resistance for the full-scale and small-scale drilled shafts 

in silty sand were 88.34% and 11.65%, respectively, of the total ultimate capacity.  

2.6. DETERMINATION OF MECHANICAL AND HYDROLOGICAL LOADS 

Constant mechanical loads equal to the total ultimate capacities of the full-scale 

and small-scale drilled shafts were used for the numerical analysis. Figure 2.3 depicts the 

hydrological load-time histories used for the full-scale and small-scale numerical models. 

First, the rainfall intensities resulting from the heavy rainfall events, which occurred from 

26th August 2017 to 29th August 2017 in Houston, TX, were obtained (NCDC). The 

maximum heavy rainfall intensity of 306 mm/day, which was recorded on 26th August 

2017, was selected. Then, the rate of potential evapotranspiration (PET) was calculated 

(Hamon 1963) based on the mean temperature of 81°F which was recorded on 26th August 

2017 (NCDC), and subtracted from the selected heavy rainfall intensity, which resulted in 

heavy rainfall intensity of 265 mm/day which was used as the infiltration rate in finite 

element modeling. The drought intensity of 99 mm/day was calculated (Hamon 1963) 

based on the maximum temperature of 106°F, which was recorded on 27th August 2011 in 
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Houston, TX (NCDC). For the numerical analyses, a hydrological load comprising 12.5 

days and 10.5 days of 265 mm/day intensity heavy rainfall was applied to ensure the 

wetting front reaches the bottom of the full-scale and small-scale drilled shafts, 

respectively, followed by the application of prolonged drought of 99 mm/day intensity for 

a total duration of 5 years.  

  

Figure 2.3. Hydrological load-time history for (a) full-scale and (b) small-scale 
drilled shafts 

2.7. NUMERICAL MODELING 
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formulation for modeling the full-scale and small-scale drilled shaft in the Test Sand and 
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for the small-scale drilled shaft in silty sand. For the full-scale drilled shaft, the domain 

size was 20 m in length and 30 m in height.  

 

Figure 2.4. Simulation domain for the 2D axisymmetric model for the small-scale 
model 
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deformation variation accurately. A size and mesh sensitivity study was performed to select 

the size and mesh of the simulation domain, which does not affect the computed results. 

For the vertical boundaries of the domain, the displacement was restrained in the x- 

direction, and for the bottom horizontal boundary of the domain, displacement was 

restrained in both x and y- directions. The groundwater flow was closed for both the vertical 

boundaries and the bottom horizontal boundaries of the domain. A baseline study was 

analyzed for the full-scale model where the effect of the hydrological load on the 

poroelastic deformation of the Test Sand and H-SM were separately evaluated, followed 

by an analysis of the full-scale soil-foundation system where modification of the 

poroelastic deformation by the drilled shaft was evaluated. Finally, the small-scale soil-

foundation system was evaluated in H-SM to compare with the full-scale model.  

2.8. RESULTS AND DISCUSSION 

The following section shows the analysis results for the baseline study and the soil-

foundation study when subjected to constant mechanical and varying hydrological loads.  

2.8.1 Baseline study  

A baseline study was conducted to evaluate the effects of hydrological load on the 

poroelastic deformation of Test Sand and H-SM at different depths and middle of the 

simulation domain. The full-scale domain size was used with the hydrological load-time 

history shown in Figure 2.3 (a). The effect of the degree of saturation and porewater 

pressure on the vertical displacements of the partially saturated soils was evaluated. Figures 

2.5 and 2.6 show the vertical displacement of the Test Sand and H-SM, respectively, and 
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the corresponding degree of saturation (DOS) and porewater pressure (PWP) at different 

depths. The porewater pressure in PLAXIS 2D considers unsaturated soil conditions and 

is calculated as given by Equation (2.8) obtained from Bentley (2021). 

( )e steady excessPWP S P P         (2.8) 

where steadyP  is the steady state porewater pressure and excessP  is the excess porewater 

pressure. 

A negative value of PWP signifies suction, whereas a positive value of PWP 

signifies pressure. Also, at 100% degree of saturation, the PWP was zero. Overall, it was 

observed that vertical settlement of the soil was caused by a decrease in the PWP, and 

upward vertical soil displacement was caused by an increase in the PWP. In the case of 

Test Sand, at all depths, settlement occurs during rainfall caused by a decrease in PWP and 

upward displacement during drought caused by an increase in PWP. In the case of H-SM, 

upward displacement up to a depth of 10 m occurs during rainfall caused by an increase in 

PWP, and settlement occurs during drought caused by a decrease in PWP. Below 10 m 

depth, the deformation behavior is similar to the Test Sand. Bushra and Laith (2014) 

conducted an experiment on model piles in very high expansive soil subjected to wetting 

and drying. They observed the upward and downward movement of the piles caused by the 

upward and downward movement of the surrounding soil when the soil swells and shrinks 

due to wetting and drying.         
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Figure 2.5. Temporal variation of (a) vertical displacement and DOS, and (b) 
vertical displacement and PWP in Test Sand at different depths 
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Figure 2.6. Temporal variation of (a) vertical displacement and DOS and (b) vertical 
displacement and PWP in H-SM at different depths 
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Figure 2.7. Degree of saturation contours at various time intervals for the full-scale 
drilled shaft in silty sand subjected to hydrological loads 

The following figures show the results for the full-scale drilled shaft in the Test 
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including heavy rainfall having an inflow intensity of 265 mm/day followed by prolonged 

drought having an outflow intensity of 99 mm/day. In the Test Sand (Figure 2.8), vertical 

settlement of the soil and drilled shaft with a negligible value of around 0.1 mm was 

observed during heavy rainfall. This settlement was in the elastic range and negligible. The 

Test Sand being loose, settlement of the soil causes the drilled shaft to settle during rainfall 

which was attributed to the hydrodynamic load induced by the heavy rainfall on the ground 

and the decrease in PWP as seen in Figure 2.5 (b). Upward vertical displacement of soil 

and drilled shaft during drought was observed, which may be attributed to the rebound of 

elastic settlement as the DOS decreases and hydrodynamic loading on the ground is 

reduced and also due to an increase in PWP as seen in Figure 2.5 (b).   

DOS (%)
100

90

80

70

60

50

40

30

20

10

0

T= 10.5 days T= 20 days T= 1 year T= 4 years



29 

 

  

Figure 2.8. Temporal variation of vertical displacement of (a) soil 1 m away from 
the full-scale drilled shaft, and (b) full-scale drilled shaft in Test Sand 
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Figure 2.9. Temporal variation of vertical displacement of (a) soil 1 m away from 
the full-scale drilled shaft and (b) full-scale drilled shaft in H-SM 
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Figure 2.10. Temporal variation of (a) total skin resistance and (b) end bearing 
resistance in Test Sand for full-scale drilled shaft  

Figure 2.11 shows the temporal variation in the case of silty sand, where the 

contribution of skin resistance and end bearing to the total bearing capacity was 75.28% 

and 24.71%, respectively. The skin resistance increased by 20.68 kN up to the end of 

rainfall and then decreased by 12.74 kN up to the end of the drought. The DOS reached a 

maximum value of 81.95% at 19 days when the wetting front reached the shaft bottom. 

Similarly, the end-bearing resistance decreased up to the end of rainfall and then increased 

up to the end of drought by the same magnitude as skin resistance.  

          

Figure 2.11. Temporal variation of (a) total skin resistance and (b) end bearing 
resistance in H-SM for full-scale drilled shaft 
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of rainfall, the load was transferred back to the bottom of the drilled shaft as the shaft settled 

vertically during the drought phase. The total percentage change in the total ultimate 

bearing capacity was 0.75% in silty sand. 

2.8.3. Small-scale drilled shaft subjected to constant mechanical load and varying 

hydrological load 

The following figures show the results for the small-scale drilled shaft in the Test 

H-SM subjected to constant mechanical load and varying hydrological load, including 

heavy rainfall having an inflow intensity of 265 mm/day followed by prolonged drought 

having an outflow intensity of 99 mm/day. Figure 2.12 shows the temporal variation of the 

vertical displacement of small-scale drilled shafts in silty sand due to constant mechanical 

and varying hydrological loads. It can be seen that all the values were negligible. Vertical 

settlement of the shaft was observed until the 6th day of rainfall, where the end bearing 

resistance increased by 0.11 kN, and the maximum settlement was 0.02 mm at the shaft 

top. Then, upward shaft displacement was observed until the end of rainfall. The DOS 

reached a maximum value of 74% at 9.9 days when the wetting front reached the shaft 

bottom. The shaft bottom was displaced upward by 0.006 mm with a decrease in end 

bearing resistance by 0.04 kN at the end of rainfall. The shaft displaced upwards until 337 

days when the maximum settlement at the shaft bottom was 0.03 mm, after which the shaft 

settled by 0.03 mm at the end of the drought. 
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Figure 2.12. Temporal variation of vertical displacement in H-SM for small-scale 
drilled shaft 

It can be seen from Figure 2.13 that the contribution of skin resistance and end 

bearing to the total bearing capacity was 95.33% and 4.67%, respectively. Unlike the full-

scale drilled shaft in silty sand, the end bearing resistance increased up to the end of rainfall 

and then further increased up to the end of the drought with a total increase of 0.12 kN for 

the small-scale drilled shaft in silty sand. The total percentage change in the total ultimate 

bearing capacity for the small-scale drilled shaft was 55.29% in silty sand. 

          

Figure 2.13. Temporal variation of (a) total skin resistance and (b) end bearing 
resistance in H-SM for small-scale drilled shaft 
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drilled shaft in silty sand (0.75%). This shows that the total ultimate bearing capacity of 

the small-scale drilled shaft was more influenced by the varying hydrological load as 

compared to the full-scale drilled shaft. 

2.9. DETERMINATION OF SOIL-PILE INTERFACE PROPERTIES 

A soil-pile interface element can be modeled in PLAXIS 2D. The interface 

properties were determined for use in subsequent studies. The interface properties comprise 

stiffness properties, including elastic normal stiffness (KN) and elastic shear stiffness (KS), 

and strength properties, including interface cohesion (Cint) and interface friction angle 

(ϕint). The interface stiffness properties were calculated using Equations (2.8) and (2.9) 

(Rocscience, 2022).  

S i soilK =C E           (2.8) 

where Ci is the interface stiffness reduction factor, and Esoil is the saturated Young’s 

modulus of soil. 

N SK =10K           (2.9) 

The interface strength properties were calculated using Equations (2.10) and (2.11) 

(Bentley, 2021; Rocscience, 2021).  

int int soilC =R C          (2.10) 

where Cint is the interface cohesion, Rint = 2/3 is the interface strength reduction factor 

(smooth soil to concrete surface contact assumed), and  Csoil is the effective cohesion of 

soil. 
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-1
int soil int=tan (tan( )R )         (2.11) 

where ϕint is the interface friction angle, ϕsoil is the effective friction angle of soil. 

A calibration study was conducted for the determination of interface stiffness 

reduction factor (Ci) in PLAXIS 2D. The numerical modeling procedure, as described in 

Section 2.6, was adopted for this study. The groundwater conditions were set to global 

conditions, and the groundwater level was defined at the ground level. The interface 

elements were added along the length and the bottom of the drilled shaft, and the interface 

properties were assigned where the Ci was varied as 0.67, 0.75, and 0.95 to match the end 

bearing and skin resistance values obtained from the simulations with the values obtained 

from analytical methods. The axial force variation was obtained from the output using the 

“Structural forces” in the “volumes” tool option in the output window and multiplied by 2 

to calculate the axial forces from which the end bearing capacity and total skin resistance 

values were calculated. The analysis was repeated for drilled shaft for silty sand. Tables 

2.3 and 2.4 enlist the end bearing capacity, skin resistance, and vertical displacement values 

for different values of Ci for the full-scale drilled shaft in Test Sand and H-SM, 

respectively. 

Table 2.3. Estimation of Ci for the full-scale drilled shaft in Test Sand 

Parameter Analytical PLAXIS 2D 

Ci - 0.67 0.75 0.85 0.95 NI# 

Ultimate bearing capacity (kN) 1784 1784 1784 1784 1784 1784 

End bearing resistance (%) 87.50 85.11 85.00 85.15 85.29 22.79 
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Total skin resistance (%) 12.50 14.88 15.00 14.85 14.70 77.20 

Vertical shaft settlement (mm) 60.20 406.40 410.00 404.00 399.2 33.72 

Note: #No interface element was used. 

Table 2.4. Estimation of Ci for the full-scale drilled shaft in H-SM 

Parameter Analytical PLAXIS 2D 

Ci - 0.67 0.75 0.85 0.95 NI# 

Ultimate bearing capacity (kN) 2117 2117 2117 2117 2117 2117 

End bearing resistance (%) 88.35 44.77 83.72 83.68 83.56 21.44 

Total skin resistance (%) 11.65 55.23 16.28 16.31 16.43 78.56 

Vertical shaft settlement (mm) 60.90 851.30 850.60 843.9 840 68.88 

Note: #No interface element was used. 

It was observed that varying the interface stiffness reduction factor had a slight 

effect on the end bearing capacity, total skin resistance, and settlement values for the Test 

Sand. When the interface element was used for Test Sand, the difference in the end bearing 

capacity/total skin resistance values between the analytical method and PLAXIS 2D was 

approximately 2%. For H-SM, the difference in the end bearing capacity/total skin 

resistance values was approximately 4.5% for all Ci values except for 0.67, which had a 

difference of 43.58%. This shows that the stiffness of the interface for the full-scale drilled 

shaft in H-SM was greatly reduced for Ci of 0.67, which corresponds to the elastic shear 

modulus of 9715 kPa and as compared to the elastic modulus of H-SM is 14500 kPa. 
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Hence, the Ci value of 0.95 was selected to be most appropriate and was used for the finite 

element analysis in Chapter 4.  

2.10. CONCLUSION 

The effect of extreme hydroclimatic events on the behavior of drilled shafts in 

unsaturated soils was predicted using the fully-coupled Geotechnical-Hydrological finite 

element code, PLAXIS 2D. Following were the key observations. 

1. Overall, the effects on the deformation and bearing capacity were very 

small. The Test Sand being loose, settlement of the soil caused the full-scale 

drilled shaft to settle during rainfall was attributed to the hydrodynamic load 

induced by the heavy rainfall on the ground and decrease in PWP. Upward 

vertical displacement of the soil and full-scale drilled shaft during drought 

in the Test Sand was observed, which was attributed to the rebound of 

elastic settlement as the DOS decreased and hydrodynamic loading on the 

ground was reduced, and also PWP increases. 

2. The H-SM being relatively dense compared to Test Sand, upward vertical 

displacement of soil and drilled shaft occurred due to rainfall which was 

attributed to an increase in the soil volume as DOS increases to 82% as 

rainwater enters the soil matrix and PWP increases. Then during drought, 

settlement of the drilled shaft was attributed to a decrease in soil volume as 

the DOS dropped to a residual value from 82% and a decrease in PWP. 
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3. For the full-scale drilled shaft in the Test Sand, settlement of drilled shaft 

was observed during rainfall, which caused a decrease in skin 

resistance/increase in end bearing resistance. During drought, upward 

vertical displacement of the drilled shaft was observed, which caused an 

increase in skin resistance/decrease in end-bearing resistance.  

4. For the full-scale drilled shaft in H-SM, upward vertical displacement of the 

drilled shaft was observed during rainfall, which caused an increase in skin 

resistance/decrease in end-bearing resistance. During drought, settlement of 

drilled shaft was observed, which caused a decrease in skin 

resistance/increase in end bearing resistance.  

5. The total percentage change in the total ultimate bearing capacity for the 

full-scale drilled shaft was significantly lower (0.75%) as compared to the 

small-scale drilled shaft (55.29%) in silty sand. 

6. It should be noted that the loss of skin resistance caused by loss of normal 

stress at the soil-pile interface due to shrinkage of soil during drought is not 

captured in numerical modeling, and hence, an experimental investigation 

is crucial for observing realistic behavior. Thus, the results show the 

importance of consideration of the change in soil characteristics due to 

extreme hydroclimatic events for pile design.  
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CHAPTER 3. CONSTRUCTION AND CALIBRATION OF 

EXPERIMENTAL SETUP  

3.1. ABSTRACT 

As a realistic approach, an experimental study to investigate the effects of extreme 

hydroclimatic events on the deformation and bearing capacity behavior of a 76.2 mm 

diameter and 1.83 m long small-scale precast drilled shaft and the deformation behavior of 

the surrounding soil is carried out. The materials and methods adopted for the construction 

of the experimental setup are discussed. A 1.5 m x 1.5 m x 2.25 m wooden soil box was 

constructed to accommodate the small-scale soil-pile-loading system. The design and 

construction of the precast drilled shaft and soil box are discussed. Several types of sensors 

were used in this study, including moisture sensors, temperature sensors, and Fiber Bragg 

Grating sensors to monitor the moisture content, temperature, and strain variation in the 

precast drilled shaft, surrounding soil, and soil-pile interface. A mechanical loading setup 

was constructed for the application of mechanical load on the precast drilled shaft. A 

hydrological loading setup capable of simulating heavy rainfall, flooding, and drought was 

also constructed. The instrumentation and calibration of sensors and loading setups, 

consisting of the working, specifications, data acquisition, and configuration layout, are 

discussed in detail. A summary of the construction of the experimental setup is illustrated.  

3.2. INTRODUCTION 

The conventional methods for deep foundation design are based on hydrostatic soil 

conditions. However, there is a need to consider the effects of extreme hydroclimatic 
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events, as forecasts indicate that these events will become more frequent in the future 

(IPCC 2013). The hydrological cycle strongly depends on the temperature, and global 

warming has caused the atmospheric temperature to rise, which means that the atmosphere 

can hold larger amounts of water which can potentially lead to heavy rainfall events. 

Moreover, high temperatures may cause some regions to experience more frequent 

droughts. This causes greater evaporation which leads to less absorbent soils, which in turn 

means less water is absorbed by vegetation and thus leads to flooding during heavy rainfall 

events (NOAA 2022). Hence, increasing global temperatures can disrupt the hydrological 

cycle, causing extreme events like drought, flooding, and heavy rainfall, which may lead 

to loss of life and property damage. A disaster related to weather, climate, or water hazard 

occurred every day on average over the past 50 years, killing 115 people and causing US$ 

202 million in losses daily (WMO 2021). Severe drought conditions continue to impact the 

Western and Southern Plains states. Extreme drought events are often ended by heavy 

rainfall events in U.S. states like California, New Mexico, Nevada, and Utah, resulting in 

massive flood events. Such extreme events have led to damage to house foundations, seen 

in the form of cracks to the foundation (Scripps media 2022). Foundations in expansive 

soils are prone to damage caused by the shrink-swell potential of such soils when subjected 

to wetting and drying. Thus, it is important to understand and quantify the effects of 

extreme hydroclimatic events like heavy rainfall, flooding, and prolonged drought on the 

behavior of deep foundations supporting large infrastructures to prevent potential damage 

to infrastructure. The common perception in practice is to ignore the effects of unsaturated 

soil to consider the worst-case scenario. However, the axial capacity of the deep foundation 
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is controlled by its skin and end-bearing resistances, which depend on the strength and 

deformation characteristics of the surrounding soil. These soil characteristics vary with 

changes in matric suction and/or Degree Of Saturation (DOS) of the soils.  

An experimental investigation is required for a better understanding of the effects 

of extreme hydroclimatic events and the contribution of matric suction on the behavior of 

deep foundations. An experimental setup consisting of a 1.5 m x 1.5 m x 2.25 m wooden 

soil box was constructed to accommodate the small-scale soil-pile-loading system. The 

setup is currently under construction at the Rich lab, Clemson University, SC, USA, to 

investigate the effects of heavy rainfall, flooding, and prolonged drought on the 

deformation and bearing capacity behavior of the 76.2 mm diameter and 1.83 m long small-

scale drilled shaft and the deformation behavior of the surrounding soil. The moisture 

sensors were used to monitor the moisture content variation in the soil, and the temperature 

sensors were used to monitor the temperature variation in the soil. The Fiber Bragg Grating 

(FBG) sensors were used to monitor the vertical and radial strain variation in the soil, the 

vertical strain variation in the precast drilled shaft, and the vertical and radial variation in 

the soil-pile interface. The measured vertical strain in the precast drilled shaft will be used 

to determine the axial force variation, which will provide insight into changes in skin 

resistance and end bearing resistance of the precast drilled shaft due to hydrological load. 

The vertical and radial strain measurements in the soil-pile interface will provide insight 

into changes in skin resistance and slip and gap formation at the interface due to 

hydrological load. A mechanical loading setup was constructed for the application of 

mechanical load. The hydrological loading setup capable of simulating heavy rainfall, 
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flooding, and drought was also constructed. The instrumentation and calibration of sensors 

and loading setups, consisting of the working, specifications, data acquisition, and 

configuration layout, are discussed in detail. A summary of the construction of the 

experimental setup is provided at the end. The finite element results for the small-scale 

model were validated in Chapter 4. 

3.3. EXPERIMENTAL INVESTIGATION 

An experimental setup consisting of the small-scale soil-pile-loading system is 

currently under construction at the Rich lab, Clemson University, SC, USA. The following 

sections describe the construction of the small-scale drilled shaft and soil box and the 

instrumentation and calibration of various sensors and loading setups used for this study.  

3.3.1. Construction of small-scale precast drilled shaft  

A 76.2 mm diameter and 1.83 m long precast drilled shaft having a single US#3 

rebar at the center was constructed using a wooden holder frame. The following 

construction procedure was adopted for the small-scale precast drilled shaft: (1) A 76.2 

mm (3”) inner diameter and 2.0 m long PVC Schedule 40 pipe was cut longitudinally to 

produce two halves and was used as the mold; (2) A wooden holder frame was designed 

and constructed as shown in Figures 3.1 (a) and (b) to hold the mold in place during 

concrete pouring. A 10 mm deep cavity was drilled at the center of the base of the holder 

frame, and a wooden cap with a cavity, as shown in Figure 3.1 (b), was used to facilitate 

keeping the US#3 rebar in place during concrete pouring. Two 76.2 mm inner diameter 

flexible rubber couplings were fastened at the top and bottom of the mold to avoid any 
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water leakage when concrete is poured into the mold; (3) A concrete mix design of 1:2:2.5 

was prepared (ACI 543R 2012) with a 28-day compressive strength of 35 MPa; (4) The 

mold and the rebar were fixed to the holder frame, and the assembly was tilted at 45 degrees 

with the ground level to avoid any segregation of concrete during pouring. The prepared 

concrete was poured in three lifts, and each lift was tamped with a steel tamping rod for 

the expulsion of any possible entrapped air; (5) The wooden cap was fixed at the top of the 

US#3 rebar, and the precast drilled shaft was allowed to harden for 24 hours, after which 

the drilled shaft was allowed to cure for 28 days in a curing tank. Figure 3.1 (c) shows the 

final precast drilled shaft after taking it out from the mold.  
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Figure 3.1. Small-scale precast drilled shaft (a) holder frame design, (b) constructed 
holder frame, and (c) final precast drilled shaft 

3.3.2. Construction of soil box 

A 1.5 m x 1.5 m x 2.25 m wooden box was constructed to accommodate the small-

scale soil pile-loading system. The following construction procedure was adopted: (1) First, 

the bottom of the soil box was constructed, which consisted of a PVC pipe drainage system 

supported by two 2x4s. A 0.13 m thick layer of fine sand was filled to protect the drainage 

system (Figure 3.2 (a)). The drainage system consisted of four drainage holes as shown in 

Figure 3.2 (b); (2) The plywood sidings reinforced by 2 x 4s and 4 x 4s were used to 

construct the soil box; (3) A waterproof exterior stain for wood was applied on the interior 

of the soil box. A roofing membrane was also attached and sealed using waterproofing 

sealant on the inside of the soil box; (4) A 0.12 m of gravel layer using #57 aggregate and 

covered with a geomembrane to prevent the sand from entering the drainage system; (5) 

The Test Sand was filled and compacted in uniformly distributed 2-inch lifts to achieve 

maximum compaction. This was done by saturating the Test Sand before each lift and 

manually compacting it with a wooden handheld compactor (Figure 3.2 (c)); (6) The Test 

Sand was compacted up to 0.25 m from the top of the gravel layer to form a base layer, and 

the precast drilled shaft was installed and hooked at the center of the box; (7) Then, sensors 

were installed in the Test Sand at the designed configurations with simultaneous 
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compaction of Test Sand up to the top of the precast drilled shaft leaving 0.3 m between 

the top of the compacted Test Sand and the top edge of the soil box to allow for flooding.  

 

 

Figure 3.2. (a) Soil box drawing, (b) Constructed soil box, and (c) precast drilled 
shaft installed on the base layer 
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3.3.3. Instrumentation and calibration of sensors 

Various types of sensors, including moisture sensors, temperature sensors, and 

Fiber Bragg Grating (FBG) sensors, were used to monitor the moisture content, 

temperature, and strains, respectively, in the soil and precast drilled shaft. The following 

sections describe the working, specifications, data acquisition, and design layout for all the 

sensors used in this study. 

3.3.3.1.  Measurement of soil moisture content by Meter Group’s EC-5 sensors 

and Data Acquisition (DAQ) system 

3.3.3.1.1.  Specifications, working and data acquisition 

The EC-5 moisture sensors measure the soil volumetric moisture content with a 

resolution of 0.0007 m³/m³, an accuracy of ±0.031 m³/m³, and a range of -0.401 to 2.574 

m³/m³ (Decagon Devices, 2001-2010). The EC-5 moisture sensor dimensions are 8.9 cm 

X 1.8 cm X 0.7 cm. Figure 3.3 depicts the EC-5 sensor. The Em5b data logger with five 

input channels was used for the data acquisition from the EC-5 moisture sensor, as shown 

in Figure 3.3 (b). The ECH20 utility software for setting up and downloading data (Decagon 

Devices, 2001-2010). The downloaded data is available as an excel file (.csv) which was 

used to perform necessary calculations.  
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Figure 3.3 (a) EC-5 soil moisture sensor and (b) Em5b data logger 

.3.3.1.2.  Design of sensor configuration 

The EC-5 moisture sensors were densely and equally spaced up the depth of 0.35m 

from the top of the Test Sand (ground level) and sparsely spaced below 0.35 m depth up to 

the bottom of the precast drilled shaft. Figure 3.4 shows the EC-5 moisture sensor 

configuration layout. 
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Figure 3.4 Design of EC-5 moisture sensor configuration layout 

3.3.3.2.  Measurement of soil temperature by Meter Group’s RT-1 soil 

temperature sensors and Data Acquisition (DAQ) system 

3.3.3.2.1.  Specifications, working and data acquisition 

The RT-1 temperature sensors measure the soil temperature with a resolution of 

0.1℃, accuracy of ±0.5℃, and temperature range of -40 to 80℃ (Meter Group 2022). The 

RT-1 temperature sensor dimensions are 2 cm x 0.075 cm. Figure 3.5 depicts the RT-1 

temperature sensor. The Em5b data logger with five input channels was used for the data 

acquisition from the EC-5 moisture sensor. The ECH20 utility software for setting up and 
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downloading data (Decagon Devices, 2001-2010). The downloaded data is available as an 

excel file (.csv) which was used to perform necessary calculations.  

 

Figure 3.5 RT-1 temperature sensor  

3.3.3.2.2.  Design of sensor configuration  

Figure 3.6 shows the RT-1 temperature sensor configuration layout of the moisture 

sensors.  

 

Figure 3.6 Design of RT-1 temperature sensor configuration layout  
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The RT-1 temperature sensors were densely and equally spaced up the depth of 

0.35m from the top of the Test Sand (ground level) and sparsely spaced below 0.35 m depth 

up to the bottom of the precast drilled shaft. 

3.3.3.3.  Measurement of strain by Femto Gratings’ Fiber Bragg Grating 

(FBG) sensor fibers 

3.3.3.3.1.  Specifications, working and data acquisition 

Fiber Bragg Grating sensors are composed of a fiber optic strand with a Distributed 

Bragg Reflector (DBR), a type of multi-layer material that can reflect wavelengths of a 

spectrum. The placement and design of each DBR are calibrated such that they will reflect 

a certain wavelength back in a certain time (Fempto Fibertec 2022). The Bragg condition 

is given by the coupled mode theory given by Equation (3.1), 

B eff2             (3.1) 

where B  is the Bragg wavelength,  is the grating period that forms the distance 

between two adjacent grating planes, and eff  is the effective core refractive index. 

Figure 3.7 shows the working of an FBG. The first graph is the complete input 

spectrum, the second graph is the continuation of the spectrum after passing through one 

DBR, and the final graph is the Bragg wavelength that is reflected (Ferraro et al. 2002). 

The external parameters like temperature and change in physical properties of the material 

cause the change in the grating period and/or effective refractive index of the DBR, which 
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causes a shift in the wavelength of the reflected spectrum either to the left or right of the 

central wavelength or Bragg wavelength.  

 

Figure 3.7 Depiction of reflected and transmitted spectrum of FBG for a 
broadband light source. 

 
 

The shift of Bragg wavelength,
B  due to the applied strain and temperature can 

be evaluated by differentiating Equation (3.1) and simplifying in the common form given 

by Equation (3.2) (Campanella et al. 2018; Hill & Meltz 1997; Kreuzer 1970), 

0

(1 )*( * ) *B
m spp T T

   



     
      (3.2) 

where 0.22p  (Germanium doped core) is the photo-elastic coefficient (Kreuzer), 

(1 )p k   is called the gage factor, which is defined as the relative shift of Bragg 

wavelength per longitudinal strain, 
0 is the base wavelength at the start of the test, T is 
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the temperature change in deg. K, sp is the expansion coefficient per K of the specimen ( 

11 to 13E-6/K for steel, 22 to 23E-6/K for aluminum),   is the change in refraction index 

(5 to 8E-6/K), 
m is the mechanically caused strain, *T sp T   is the temperature caused 

strain, and * T   describes the change in glass refraction index caused only by 

temperature.  

The FBG fiber used for this study comprised a standard single mode (Germanium 

doped for higher refraction index) fiber with a 9-micron inner core and outer part of the 

pure glass (micro cladding) of 125 microns. The glass fiber is coated with a 250-micron 

acrylate coating. The wavelength accuracy of the sensors is 0.2 nm, and grating spacing is 

6 nm at a central wavelength of 1550 nm (Fempto Fibertec 2022). The FBG fiber is wired 

into the SM125-500 interrogator. The SM125-500 specializes in reading wavelength data. 

To utilize the SM125-500 interrogator, a computer with MOE ENLIGHT, Micron Optics’ 

data interpretation software was used. The wavelength accuracy for this interrogator is 1 

pm, and the strain accuracy is one microstrain (Micronoptics 2022). 

 

Figure 3.8 SM125-500 interrogator for FBG sensor  
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3.3.3.3.2.  Design of sensor configuration 

The FBG sensor fiber configurations were designed based on the displacement and 

strain variation in the small-scale drilled shaft, soil-pile interface, and surrounding soil 

obtained from finite element codes PLAXIS 2D and ABAQUS 3D. In PLAXIS 2D, a 2D 

finite element model with axisymmetric formulation using 15-noded triangular elements 

was created. In ABAQUS 3D, a 3D finite element model with a 2 m diameter and 3 m 

height using 4-noded quadrilateral elements was created. For both PLAXIS 2D and 

ABAQUS 3D models, the 76.2 mm diameter and 1.52 m long drilled shaft and the 

deadweight equal to the total ultimate capacity of the drilled shaft representing the 

mechanical load were modeled using a non-porous linear elastic material. The Test Sand 

was modeled as a linear elastic material. The finite element mesh was refined around the 

drilled shaft and ground surface to capture the stress and deformation variation accurately. 

A size and mesh sensitivity study was performed to select the size and mesh of the 

simulation domain, which does not affect the computed results. For the vertical boundaries 

of the domain, the displacement was restrained in the x-direction, and for the bottom 

horizontal boundary of the domain, displacement was restrained in both x- and y- 

directions. The groundwater flow was closed for both the vertical boundaries and the 

bottom horizontal boundaries of the domain. Figures 3.9 (a) and (b) show the deformed 

shape of the simulation domain for PLAXIS 2D and ABAQUS 3D. The sign convention 

for tensile strain is negative, and for compressive strain is positive. 
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Figure 3.9 (a). Deformed shape of simulation domain (Scale- 5 times) in PLAXIS 2D 

 

Figure 3.9 (b). Deformed shape of simulation domain with vertical displacement 
contours (Scale- 5 times) in ABAQUS 3D 
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Figures 3.10 (a) and (b) show the vertical displacement and strain profiles, 

respectively, at the center of the drilled shaft obtained from PLAXIS 2D and ABAQUS 

3D. The vertical displacement at the top and bottom of the shaft was 24.16 mm and  19.68 

mm, respectively, in PLAXIS 2D. The vertical displacement at the top and bottom of the 

shaft was 24 mm and 19.46 mm, respectively, in ABAQUS 3D. Compressive vertical 

strains were observed in the shaft. The value of vertical strain decreased from 5284 με at 

the top to 250.8 με at the shaft bottom in PLAXIS 2D. The value of vertical strain decreased 

from 4777 με at the top of the shaft to 438 με at the bottom of the shaft in ABAQUS 3D. 

   

Figure 3.10. Vertical (a) displacement and (b) strain profiles at drilled shaft center 

Figures 3.11 (a) and (b) show the vertical displacement and strain profiles, 

respectively, at the soil-pile interface obtained from PLAXIS 2D and ABAQUS 3D. The 

vertical displacement at the top and bottom of the shaft was 23.61 mm and 18.31 mm, 

respectively, in PLAXIS 2D. The vertical displacement at the top and bottom of the shaft 
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was 23.54 mm and 18.68 mm, respectively, in ABAQUS 3D. Compressive strains were 

observed at the interface. At a depth of 20 mm from ground level, 5143 με was observed 

in PLAXIS 2D. At 20 mm above the drilled shaft bottom, a strain equal to 1602 με was 

seen in PLAXIS 2D. In ABAQUS 3D, 5125 με was observed 20 mm below ground level, 

and 3683 με was observed at 20 mm above the bottom of the drilled shaft. 

   

Figure 3.11. Vertical (a) displacement and (b) strain profiles at the soil-pile interface 

Figures 3.12 (a) and (b) show the vertical displacement and strain profiles, 

respectively, in the soil at 70 mm from the wall of drilled shaft obtained from PLAXIS 2D 

and ABAQUS 3D. The vertical displacement at the top and bottom of the shaft was 19.37 

mm and 13.5 mm, respectively, in PLAXIS 2D. The vertical displacement at the top and 

bottom of the shaft was 19.54 mm and 13.53 mm, respectively, in ABAQUS 3D. Tensile 

vertical strains are observed at ground level, while compressive vertical strains are 

observed at the level of the shaft bottom. The tensile strain at the top was 25275 με, and 
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the compressive strain at the bottom was 35961 με in PLAXIS 2D. The tensile strain at the 

top was 18273 με, and the compressive strain at the bottom was 27492 με in ABAQUS 3D. 

  

Figure 3.12. Vertical (a) displacement and (b) strain profiles in soil at 70 mm away 
from the drilled shaft center 

Figures 3.13 (a) and (b) shows the vertical displacement and strain profiles, 

respectively, in the soil at 500 mm from the center of the shaft. The vertical displacement 

at the top and bottom of the shaft was 6.95 mm and 4.38 mm, respectively, in PLAXIS 2D. 

The vertical displacement at the top and bottom of the shaft was 6.81 mm and 4.27 mm, 

respectively, in ABAQUS 3D. The vertical tensile strain at the top was 1537 με, and the 

vertical compressive strain at the bottommost point was 3729 με in PLAXIS 2D. The 

vertical tensile strain at the top was 1404 με, and the vertical compressive strain at the 

bottommost point was 3565 με in ABAQUS 3D. 
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Figure 3.13. Vertical (a) displacement and (b) strain profiles in the soil at 500 mm 
away from the drilled shaft center 

Figure 3.14 shows the radial strain variation at various depths from ground level in 

the soil away from the drilled shaft wall.  

 

Figure 3.14. Radial strain variation at various depths from ground level in the soil 
away from drilled shaft  

1.6

1.2

0.8

0.4

0

D
ep

th
 (

m
)

4 5 6 7 8
Vertical displacement (mm)

PLAXIS 2D

ABAQUS 3D

(a)

1.6

1.2

0.8

0.4

0

D
ep

th
 (

m
)

-2000 0 2000 4000
Strain (

PLAXIS 2D

ABAQUS 3D

(b)

-8000

-4000

0

4000

St
ra

in
 (



0 0.1 0.2 0.3 0.4
Distance from drilled shaft wall (m)

Depth (m)
0.0 m

0.15 m

0.30 m

0.45 m

0.61 m

0.76 m

0.91 m

1.06 m

1.52 m



63 

 

It can be seen that negative radial strains occur at depths below 0.45 m, and positive 

radial strains occur above 0.45 m. Also, the majority of the variation in radial strain is 

observed approximately 0.1 m away from drilled shaft wall, after which the values 

converge toward zero. The radial strains at 0 m and 1.52 m, being exceptionally high, were 

ignored for this study.  

Figure 3.15 shows the vertical and radial configuration layout for the FBG fibers 

on US#3 rebar in the precast drilled shaft (Fiber#1), at the soil-pile interface (Fiber #2), 

and in Test Sand (Fiber#3 and Fiber#4). Fiber#1 has 150 mm for FBG sensors to capture 

the vertical strain in the drilled shaft.  

 

Figure 3.15 Design of vertical and radial FBG fiber configuration layout  
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Fiber#2 has 150 mm spacing for FBG sensors, with topmost and bottommost FBG 

sensors at 20 mm offset from ground level and bottom of the precast drilled shaft, 

respectively, to capture the vertical strains at the soil-pile interface. The vertical strain 

variation will be used to determine the vertical force variation, which will provide insight 

into the skin resistance variation and slip formation in the soil-pile interface. The 20 mm 

offset from the bottom of the precast drilled shaft was designed because the bottom corner 

of the drilled shaft induces very high compressive strains (Figure 3.11 (b)), which might 

damage the FBG sensor. The 20 mm offset from ground level to avoid potential damages 

to the FBG sensor caused by disturbance from activities on the ground. Also, an additional 

FBG sensor is designed to capture strains in the soil at the bottom of the drilled shaft.  

Fiber#3  was designed to capture the maximum strains in the influence zone around the 

drilled shaft. Fiber#3 has 150 mm of FBG sensor spacing and is designed at approximately 

0.3D (D is the diameter of the drilled shaft), which lies at approximately half the radial 

distance of the influence zone around the drilled shaft where maximum strains are expected 

to occur. This decision was based on the observation made in Figure 3.12 (c), which shows 

that the maximum strains occur within the range of 70 mm from the drilled shaft center or 

32 mm from drilled shaft wall. Similar to Fiber#2, 20 mm offsets from ground level and 

the bottom of the precast drilled shaft were designed for Fiber#3. Fiber#4 was designed to 

capture the high radial strains in the soil near the top and bottom of the drilled shaft (Figure 

3.14) in the influence zone (0.3D) and the radial strain at the soil-pile interface, which will 

be used to determine radial forces at the soil-pile interface. The radial force variation at the 
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interface will provide insight into the skin resistance variation and gap formation in the 

soil-pile interface.  

3.3.3.3.3. Construction and calibration of FBG fiber (Fiber#3 and Fiber#4) to determine 

vertical and radial displacements in soil and radial force variation in soil-pile interface  

A fiber with a single FBG sensor was constructed as a trial for Fiber#3 and Fiber#4, 

as shown in (Figure 3.16). To install the FBG fiber in the soil, protection was necessary, 

and the following procedure was adopted: (1) A ribbon of bias-ply fabric, made in a way 

that will prevent significant lateral stretching, was used to hold our FBG fiber in place. The 

bias-ply was rolled out into a wooden plank with a cavity, which was supported by a 

wooden stand, and FBG fiber was laid on the bias-ply fabric; (2) A urethane rubber mold 

compound was used to protect the FBG fiber on the bias-ply fabric. The urethane was 

prepared by mixing two compounds (A & B) in a ratio of 2:1; (3) A silicone stick was used 

to mix the urethane compounds to avoid moisture entering the compound. The prepared 

urethane compound has a setting time of 20 minutes; (4) A vacuum pump and air 

entrainment meter were used to remove the air bubbles from the urethane; (5) Then, a thin 

layer of urethane was laid on the corner of the cavity on the bias-ply ribbon to protect the 

FBG fiber; (6) After a curing time of 24 hours, another layer of urethane was applied to fill 

the entire cavity, and sand was poured; (7) The FBG was tested for any possible damages 

that may have occurred during construction by connecting a laser to the FBG fiber 

connector. Then, the urethane was allowed for complete curing for 48 hours; (8) The result 

was a strong strand of flexible fabric that would protect the FBG from damage; (9) D-rings 

were attached to both ends of the ribbon for pilot testing purposes.  
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Figure 3.16. Procedure for installing FBG fiber on the bias-ply ribbon 

It is crucial to have the interface friction angle between the Fiber#3 and the Test 

Sand equal to the friction angle of the Test Sand to simulate actual conditions. To calibrate 

Fiber#3 for this condition, direct shear tests were conducted on the Test Sand, ribbon 

without glued Test Sand (Figure 3.17 (a)), and ribbon with glued Test Sand (Figure 3.17 

(b)). The direct shear tests were conducted for 24 kPa and 96 kPa vertical pressures 

considering approximate overburden pressures that would occur at the drilled shaft bottom. 

The following procedure was adopted for the sample preparation for direct shear tests: (1) 

Wooden cylinders of diameter 63.5 mm (2.5”) and thickness 12.7 mm (0.5”) were cut; (2) 

The bias-ply ribbons glued with sand and without sand were cut to the required dimensions 

and glued to the top of the wooden cylinders using epoxy; (3) The thickness of the cylinder 

was reduced by using sandpaper to make sure the that the top of the ribbon (Figure 3.17 

(a)) and top of the sand on the ribbon (Figure 3.17 (b)) was flush with the top edge of the 

bottom half of shear box; (4) The top half of the shear box was assembled, and sand was 
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filled up to (25.4 mm (1”); (5) A porous stone was placed on the top, and then the top 

pedestal for vertical loading was placed. 

 

Figure 3.17 (a). Ribbon without glued sand in Direct Shear Test setup 

 

Figure 3.17 (b). Ribbon with glued sand in Direct Shear Test setup 
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Figures 3.18 (a) and (b) show the stress-strain plots for 24 kPa and 96 kPa constant 

vertical pressures. It can be seen from Figure 3.19 (a) that the maximum value of peak 

shear stress for 24 kPa vertical pressure is for sand (2.9 MPa), followed by a ribbon with 

sand (3.0 MPa) and then a ribbon without sand (2.5 MPa). From Figure 3.18 (b), it can be 

seen that for the 96 kPa vertical loading, the maximum peak shear stress equal to 11.59 

MPa was observed for sand, followed by the ribbon with sand with a slightly lower value 

of 11.56 MPa. On the other hand, the peak shear stress value for ribbon without sand was 

considerably lower equal to 9.09 MPa.  

   

Figure 3.18. Stress-strain variation for (a) 24 kPa and (b) 96 kPa vertical pressure 

Table 3.1 shows the friction angle value for sand and interface friction angles for 

ribbon with sand and ribbon without sand. It can be seen that the ribbon without sand has 

the lowest value (32 degrees), and the ribbon with sand value (38 degrees) is slightly lower 

than the friction angle of sand (39 degrees). 
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Table 3.1. Summary of friction angles determined from direct shear tests 

Direct Shear Test Friction angle (degree) 

Sand 39 

Ribbon with sand 38 

Ribbon without sand 32 

The interface friction angle between Sand and Ribbon sand was very close to the 

friction angle of sand. On the other hand, the interface friction angle for Sand and the 

Ribbon without sand was considerably lower than the friction angle of sand. Hence, using 

ribbon glued with sand proved to be effective. 

3.3.3.3.4. Construction of FBG fiber (Fiber#1) to determine axial force variation in the 

drilled shaft 

Fiber#1 is designed to be installed on the US#3 rebar to measure the vertical strain 

variation, which will be used to calculate axial force variation in the precast drilled shaft. 

The axial force variation will provide the skin resistance and end-bearing capacity of the 

precast drilled shaft. A fiber with a single FBG sensor was constructed as a trial for Fiber#1. 

To install a single FBG fiber in rebar, the following procedure was adopted: (1) A Dremel 

tool was used to cut a 1.51x 1.51 mm slit for the FBG fiber and 2.0 x 2.0 mm for the splice 

between the fiber and the wire connecting the interrogator (Figure 3.19 (a)); (2) In this slit, 

a layer of JB Weld epoxy was inserted to prepare an even bed of epoxy to install the FBG 
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fiber, filling the slit approximately half the depth of cut; (3) A popsicle stick was then used 

to smooth out the epoxy, to make sure the corners and crevasses were filled, and the top 

surface was leveled. The FBG fiber, along with the splice, was then laid on this epoxy bed; 

(4) Using tweezers, the FBG was repositioned, making sure that no part of it was outside 

the slit. The splice was also positioned such that it was about 5 mm offset from the cut for 

the FBG fiber to create a gap for epoxy; (5) Then, a new layer of the epoxy was placed on 

top, sealing the FBG inside the rebar; (6) The splice was clamped to the rebar with a 

silicone tape in between to ensure a strong bond (Figure 3.19 (b)); (7) To prevent the fiber 

optic cable from breaking due to sharp movements, a conical urethane resin membrane was 

cast around the end of the rebar near the splice (Figure 3.19 (c)). 

 

Figure 3.19. Procedure for installing FBG fiber in rebar (a) 1.5x 1.5mm slit on 
rebar, (b) laying and clamping of fiber on rebar, and (c) conical urethane caste on 

the splice for protection 
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3.3.3.5.5. Construction of FBG fiber (Fiber#2) to determine vertical force variation in the 

soil-pile interface 

Fiber#2 is designed to be installed longitudinally on the concrete surface of the 

precast drilled shaft to capture the vertical strains at the soil-pile interface. The vertical 

strain variation will be used to determine the vertical force variation, which will provide 

insight into the skin resistance variation and slip formation in the soil-pile interface. A fiber 

with three FBG sensors was constructed as a trial for Fiber#2, as shown in Figure 3.20. To 

install the FBG fiber on the concrete surface comprising three FBG sensors, the following 

procedure was adopted: (1) A Dremel tool was used to cut a 1.51x 1.51 mm slit on the 

concrete surface longitudinally to accommodate the FBG fiber.  A nylon tube (NewAge 

Industries 2022) was used to support the FBG fiber at the top of the pile, which connects 

to the fiber splice and then connects to the interrogator; (2) The FBG fiber was pushed 

through the nylon tube and fiber splice; (3) A small silicone cylinder with a slit 

accommodated the FBG fiber inside the fiber splice; (4) The nylon tube along with another 

silicone tube to provide additional stiffness to the FBG fiber were clamped at the top of the 

pile with O-rings; (5) The JB construction adhesive was used to glue the end of the nylon 

tube to the concrete surface. The FBG fiber was laid in the slit present on the concrete 

surface, and the JB weld epoxy was used to embed the fiber in the slit with the help of a 

silicone tip tool and a sculpting tool. This epoxy has a 2-hour working time; (6) The precast 

drilled shaft was ready to install in the soil box after 24-hour curing.  
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Figure 3.20. Procedure for installing FBG fiber on concrete surface 

3.3.4. Instrumentation and calibration of mechanical loading setup  

The main components of the mechanical loading setup consisted of the Linear 

Variable Differential Transformer (LVDT), load cell, reaction beam, and hydraulic jack. 

The following sections describe the working, specifications, and data acquisition of the 

sensors and design configuration layout and construction of the mechanical loading setup 

used in this study. 

3.3.4.1.  Measurement of the drilled shaft and ground displacement by Omega 

LVDT and Data Acquisition (DAQ) system 

The temporal vertical displacement of the precast drilled shaft and ground will be 

measured by the LVDT and DAQ system. The LVDT models LDI-619-050-A010S and 

LD620-50 and the DAQ model OM-DAQXL (Omega 2022) will be used. The resolution 
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of the LVDTs is 12.5 μm with a range of 0 to 50 mm for the LDI-619-050-A010S and -50 

to 50 mm for the LD620-50 (Range- -50 to 50 mm). The  LDI-619-050-A010S will be 

mounted on the mechanical load setup to measure the vertical displacement of the precast 

drilled shaft. The LD620-50 will be used to measure ground displacements. The OM-

DAQXL has a capacity of 8 input channels with a maximum sampling and logging rate of 

125 samples /second and available external excitation of 10 VDC (an additional 24VDC 

can be provided). The logged data is available in excel format (.csv) and can be used for 

calculations. The LVDTs were pre-calibrated (Omega 2022).  Figures 3.21 (a) and (b) show 

the LDI-619-050-A010S and LD620-50 models, respectively. 

 

Figure 3.21. (a) LDI-619-050-A010S and (b) LD620-50 LVDT models 
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3.3.4.2.  Measurement of load on the drilled shaft by Omega load cell and Data 

Acquisition (DAQ) system 

The temporal load variation on the drilled shaft will be monitored by the load cell 

model LC402-25K and DAQ model OM-DAQXL (Omega 2022). The LC402-25K has a 

capacity of 111.21 kN (25000 lbs), resolution of (0.11 kN) 25 lbs, excitation voltage of 10 

VDC, sensitivity of 29.972 mVDC, and resistance of 59 k ohm. The logged data is available 

in excel format (.csv) and can be used for calculations. The load cell was pre-calibrated 

(Omega 2022).  Figure 3.22 shows the LC402-25K model.  

 

Figure 3.22. LC402-25K load cell model 

3.3.5. Design of configuration layout and construction of mechanical loading setup  

Linear Variable Differential Transformer (LVDT) was used to monitor the ground 

displacement and precast drilled shaft displacement, and the load cell was used to measure 

the applied mechanical load. The loading will be applied by using a hydraulic jack and 

reaction beam system, as shown in Figure 3.23 (a) and (b). A constant mechanical load of 

4.5 kN will be applied over the entire time duration of each experiment. 
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Figure 3.23. (a) Design and (b) procedure for mechanical loading setup construction 

3.3.6. Instrumentation and calibration of hydrological loading setup  

The hydrological loading setup consisted of a spray nozzle system to simulate 

heavy rainfall and flooding and a pair of heaters to simulate drought conditions. The 

following sections describe the specifications and construction for the hydrological setup 

used in this study. 
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3.3.5.2. Heavy rainfall/ flooding setup 

The heavy rainfall/ flooding will be simulated by using a spray nozzle system that will 

provide a uniform, vertical, constant intensity, and square area of coverage rainfall. The 

chosen nozzle type are four Spraying Systems Co. brass 3.6SQ nozzles and one cone nozzle 

(5Cone) (Spraying Systems Co. 2022). A wooden frame with four 1/8G-3.6SQ nozzles in 

a square pattern and one 5cone nozzle at the center were constructed for coverage of the 

entire ground surface. The wooden frame provided stability with height adjustability. The 

rainfall intensity was adjusted by a pressure gauge (100 psi capacity). A Proof of Concept 

(POC) study was conducted to design and optimize the rainfall setup configuration for the 

simulation of heavy rainfall and flood. The horizontal and diagonal spray variation of the 

square nozzle (3.6SQ) and the cone nozzle (5Cone) (Spraying Systems Co. 2023) and the 

most optimum configuration of nozzles which will provide the maximum coverage area, 

was determined. The height of the nozzles from ground level was determined based on the 

spray area and spray angle (Spraying Systems Co., 2023). Two tests were conducted to 

determine the configurations. The following procedure was adopted for the POC study for 

the two tests: (1) The nozzle was connected to a T-joint which was connected to a 100 psi 

pressure gauge, and a 2-inch OD CPVC pipe which was connected to the water hose. This 

setup was mounted on a metal post at the height corresponding to the selected nozzle. The 

square nozzle was adjusted such that the groove on the nozzle aligns as a cross in the square 

test area; (3) Water cups were arranged to collect water as shown in Figure 3.24 (a); (4) 

The POC test was conducted for a duration of 2 minutes, the pressure of 137.89 kPa (20 

psi) and height of 78 cm as shown in Figure 1 (b); (5) The water collected in the cups was 
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measured; (6) The POC test was conducted for both nozzles by replacing the nozzle on the 

setup.  

 

Figure 3.24. (a) Placement of water cups and (b) test run for the POC test 

The height of the 3.6SQ and 5Cone nozzles were set to 78 cm (2.56 ft) for Test 1. 

Figure 3.25 shows the horizontal and diagonal spray variation for Configuration 1. For this 

configuration, four 3.6SQ nozzles were placed at the center of the soil box in a square 

pattern. The effective square spray area for each nozzle was determined to be 45.6 cm x 

45.6 cm (1.5ft x 1.5ft). The total effective area was determined to be 9.0 sq. ft. out of the 

total available area of 25 sq. ft (36%). 
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Figure 3.25. Configuration 1 layout and spray variation using four square spray 
nozzles at 2.56 ft height from ground level 

Figure 3.26 shows the horizontal and diagonal spray variation for Configuration 2. 

For this configuration, four 3.6SQ nozzles were placed at the center of the soil box in a 

square pattern, and one 5Cone nozzle was placed at the center of the soil box. The effective 

cone spray area for the 5Cone nozzle was determined to be 76 cm x 76 cm (2.5ft x 2.5ft). 

The total effective area was determined to be 13.91 sq. ft. out of the total available area of 

25 sq. ft (55.64%). Hence, this configuration proved to be more effective than 

Configuration 1.  
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Figure 3.26. Configuration 2 layout and spray variation using four square spray 
nozzles and one cone spray nozzle at 2.56 ft height from ground level 

The height of the 3.6SQ and 5Cone nozzles was set to 122 cm (4.0 ft) for Test 2. 

Figure 3.27 (a) shows the horizontal and diagonal spray variation for Configuration 3. For 

this configuration, four 3.6SQ nozzles were placed at the center of the soil box in a square 

pattern at 76.2 cm (2.5 ft) spacing, and one 5Cone nozzle was placed at the center of the 

soil box. The maximum water was collected at the center for both types of nozzles- 84.4 

cc for the 3.6SQ nozzle and 78.4 cc for the 5Cone nozzle. The effective square spray area 

was determined as 61 cm x 61 cm (2 ft x 2 ft), and the effective circular spray area was 
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determined as 91.2 cm (3.5 ft) in diameter. The total effective area was determined to be 

19.5 sq. ft. out of the total available area of 25 sq. ft (78%). Figure 3.27 (b) shows the 

smoothened spray variation for Configuration 3. The horizontal variation by the 5Cone 

nozzle will compensate for the low water depth observed at the middle of the horizontal 

variation by 3.6SQ. 

 

Figure 3.27 (a) Configuration 3 layout and spray variation using four square spray 
nozzles and one cone spray nozzle at 4 ft. height from ground level 
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Figure 3.27 (b) Smoothened spray variation for Configuration 3 layout  

Configuration 3 was the most optimum, providing a coverage area of 78% which 

is acceptable (Luk et al. 1993; Aksoy et al. 2012). For Configuration 3, the water collected 

at the center for both nozzles was maximum- 84.4 cc for the 3.6SQ nozzle and 78.4 cc for 

the 5Cone nozzle. For Configuration 3, the horizontal variation by the 5Cone nozzle was 

compensated for the low water depth observed in the middle of the horizontal variation by 

the 3.6SQ nozzles. The uniformity of the rainfall was maximum for Configuration 3 and 

finalized.  
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3.3.5.3. Drought setup 

The drought setup will allow for evaporation to occur near the ground and consists 

of two heaters (Figure 3.25) that will provide an output of 1500 BTU/ft2/day with a 

temperature of 106 deg. C at the ground surface. This temperature was selected based on 

the maximum temperature recorded on 27th August 2011 in Houston, TX (NCDC), which 

was also used in the numerical study.  

 

Figure 3.25. Drought setup comprising two heaters 

3.3.7. Experimental setup procedure 

The setup consists of a 1.5 m x 1.5 m x 2.24 m wooden soil box where a 76 mm 

diameter and 1.83 m long precast reinforced concrete shaft will be installed and subjected 

to mechanical and hydrological loads. The mechanical loading will be applied by a 
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hydraulic jack and reaction beam setup. The mechanical load will be measured by using a 

load cell. A single LVDT will be placed in the mechanical loading setup, and two separate 

LVDTs will be away from the drilled shaft on the ground surface to measure drilled shaft 

and ground displacement.  

 

Figure 3.26. Summary flowchart for experimental setup construction 

For simulating rainfall and drought, four spray nozzles capable of simulating 

moderate to heavy rainfall (0.12 m/hour to 0.97/hour) and two heaters, each capable of 

providing an output of 1500 BTU/ft2/day, respectively, will be used. The temperature and 

moisture sensors will be buried in the soil near the drilled shaft and ground surface to 

capture the temporal and spatial variation of moisture content and temperature caused due 

to heavy rainfall and drought, respectively. The Fiber Bragg Grating (FBG) sensors 

installed in the soil, on the rebar, and on the surface of the drilled shaft will measure the 
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strain from which the temporal and spatial variation of displacement in the soil at various 

depths, the axial force distribution in the drilled shaft, and the force transfer between the 

soil-pile interface will be calculated. Figure 3.26 illustrates the summary flowchart for the 

experimental setup.  

3.3. CONCLUSION 

The construction and calibration of the components of the experimental setup to 

investigate the effects of extreme hydroclimatic events on the deformation and bearing 

capacity behavior of the small-scale precast drilled shaft are discussed. Following were the 

major discussions: 

1. The configurations of the Fiber Bragg Grating (FBG) sensors to be used in 

the pile, at the soil-pile interface, and in the soil were determined based on 

linear elastic analysis in finite element codes, PLAXIS 2D and ABAQUS 

3D.  

2. A bias-ply FBG ribbon is proposed to be used to measure the vertical and 

radial strains in the soil. It was shown that the friction angle of the sand was 

close to the interface friction angle between the bias-ply FBG ribbon and 

sand by conducting direct shear tests, which would help to better capture 

the strains in the soil. 

3. The most optimum heavy rainfall frame configuration was determined 

based on Proof Of Concept (POC) tests which resulted in four 3.6SQ 
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nozzles at the corners of the rainfall frame and a single 5Cone nozzle at the 

center of the frame, which would provide a coverage area of 78%. 
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CHAPTER 4. EXPERIMENTAL TESTING AND FINITE 

ELEMENT MODEL VALIDATION  

4.1. ABSTRACT 

Experimental testing of a small-scale drilled shaft with a 76 mm diameter and 1.52 

m length was carried out. Multiple mechanical pile load tests were conducted to determine 

the ultimate bearing capacity of the drilled shaft under study. The drilled shaft was then 

subjected to a constant mechanical load equal to the estimated ultimate bearing capacity 

and varying hydrological loads consisting of low-, medium-, and high-intensity rainfall 

followed by gravity drainage. Then, the variation in axial force in the drilled shaft caused 

by the hydrological events was measured. A fully-coupled Geotechnical-Hydrological 

Finite Element Model (FEM) was developed to simulate the small-scale experiment using 

PLAXIS 2D. The stress-strain behavior of the partially saturated soil was represented by a 

Modified Mohr-Coulomb (MMC) constitutive model, which updates the yield criterion and 

modulus with changes in the matric suction and/or degree of saturation in PLAXIS 2D. 

The FEM results were computed and validated using the experimental results using 

qualitative comparisons. The wetting front moved at the same rate in FEM as compared to 

the experiment and also reached the drilled shaft bottom at the same time. The low-intensity 

rainfall caused the settlement of the drilled shaft, which caused a decrease in the total 

bearing capacity of the drilled shaft due to the mobilization of the skin resistance to the 

bottom of the drilled shaft. The axial force variation at various time intervals for the FEM 

matched with the experiment qualitatively in various aspects. 
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 4.2. INTRODUCTION 

In this study, experimental testing of the small-scale with a 76 mm diameter and 

1.52 m long drilled shaft in Test Sand in the experimental setup discussed in Chapter 3 was 

conducted. Initially, multiple mechanical pile load tests were conducted using the 

mechanical loading setup, as discussed in Chapter 3, to determine the ultimate bearing 

capacity of the drilled shaft in the Test Sand (Davisson 1972; NYDOT 2015). Then, the 

design parameters, including the spray angle, spray height, and spray pressure, were 

determined for three different rainfall intensities (Spraying Systems Co. 2023). Finally, the 

mechanical loading setup was used to maintain a constant mechanical load equal to the 

determined ultimate bearing capacity on the drilled shaft, and the three different rainfall 

intensities were applied to evaluate the effect on the axial capacity of the drilled shaft. The 

results included temporal and spatial variation of Degree of Saturation (DOS), temporal 

variation of vertical displacement of the drilled shaft and ground, and the axial force 

profiles.  

This study also attempts to validate the small-scale fully-coupled finite element 

model developed in PLAXIS 2D. In the finite element model, the tress-strain behavior of 

the partially saturated soil was represented by a Modified Mohr-Coulomb (MMC) 

constitutive model, which updates the yield criterion and modulus with changes in the 

matric suction and/or degree of saturation. The degree of saturation and matric suction 

relationship was represented by the van Genuchten (1980) Soil Water Characteristics 

Curve (SWCC). The temporal variation of vertical displacements of the drilled shaft and 
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ground and the axial force profiles obtained from the finite element model were then 

compared with the experiment results.  

4.3. SMALL-SCALE EXPERIMENTAL MODEL TESTING  

Experimental tests were conducted on the small-scale with a 76 mm diameter and 

1.52 m long drilled shaft in Test Sand. Figure 4.1 shows the configuration layout of the 

moisture sensors, Fiber Bragg Grating (FBG) sensors, LVDTs, and load cell. Two LD620-

50 LVDTs were mounted at 0.25 m and 0.5 m from the center of the drilled shaft to monitor 

the vertical ground displacement and a single LDI-619-050-A010S LVDT was mounted 

on the loading frame to monitor the vertical displacement of the drilled shaft. Fiber#2, as 

discussed in Chapter 3, was installed on the concrete surface of the drilled shaft at 0.15 m, 

0.30 m, and 0.45 m from ground level. The EC-5 moisture sensors were buried at 0.10 m 

from ground level up to 0.3 m depth and then at 0.30 m intervals up to the bottom of the 

drilled shaft. The moisture sensors at the soil-pile interface were grouped at I1 and I2, and 

the moisture sensors at 0.38 m from the center of the drilled shaft were grouped as S1 and 

S2 for ease of plotting and evaluation. Proctor density tests were conducted as per ASTM 

D698 to achieve a relative compaction of 96% for the small-scale experiment.  
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Figure 4.1. Sensor configuration  

4.3.1. Static pile load testing under mechanical load 

The static pile load testing was conducted on a 76.2 mm diameter and 1.83 m long 

precast drilled shaft in the Test Sand. The following procedure was adopted for performing 

the static pile load testing. 

1. Settings: It was ensured that the data loggers were recording data for FBG 

sensors, moisture sensors, temperature sensors, LVDTs, and load cell (manual recording 

as backup). The loading setup was centered on the pile, the hydraulic jack piston in the 
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retracted position was flush with the base plate of the load cell, and the LVDTs were 

vertically aligned. 

2. Load and loading rate: The loading rate was applied, as shown in Table 1 

(NYDOT 2015). The load was applied slowly to avoid losing detection of the peak of the 

power spectrum for the FBG sensor from the data logger.  

a) The design load was obtained from the analytical design and applied at the 

pile head. The total ultimate capacity equal to 3.65 kN and the total settlement 

corresponding to 7.62 mm were obtained from the analytical design (Kulhawy et al. 1983; 

Kulhawy 1991; Coyle and Castello 1981; Fellenius 1999). The design load was 1.46 kN, 

corresponding to the safety factor of 2.5.  

b) The loading was continued beyond the ultimate load calculated from 

analytical methods up to 900% of the design load (increased by 50% of the design load) to 

achieve bearing capacity failure.    

c) After the bearing capacity failure, the pile was unloaded and reloaded using 

the same loading schedule. The unloading-reloading was repeated until the load-settlement 

curve was vertical. Table 4.1 shows the loading rate for the pile load test. Figure 4.2. shows 

the mechanical pile load testing setup.  
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Table 4.1. Loading rate for static pile load test 

Percentage of design load (%) Load (kN) Duration (minutes) 

0 0.00 5 

20 0.29 5 

40 0.58 5 

60 0.88 5 

80 1.17 5 

100 1.46 5 

110 1.61 5 

120 1.75 5 

130 1.90 5 

140 2.04 5 

150 2.19 5 

160 2.34 5 

170 2.48 5 

180 2.63 5 

190 2.77 5 

200 2.92 5 

250 3.65 10 

300 4.38 10 

350 5.11 10 

400 5.84 10 
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450 6.57 10 

500 7.30 10 

550 8.03 10 

600 8.76 10 

650 9.49 10 

700 10.22 10 

750 10.95 10 

800 11.68 10 

850 12.41 10 

900 13.14 10 

Unloading 0 - 

 

Figure 4.2. Pile load testing setup 
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4.3.1.1. Results and discussion 

Figure 4.3 shows the measured load settlement curve. From the pile load test, the 

ultimate capacity was calculated using Davisson’s method equal to 10.74 kN, which was 

about three times that of the ultimate capacity calculated using analytical methods equal to 

3.65 kN. Figure 4.4 (a) shows the temporal variation of strain during the pile load testing. 

The axial force profile, as shown in Figure 4.4 (b), was calculated up to 0.45 m depth from 

ground level from the vertical strain values at the end of the first loading as the subsequent 

variations in strain for reloading were similar. The axial force values below 0.45 m depth 

were linearly extrapolated using the data points at 0.30 m and 0.45m depths shown by 

dashed lines in Figure 4.4 (b). The axial force variation shows that all the load was taken 

by the skin resistance as the force at the bottom of the pile was 0 kN. 

 

Figure 4.3. Measured load-settlement curves    
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Figure 4.4. (a) Temporal variation of strain and (b) axial force distribution in the 
drilled shaft during static pile load testing 

4.3.2. Hydrodynamic pile load testing under hydroclimatic load 

The drilled shaft 76 mm diameter and 1.52 long drilled shaft in Test Sand was 

subjected to a constant mechanical load equal to the estimated ultimate bearing capacity of 

10.7 kN and varying hydroclimatic loads, low-, medium, and high-intensity rainfall. 

Configuration 3, resulting from Proof OF Concept (POC) tests from Chapter 3, was used. 

Table 4.2 shows the design parameters for simulating low, medium, and high-intensity 

rainfall. The spray angle, flow rate capacity, and pressure were obtained from Spraying 

Systems Co. (2023). The spray height was calculated using basic trigonometry to achieve 

the desired theoretical spray area. The actual spray area and effective coverage were 

calculated based on POC tests. The rainfall intensities were measured as the volume of 

water collected from the nozzles and added together. The rainfall was applied, as shown in 

Figure 4.5.  
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Figure 4.5. Rainfall application 

 

 

 

 

 

 

 

 

 

 

 



98 

 

 

 

In
te

ns
it

y,
 

m
/d

ay
 

 

4.
45

 

5.
98

 

7.
70

 

E
ff

ec
tiv

e 
co

ve
ra

ge
 

(%
) 

83
.6

5 

  78
   

10
0  

A
ct

ua
l s

pr
ay

 
ar

ea
 

 

0.
61

 x
 6

1 
sq

. m
 

0.
94

 m
 

0.
61

 x
 6

1 
sq

. m
 

0.
91

 m
 

0.
73

 x
 0

.7
3 

sq
. 

m
 

1.
11

 m
 

T
he

or
et

ic
al

 s
pr

ay
 

ar
ea

 
 

1.
19

 x
 1

.1
9 

sq
. m

 

1.
58

 m
 

1.
19

 x
 1

.1
9 

sq
. m

 

1.
52

 m
 

1.
43

 x
 1

.4
3 

sq
. m

 

1.
86

 m
 

 S
pr

ay
 

he
ig

ht
, 

m
 (

ft
) 

1.
52

 (
5)

 

1.
52

 (
5)

 

1.
22

 (
4)

 

1.
22

 (
4)

 

1.
52

 (
5)

 

1.
52

 (
5)

 

 

P
re

ss
ur

e,
 

kP
(

i)

68
.9

5 
(1

0)
* 

68
.9

5 
(1

0)
* 

13
7.

89
 

(2
0)

 

13
7.

89
 

(2
0)

* 

27
5.

79
 

(4
0)

* 

27
5.

79
 

(4
0)

* 

F
lo

w
 r

at
e 

ca
pa

ci
ty

, 
l/m

in
 

1.
26

* 

1.
89

* 

1.
89

* 

2.
66

1*
 

2.
57

* 

3.
59

* 

S
pr

ay
 

an
gl

e,
 

de
gr

ee
s 

42
.7

7*
 

55
* 

52
* 

65
* 

50
.3

3*
 

63
* 

 M
od

el
 

 

3.
6S

Q
 

no
zz

le
* 

5C
on

e 
no

zz
le

* 

3.
6S

Q
 

no
zz

le
* 

5C
on

e 
no

zz
le

* 

3.
6S

Q
 

no
zz

le
* 

5C
on

e 
no

zz
le

* 

R
ai

nf
al

l 
ty

pe
 

L
ow

 

M
ed

iu
m

 

H
ig

h 

T
ab

le
 4

.2
. D

es
ig

n
 p

ar
am

et
er

s 
fo

r 
ra

in
fa

ll
 s

im
u

la
ti

on
 

*  S
pr

ay
in

g 
S

ys
te

m
s 

C
o.

 (
20

23
) 



99 

 

4.3.2.1 Results and discussion 

This section discusses the results obtained for the hydroclimatic pile load tests, 

including drilled shaft subjected to low, medium, and high-intensity rainfall and their 

comparison. Figures 4.6 (a-g) show the temporal and spatial variation of DOS for low-

intensity rainfall. The moisture sensors with odd numbering (Example: M21) are located 

at the soil-pile interface and even numbering at 0.38 m away from the center of the drilled 

shaft. It can be observed that before rainfall, the DOS was around 4% to 20%; during 

rainfall, the DOS reaches around 32% to 58%, and at the end of gravity drainage at 24 

hours, the DOS drops in the range of 7% to 24%. The wetting front reaches the pile bottom 

in approximately 1.5 hours of rainfall, as seen in Figure 3.6 (g).  
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Figure 4.6. Temporal variation of the degree of saturation (a) 0.10 m, (b) 0.20 m, (c) 
0.30 m, (d) 0.61 m, (e) 0.91 m, (f) 1.22 m (g) 1.52 m depths from ground level for 

low-intensity rainfall in the experiment 

Figures 4.7 (a-g) show the temporal and spatial variation of DOS for medium-

intensity rainfall. It can be observed that before rainfall, the DOS was observed to be 

around 5% to 21%; during rainfall, the DOS reaches 35% to 61%, and at the end of gravity 

drainage at 24 hours, the DOS drops in the range of about 7.5% to 24.5%. The wetting 

front reaches the pile bottom in approximately 1.4 hours of rainfall, as seen in Figure 4.7 

(g). Hence, during rainfall, the DOS was about 3% higher for medium-intensity rainfall 

compared to low-intensity rainfall. 
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Figure 4.7. Temporal variation of the degree of saturation (a) 0.10 m, (b) 0.20 m, (c) 
0.30 m, (d) 0.61 m, (e) 0.91 m, (f) 1.22 m (g) 1.52 m depths from ground level for 

medium-intensity rainfall in the experiment 

Figures 4.8 (a-g) show the temporal and spatial variation of DOS for high-intensity 

rainfall at different depths. It can be observed that before rainfall, the DOS was observed 

to be around 5% to 21%; during rainfall, the DOS reaches 38% to 63%, and at the end of 

gravity drainage at 24 hours, the DOS drops in the range of about 7.5% to 24.5%. The 
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wetting front reaches the pile bottom in approximately 1.2 hours of rainfall, as seen in 

Figure 4.8 (g). Hence, during rainfall, the DOS was about 3% higher for the higher-

intensity rainfall compared to the medium-intensity rainfall and 6% higher than the low-

intensity rainfall.  
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Figure 4.8. Temporal variation of the degree of saturation (a) 0.10 m, (b) 0.20 m, (c) 
0.30 m, (d) 0.61 m, (e) 0.91 m, (f) 1.22 m (g) 1.52 m depths from ground level for 

high-intensity rainfall in the experiment 

Figures 4.9-4.11 show the spatial variation of the DOS for the low-, medium-, and 

high-intensity rainfall. To obtain the DOS profiles during rainfall for the low-, medium-, 

and high-intensity rainfall, maximum values of DOS from the corresponding DOS 

temporal variations were used. It can be observed that the DOS profiles are uniform up to 
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the depth of 0.6 m from ground level and then reduces up to the bottom of the pile, i.e., at 

1.52 m from ground level. This decrease in DOS is attributed to the initial mechanical pile 

load tests conducted, which may have disturbed the soil around the EC-5 moisture sensors. 

Mechanical loading of the pile could have caused the compacted soil to dilate, causing 

disturbance to the moisture sensors. The above-mentioned observation is for the three 

rainfall cases, i.e., low-, medium-, and high-intensity rainfall.  

    

Figure 4.9. Spatial variation of the degree of saturation (a) before, (b) during, and 
(c) after low-intensity rainfall in the experiment 
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Figure 4.10. Spatial variation of the degree of saturation (a) before, (b) during, and 
(c) 24 hours after medium-intensity rainfall in the experiment 

 

Figure 4.11. Spatial variation of the degree of saturation (a) before, (b) during, and 
(c) 24 hours after high-intensity rainfall in the experiment 
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unreasonably high volumetric water content (VWC) readings which led to incorrect Degree 

Of Saturation (DOS) calculations. This can be attributed to the following reasons: 

1. Possible disturbance to the sensors during the pile load testing. 

2. Placing sensors too close to the pile. 

3. Poor calibration.  

These issues cause the moisture sensors to be subjected to air which has a dielectric 

constant of 0. Also, one of the sensors at 1.22 m depth gave unreasonably high volumetric 

water content values, which means that the moisture sensor was subjected to mostly water 

as water has a high dielectric constant of 80. The VWC is measured indirectly by the 

moisture sensors by calibrating the sensors for a non-linear relationship between the VWC 

and the dielectric constant (k). An error of 1-2% means that the generic VWC-k equation 

used by the manufacturers does not match with our soil, i.e., calibration is needed. 

However, the high magnitude of negative and positive VWC occurs because of disturbance 

to the sensors and placing sensors too close to the pile. Hence due to the above-stated 

reasons, the moisture sensors provided an unreasonably high, negative, and unrealistic 

degree of saturation values which were calculated from VWC. The calibration can be done 

for specific soils by using the homogenized soil method. The Topp et al. 1980 equation can 

be used for this purpose. For this study, negative values of DOS were entered as zero or 

linearly extrapolated. At depths below 0.6 m, a decrease in DOS was observed for all the 

cases in Figures 3.9-3.11. This decrease is attributed to the disturbance of the moisture 

sensors caused by the initial multiple mechanical pile load tests. These pile load tests may 
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have caused dilation of the compacted soil, thereby disturbing the soil around the moisture 

sensors. For ensuring steady-state flow, the inflow and outflow for the medium-intensity 

rainfall were measured to be the same, which was approximately 10 liters/minute.  

Figure 4.12 shows the temporal variation of mechanical load for low, medium, and 

high-intensity rainfall. It can be seen that mechanical load drops by about 0.3 kN during 

rainfall for low and medium intensity rainfall and by 0.6 kN for high-intensity rainfall and 

then stays the same during gravity drainage for low intensity, slightly increases for 

medium-intensity rainfall, and decreases further for high-intensity rainfall. A significant 

fluctuation of the mechanical load is observed during gravity drainage for the three cases. 

Most of the decay in mechanical load is attributed to creep in the soil and less to rainfall.  

 

Figure 4.12. Temporal variation of mechanical load for low-intensity, medium-
intensity, and high-intensity rainfall in the experiment 
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the upward vertical displacement of the top of the drilled shaft and ground surface at 0.25 

m away from the pile center by 0.7 mm is observed, which continues until approximately 

1 hour of rainfall. Then a small settlement of 0.3 mm of the pile is observed, followed by 

more pile settlement during gravity drainage. The ground at 0.5 m away from the pile center 

settles by 0.9 mm after 0.15 hours of rainfall, and then gradual upward vertical 

displacement up to 1.5 mm is observed until the end of rainfall.  

 

 For medium-intensity rainfall, similar behavior of pile and ground surface is 

observed as the low-intensity rainfall. During rainfall, the upward vertical displacement of 

the top of the drilled shaft by 0.4 mm, the upward vertical displacement of the ground 

surface 0.25 m away from drilled shaft center by 0.9 mm, and the upward vertical 

displacement of the ground surface at 0.5 m away from drilled shaft center by 1.3 mm are 

observed. By the end of gravity drainage, the drilled shaft settles by 0.2 mm, the ground 

surface near drilled shaft displaces vertically upward more by 0.1 mm and then settles by 
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0.08 mm, and the ground surface away from drilled shaft displaces vertically upward more 

by 0.4 mm, reaching a total upward vertical displacement of 1.7 mm. 

 

For the high-intensity rainfall, similar behavior of drilled shaft and ground surface 

is observed as in the low and medium-intensity rainfall cases. During rainfall, the upward 

vertical displacement of the top of the drilled shaft by 0.65 mm, the upward vertical 

displacement of the ground surface 0.25 m away from the drilled shaft center by 1.3 mm, 

and the upward vertical displacement of the ground surface at 0.5 m away from the drilled 

shaft center by 0.9 mm is observed. By the end of gravity drainage, the drilled shaft settles 

by 0.1 mm, the ground surface near the drilled shaft settles by 0.6 mm, and the ground 

surface away from the drilled shaft settles by 0.1 mm. 

Hence, at the end of 24 hours, the top of the drilled shaft displaces vertically upward 

by 0.4 mm for low and medium-intensity rainfall and by 0.55 mm for high-intensity 

rainfall, the ground surface at 0.25 m away from drilled shaft center displaces vertically 
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upward by 0.4 mm for low-intensity rainfall, 0.9 mm for medium intensity rainfall, and 0.7 

mm for high-intensity rainfall, and the ground surface 0.35 m away from drilled shaft 

center displaces vertically upward by 1.5 mm for low-intensity rainfall, 1.7 mm for medium 

intensity rainfall, and 0.8 for high-intensity rainfall. Overall, the permanent top of the 

drilled shaft and ground surface upward vertical displacement is observed for the three 

cases. The combined effect of pile settlement due to the creep and upward vertical 

displacement due to rainfall should be considered in future studies.  

 

Figure 4.13. Temporal variation of vertical displacement for (a) low-intensity, (b) 
medium-intensity, and (c) high-intensity rainfall in the experiment 

Figure 4.14 shows the temporal variation of vertical strain in the pile. Compressive 

strains are induced in the drilled shaft due to the upward vertical displacement of the top 

of the drilled shaft caused by the upward vertical displacement of the surrounding soil. On 

the other hand, tensile strains are induced in the drilled shaft due to the settlement of the 

drilled shaft caused by the settlement of surrounding soil. For the low-intensity rainfall, 
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initially, slight compressive strains of about 2με are induced in the drilled shaft within 

approximately 0.8 hours of rainfall, and tensile strains of about 7 to 9 με are immediately 

induced until the end of rainfall. Hence, slight upward vertical displacement of the top of 

the drilled shaft is observed until 0.8 hours of rainfall, followed by settlement until the end 

of rainfall. For medium-intensity rainfall, compressive strains are induced until the end of 

rainfall, followed by an increase in tensile strains during gravity drainage. For high-

intensity rainfall, behavior similar to medium-intensity rainfall is observed. Hence, upward 

vertical displacement of the top of the drilled shaft is observed until the end of rainfall, and 

settlement of the top of the drilled shaft is observed during gravity drainage for medium- 

and high-intensity rainfall.  
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Figure 4.14. Temporal variation of vertical strain in the drilled shaft at various 
depths for (a) low-intensity, (b) medium-intensity, and (c) high-intensity rainfall in 

the experiment 
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below 0.45 m depth were linearly extrapolated using the data points at 0.30 m and 0.45m 

depths, shown by dashed lines in Figure 4.15. For low-intensity rainfall, after 1.35 hours 

of rainfall, the axial force slightly decreases up to 0.45 m depth and increases below this 

depth. At the end of rainfall, the axial force increases up to 0.45 m depth and then increases 

more up to the bottom of the drilled shaft. At 24 hours, there is a significant increase in 

axial force at 0.15 m depth. An overall increase in the axial force is seen at 24 hours. Hence 

up to 0.45 m depth, the axial force decreases slightly during rainfall and then increases 

until the end of gravity drainage. This is caused by initial compressive strains during 

rainfall, as seen in Figure 4.14 (a), followed by an increase in the tensile strains until the 

end of gravity drainage. This behavior is also confirmed in Figure 4.13 (a), where slight 

initial upward vertical displacement followed by settlement of the top of the drilled shaft 

during gravity drainage is seen.  

 

        Figure 4.15. Spatial variation of axial force at various time intervals for (a) low-
intensity rainfall, (b) medium-intensity rainfall, and (c) high-intensity rainfall in the 

experiment 
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For medium-intensity rainfall, after 1.35 hours of rainfall, the axial force decreases 

significantly up to 0.75 m depth and then increases below this depth. At the end of rainfall, 

the axial force decreases more than during rainfall up to the bottom of the drilled shaft. At 

24 hours, an increase in the axial force up to 0.45 m depth and then a significant decrease 

in axial force up to the bottom of the drilled shaft is seen. Hence up to 0.45 m depth, the 

axial force decreases during rainfall and continues to decrease until the end of rainfall, 

followed by an increase until the end of gravity drainage. This is caused by the increase in 

compressive strains until the end of rainfall, followed by an increase in tensile strains until 

the end of gravity drainage, as seen in Figure 4.14 (b). This behavior is also confirmed in 

Figure 4.13 (b), where upward vertical displacement of the top of the drilled shaft is 

observed until the end of rainfall, followed by settlement of the drilled shaft during gravity 

drainage is seen. 

For high-intensity rainfall, after 1.35 hours of rainfall, the axial force decreases 

significantly and reaches zero at 1.2 m depth. At the end of rainfall, the axial force 

decreases more than during rainfall up to 0.45 m depth and then increases more than during 

rainfall up to the bottom of the drilled shaft. At 24 hours, an increase in the axial force up 

to 0.45 m depth and then a slight decrease in axial force up to the bottom of the drilled 

shaft is seen. Hence up to 0.45 m depth, the axial force decreases during rainfall and 

continues to decrease until the end of rainfall, followed by an increase until the end of 

gravity drainage. This is caused by an increase in compressive strains until the end of 

rainfall, followed by an increase in tensile strains until the end of gravity drainage, as seen 

in Figure 4.14 (c). This behavior is also confirmed in Figure 4.13 (c), where upward vertical 
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displacement of the top of the drilled shaft is observed until the end of rainfall, followed 

by settlement of the drilled shaft during gravity drainage is seen. To summarize, upward 

vertical displacement of the top of the drilled shaft is observed, which increases with the 

intensity of rainfall, thereby causing a decrease in the axial force, and settlement of the top 

of the drilled shaft is observed during gravity drainage, which causes an increase in the 

axial force.  

4.4. COUPLED FINITE ELEMENT MODEL AND ITS VALIDATION 

The drilled shaft and the deadweight equal to the total ultimate capacity of the 

drilled shaft representing the mechanical load were modeled using a non-porous linear 

elastic material. The soil deformation properties change with the flow of water (degree of 

saturation); hence it is crucial to couple the flow with the soil deformation. A modified 

Mohr-Coulomb (MMC) model capable of updating the yield criterion and modulus with 

changes in matric suction and/or degree of saturation (Vickneswaran and Ravichandran 

2022) was used to represent the stress-strain behavior of the partially saturated soil in 

PLAXIS 2D. The flow of water, in general, in the three-phase media is represented by the 

well-known Richards equation (Dogan and Motz 2005), which is also used in PLAXIS 2D. 

To define the saturation-suction behavior of soil, there are many Soil Water Characteristic 

Curves (SWCCs) and corresponding relative hydraulic conductivity functions available in 

the literature. In this study, the Mualem-van Genuchten model (Mualem 1976; van 

Genuchten 1980) and the van Genuchten model (van Genuchten 1980) were used for 

defining the relative hydraulic conductivity functions and the SWCC, which are available 
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in PLAXIS 2D. The unsaturated hydraulic conductivity (kunsat) is calculated as a product 

of saturated hydraulic conductivity (ksat) and relative hydraulic conductivity (kr). The soil 

properties and groundwater parameters for the Test Sand from Chapter 4 were revised for 

the relative compaction of 96% and moisture content of 8%. The residual water content 

was calculated using a residual saturation of 0.17 which was calculated as a median value 

from the before-rainfall case of the small-scale experiment. A parametric study was 

conducted by varying the van Genuchten model fitting parameters, ga, and gn (Carsel and 

Parrish 1988), to achieve similar temporal and spatial variations of the DOS as obtained in 

the small-scale experiment. Table 4.3 enlists the updated Test Sand properties. Figure 4.16 

shows the resulting SWCC for the Test Sand from the parametric study, which was used 

for the finite element simulations.  

Table 4.3. Properties and flow parameters of the Test Sand  

General properties Test Sand 

Specific gravity 2.68 

Void ratio 0.82 

Dry unit weight (kN/m3) 14.44 

Moisture content (%) 8.00 

Saturated unit weight (kN/m3) 18.86 

Saturated Young's modulus, Esoil (MN/m2) 35.65 

Poisson's ratio 0.30 

Effective angle of friction, soil  (°) 39.22 
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Plasticity index (IP) - 

MMC model parameters Test Sand 

  2.00 

e  1.00 

S (%) 100 

Groundwater flow parameters Test Sand 

Residual water content,  r  0.077 

Saturated water content,  s  0.43 

Model fitting parameter, ag  (m-1)  43.00 

Model fitting parameter, ng  8.11 

Saturated hydraulic conductivity (m/day) 21.78 

 

 

Figure 4.16. SWCC for the Test Sand used for the finite element model 
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Interface elements were used for accurate modeling of the soil-structure interaction. 

The interface properties comprise stiffness properties, including elastic normal stiffness 

(KN) and elastic shear stiffness (KS), and strength properties, including interface cohesion 

(Cint) and interface friction angle (ϕint). The stiffness properties were calculated using 

Equations (2.1) and (2.2) (Rocscience, 2022).  

S i soilK =C E
          (2.1) 

where Ci is the interface stiffness reduction factor, and Esoil is the saturated Young’s 

modulus of soil. 

N SK =10K
          (2.2) 

The strength properties were calculated using Equations (2.3) and (2.4) (Bentley, 2021; 

Rocscience, 2021).  

int int soilC =R C
         (2.3) 

where Cint is the interface cohesion, Rint = 2/3 is the interface strength reduction factor 

(smooth soil to concrete surface contact assumed), and  Csoil is the effective cohesion of 

soil which was assumed to be 5 kPa for the Test Sand for numerical stability.  

-1
int soil int=tan (tan( )R )         (2.4) 

where ϕint is the interface friction angle, ϕsoil is the effective friction angle of soil. 

Based on the parametric study conducted in Chapter 2, the Ci value of 0.95 was selected. 
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The hydrological load-time histories were applied at the top boundary of the 

simulation domain as an inflow boundary condition, with the same intensity as that applied 

in the small-scale experiment, which included the application of the low-intensity, 

medium-intensity, and high-intensity rainfall followed by gravity drainage. The finite 

element mesh was refined around the drilled shaft and ground surface to capture the stress 

and deformation variation accurately. A mesh sensitivity study was performed to select the 

size and mesh of the simulation domain, which does not affect the computed results. For 

the vertical boundaries of the domain, the displacement was restrained in the x- direction, 

and for the bottom horizontal boundary of the domain, displacement was restrained in both 

x and y- directions. The groundwater flow was closed for both the vertical boundaries and 

the bottom horizontal boundaries of the domain. Figure 4.17 shows the finite element mesh 

and dimensions of the simulation domain. 
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Figure 4.17. Finite element mesh of small-scale drilled shaft in Test Sand 

4.4.1. Results and discussion 

The finite element results were compared with the small-scale experimental results 

for the low-, medium-, and high-intensity rainfall to validate the Finite Element Model. 

Figure 4.18 shows the comparison of temporal variation of DOS at various depths for the 

low-intensity rainfall application for the small-scale experiment and FEM. The moisture 

sensors with odd numbering (Example: M21) are located at the soil-pile interface and even 
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numbering at 0.38 m away from the center of the drilled shaft. The maximum DOS for 

FEM for low-intensity rainfall was 67%. 
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Figure 4.18. Experimental and FEM comparison of temporal variation of the degree 
of saturation at (a) 0.10 m, (b) 0.20 m, (c) 0.30 m, (d) 0.61 m, (e) 0.91 m, (f) 1.22 m 

(g) 1.52 m depths from ground level for low-intensity rainfall 

Figure 4.19 shows the comparison of temporal variation of DOS at various depths 

for the medium-intensity rainfall application for the small-scale experiment and FEM. The 

maximum DOS for FEM for medium-intensity rainfall was 72%. 
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Figure 4.19. Experimental and FEM comparison of temporal variation of the degree 
of saturation at (a) 0.10 m, (b) 0.20 m, (c) 0.30 m, (d) 0.61 m, (e) 0.91 m, (f) 1.22 m 

(g) 1.52 m depths from ground level for medium-intensity rainfall 

Figure 4.20 shows the comparison of temporal variation of DOS at various depths 

for the high-intensity rainfall application for the small-scale experiment and FEM. The 

maximum DOS for FEM for medium-intensity rainfall was 77%. 
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Figure 4.20. Experimental and FEM comparison of temporal variation of the degree 
of saturation at (a) 0.10 m, (b) 0.20 m, (c) 0.30 m, (d) 0.61 m, (e) 0.91 m, (f) 1.22 m 

(g) 1.52 m depths from ground level for high-intensity rainfall 
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observed that at 0.1 m depth, the difference in the experiment and FEM maximum DOS is 

approximately 18%; at 0.20 m depth, the difference in maximum DOS is approximately 

17%; at 0.30 m depth, the difference in maximum DOS is 15%, and at 0.61 m the difference 

in DOS is approximately 13%. Hence, a trend of reduction in the difference between the 

maximum DOS during the rainfall of the experiment and FEM is observed. This reduction 

of maximum DOS with depth up to 0.61 m is seen in medium-and high-intensity rainfall 

too. The maximum DOS differences below 0.61 m depth cannot be compared as the DOS 

in the experiment below 0.61 m depth were lower due to the initial mechanical pile load 

test, which may have caused dilation of the soil leading to a reduction in the DOS. The 

rising and falling limbs of the temporal DOS variation for experiment and FEM are 

observed to be close. This suggests that the wetting front moves at the same rate in FEM 

as compared to the experiment and also reaches the drilled shaft bottom at the same time. 

Figures 4.21-4.23 show the comparison of the spatial variation of axial force for 

low-, medium, and high-intensity rainfall. To obtain the DOS profiles during rainfall for 

the low-, medium-, and high-intensity rainfall, maximum values of DOS from the 

corresponding DOS temporal variations were used. For the before rainfall case for FEM 

for the low-, medium-, and high-intensity rainfall, the DOS remains constant at 18% as that 

is the residual value input in PLAXIS 2D. For the during rainfall case for FEM for the low-

, medium-, and high-intensity rainfall, the DOS remains constant at 67%, 72%, and 77%, 

respectively.  
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Figure 4.21. Experimental and FEM comparison of spatial variation of the degree of 
saturation (a) before, (b) during, and (c) 24 hours after low-intensity rainfall 

     

  

Figure 4.22. Experimental and FEM comparison of spatial variation of the degree of 
saturation (a) before, (b) during, and (c) 24 hours after medium-intensity rainfall 
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For the after-rainfall case for FEM, for the low-, medium-, and high-intensity 

rainfall, the DOS at the soil-pile interface, i.e., at I2, is lower than the DOS in soil, i.e., at 

S2 at depths below 0.3 m. Likewise, in the experiment, the DOS at the soil-pile interface 

is lower than DOS in soil between 0.2 m and 0.9 m depth. This drop in DOS at the soil-

pile interface is also seen in the before and during cases of the experiment for the low-, 

medium-, and high-intensity rainfall. This drop in the DOS at the soil-pile interface 

suggests that the soil-pile interface has a low water-holding capacity and can influence the 

capacity of the drilled shaft.  

 

 

Figure 4.23. Experimental and FEM comparison of spatial variation of the degree of 
saturation (a) before, (b) during, and (c) 24 hours after high-intensity rainfall 
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center displaces vertically upward more than the ground surface at a distance of 0.25 m 

from the drilled shaft. During rainfall, the upward vertical displacement of the top of the 

drilled shaft is seen, which continues until 17 hours, followed by settlement at the end of 

gravity drainage. The above-mentioned observations are consistent with the experiment 

and FEM results for the low-, medium, and high-intensity rainfall cases.  
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Figure 4.24. (a) FEM, and (b) Experimental and FEM comparison of temporal 
variation of vertical displacement for low-intensity rainfall 
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Figure 4.25. (a) FEM, and (b) Experimental and FEM comparison of temporal 
variation of vertical displacement for medium-intensity rainfall 
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Figure 4.26. (a) FEM, and (b) Experimental and FEM comparison of temporal 
variation of vertical displacement for high-intensity rainfall 

Figure 4.27 shows the axial force variation at various time intervals during rainfall 

and gravity drainage for FEM, and Figures 4.28-4.30 show the comparison of axial force 

variation at various time intervals during rainfall and gravity drainage for FEM and 

experiment. The axial force values for the experiment below 0.45 m depth were linearly 

extrapolated using the data points at 0.30 m and 0.45m depths shown by dashed lines in 

Figures 4.28-30. For the low-intensity rainfall in FEM, after 1.35 hours of rainfall, the axial 

force significantly decreases up to 0.45 m depth and increases below this depth up to the 

bottom of the drilled shaft. This behavior is consistent with the low-intensity rainfall in the 

experiment. At the end of rainfall in FEM, the axial force decreases up to 0.45 m depth and 

then increases below this depth up to the bottom of the drilled shaft. This behavior is 
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inconsistent with the low-intensity rainfall in the experiment. At 24 hours, i.e., at the end 

of gravity drainage in FEM, the axial force increases after the end of rainfall up to 0.45 m 

depth and decreases lower than the axial force at the end of rainfall below this depth up to 

the bottom of the drilled shaft. This behavior is consistent with the low-intensity rainfall in 

the experiment. However, the axial force at 24 hours becomes almost equal to the before 

rainfall case in FEM. This behavior is inconsistent with the low-intensity rainfall in the 

experiment, where the axial force is observed to be more after 24 hours than before rainfall. 

Hence, in FEM, up to 0.45 m depth, the axial force decreases significantly until the end of 

rainfall and then increases until the end of gravity drainage. In the experiment where the 

vertical strain measurements were measured up to 0.45 m depth, the behavior is the same 

as observed in FEM up to 0.45 m with the exception that in the experiment, the axial force 

increases at the end of rainfall. Based on the observations up to 0.45 m depth, the top of 

the drilled shaft displaces vertically upward during rainfall and settles during gravity 

drainage. This behavior is also confirmed in Figure 4.24 (a), where upward vertical 

displacement during rainfall followed by settlement of the top of the drilled shaft during 

gravity drainage is seen.  
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Figure 4.27. Spatial variation of axial force at various time intervals for (a) low-
intensity, (b) medium-intensity, and (c) high-intensity rainfall in FEM 

Also, for the low-intensity rainfall at 1.35 hours and the end of rainfall, the axial 

force increases below 0.45 m depth up to the bottom of the drilled shaft for both experiment 

and FEM. This means that the skin resistance is mobilized during rainfall, and the 

mechanical load is transferred to the bottom of the drilled shaft. This mobilization of skin 

resistance of the drilled shaft reduces the load-carrying capacity of the drilled shaft, and 

further transfer of the mechanical load to the bottom of the drilled shaft can lead to 

foundation failure if the end bearing capacity of the drilled shaft is completely utilized. 
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Figure 4.28. Experiment and FEM comparison of spatial variation of axial force at 
various time intervals for low-intensity rainfall 

For the medium-intensity rainfall in FEM, after 1.35 hours of rainfall, the axial 

force significantly decreases up to 0.45 m depth and increases below this depth up to the 

bottom of the drilled shaft. This behavior is consistent with the medium-intensity rainfall 

in the experiment. At the end of rainfall in FEM, the axial force decreases up to 0.45 m 

depth and then increases below this depth up to the bottom of the drilled shaft. This 

behavior is inconsistent with the medium-intensity rainfall in the experiment, where the 

axial force is observed to decrease up to the bottom of the drilled shaft at the end of rainfall. 

At 24 hours, i.e., at the end of gravity drainage in FEM, the axial force increases after the 

end of rainfall up to 0.45 m depth and decreases lower than the axial force at the end of 

rainfall below this depth up to the bottom of the drilled shaft. This behavior is consistent 
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with the medium-intensity rainfall in the experiment. However, the axial force at 24 hours 

becomes almost equal to the before rainfall case in FEM. This behavior is inconsistent with 

the medium-intensity rainfall in the experiment, where the axial force after 24 hours is 

observed to be lower than before rainfall. Hence, in FEM, up to 0.45 m depth, the axial 

force decreases significantly until the end of rainfall and then increases until the end of 

gravity drainage. In the experiment where the vertical strain measurements were measured 

up to 0.45 m depth, the behavior was the same as observed in FEM up to 0.45 m. Based on 

the observations up to 0.45 m depth, the top of the drilled shaft displaces vertically upward 

during rainfall and settles during gravity drainage. This behavior is also confirmed in 

Figure 4.24 (b), where upward vertical displacement during rainfall followed by settlement 

of the top of the drilled shaft during gravity drainage is seen.  
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Figure 4.29. Experiment and FEM comparison of spatial variation of axial force at 
various time intervals for medium-intensity rainfall 

For the high-intensity rainfall in FEM, after 1.35 hours of rainfall, the axial force 

significantly decreases up to 0.45 m depth and increases below this depth up to the bottom 

of the drilled shaft. This behavior is inconsistent with the high-intensity rainfall in the 

experiment, where the axial force decreases throughout the depth after 1.35 hours of 

rainfall. At the end of rainfall in FEM, the axial force decreases up to 0.45 m depth and 

then increases below this depth up to the bottom of the drilled shaft. This behavior is 

inconsistent with the high-intensity rainfall in the experiment, where the axial force is 

observed to decrease up to the bottom of the drilled shaft at the end of rainfall. At 24 hours, 

i.e., at the end of gravity drainage in FEM, the axial force increases after the end of rainfall 

up to 0.45 m depth and decreases lower than the axial force at the end of rainfall below this 

depth up to the bottom of the drilled shaft. This behavior is consistent with the high-

intensity rainfall in the experiment. However, the axial force at 24 hours becomes almost 

equal to the before rainfall case in FEM. This behavior is inconsistent with the high-

intensity rainfall in the experiment, where the axial force after 24 hours is observed to be 

lower than before rainfall. Hence, in FEM, up to 0.45 m depth, the axial force decreases 

significantly until the end of rainfall and then increases until the end of gravity drainage. 

In the experiment where the vertical strain measurements were measured up to 0.45 m 

depth, the behavior is the same as observed in FEM up to 0.45 m. Based on the observations 

up to 0.45 m depth, the top of the drilled shaft displaces vertically upward during rainfall 

and settles during gravity drainage. This behavior is also confirmed in Figure 4.24 (c), 
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where upward vertical displacement during rainfall followed by settlement of the top of the 

drilled shaft during gravity drainage is seen.  

 

 

Figure 4.30. Experiment and FEM comparison of spatial variation of axial force at 
various time intervals for high-intensity rainfall 

It is worth noting that in both experiment and FEM, the spatial variation of the axial 

force above 0.45 m depth is opposite below the 0.45 m depth for many cases for the low-, 

medium-, and high-intensity rainfall. The low-intensity rainfall caused the settlement of 

the drilled shaft, which caused a decrease in the total bearing capacity of the drilled shaft 

due to the mobilization of the skin resistance to the bottom of the drilled shaft. The 

medium-and high-intensity rainfall mostly caused the upward vertical displacement of the 

drilled shaft, which caused an increase in the total bearing capacity of the drilled shaft. 

However, it should be noted that the Test San used for this study had a relative compaction 
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of 96%, and infiltration of large volumes of water from medium- and high-intensity rainfall 

caused the sand to increase in volume causing the drilled shaft to displace vertically 

upward. A looser soil will cause the drilled shaft to respond differently to the low-, medium, 

and high-rainfall intensities.  

4.5. CONCLUSION 

This study attempts to validate the FEM model against a small-scale experiment 

where the small-scale drilled shaft was subjected to a constant mechanical load and 

different rainfall intensities. The following are the key observations: 

1. In the experiment, inconsistencies in the DOS variation are due to old EC-

5 moisture sensors, which may have poor calibration, possible disturbance 

to the moisture sensors during the initial multiple mechanical pile load tests, 

and placing the moisture sensors too close to the drilled shaft. 

2. In the experiment and FEM, the DOS increased with the increase in rainfall 

intensity. The difference between the maximum DOS during rainfall from 

the low to medium to high-intensity rainfall for the experiment was 3%, 

while for FEM, this difference was 5%.  

3. The wetting front moves at the same rate in FEM as compared to the 

experiment and also reaches the drilled shaft bottom at the same time. 

4. The DOS is lower at the soil-pile interface compared to the soil in the 

experiment and FEM, which suggests that the soil-pile interface has a low 

water-holding capacity and can affect the capacity of the drilled shaft. 
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5. A trend of reduction in the difference between the DOS of the experiment 

and FEM is observed. 

6. In the experiment and FEM, upward vertical displacement during rainfall 

and settlement during gravity drainage is observed for the top of the drilled 

shaft and ground surface. The upward vertical displacement of the ground 

surface increases with the intensity of rainfall and the radial distance away 

from the drilled shaft in both FEM and experiment.  

7. The axial force in the drilled shaft decreases during rainfall as compressive 

strains are induced at the soil-pile interface due to the upward vertical 

displacement of the surrounding soil. 

8. The axial force in the drilled shaft increases during gravity drainage as 

tensile strains are induced at the soil-pile interface due to the settlement of 

surrounding soil.  

9. The low-intensity rainfall caused the settlement of the drilled shaft, which 

caused a decrease in the total bearing capacity of the drilled shaft due to the 

mobilization of the skin resistance to the bottom of the drilled shaft. The 

medium- and high-intensity rainfall mostly caused the upward vertical 

displacement of the drilled shaft, which caused an increase in the total 

bearing capacity of the drilled shaft. 

10. In FEM, the drilled shaft behaves as an end-bearing shaft. However, in the 

experiment, the values of axial force below 0.45 m depth were extrapolated 

and may as well behave as an end-bearing shaft. The axial force variation 
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at various time intervals for the FEM matches with the experiment 

qualitatively in various aspects. 

11. The compaction of soil plays a crucial role and will cause the drilled shaft 

to respond differently to the low-, medium, and high-rainfall intensities. 

Hence, more experimental tests with different relative compaction of soil 

should be conducted. 
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CHAPTER 5. MULTI-HAZARD ANALYSIS OF DEEP 

FOUNDATION 

5.1. ABSTRACT 

This study evaluates the effect of single and multiple extreme hydroclimatic events, 

including heavy rainfall and heavy rainfall followed by an earthquake, on the structural 

response of drilled shaft designed for a hypothetical three-story building. Initially, a 

pushover analysis was conducted to validate the drilled shaft model in lateral pile analysis 

software, RSPile, against the model in fully-coupled Geotechnical-Hydrological finite 

element code PLAXIS 2D by subjecting the drilled shaft to pseudo-static load from an 

earthquake. A modified Mohr-Coulomb (MMC) model capable of updating the yield 

criterion and modulus with changes in matric suction and/or degree of saturation was used 

to represent the stress-strain behavior of the partially saturated soil in PLAXIS 2D. Then, 

the drilled shaft model in PLAXIS 2D was subjected to heavy rainfall and heavy rainfall 

followed by an earthquake, and the structural responses of the drilled shafts were evaluated. 

Results showed that when the drilled shaft was subjected to the dynamic load from heavy 

rainfall followed by dynamic load from the earthquake, the vertical settlement for the 

drilled shaft was very high (7.74 mm) compared to the case where the drilled shaft was 

subjected to dynamic load from the earthquake (0.01 mm). Hence, the combined effect of 

heavy rainfall and earthquake can cause more damage to the deep foundations.  
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5.2. INTRODUCTION 

In recent years, climate change has become a growing concern as human activity 

contributes largely to greenhouse gas emissions, namely carbon dioxide and methane.  

Energy, industry, agriculture, and waste disposal have been the largest contributors to 

emissions, and their effects can be seen through the increase in temperature.  However, the 

temperature change is not the only consequence.  Droughts, water scarcity, severe fires, 

rising sea levels, flooding, melting polar ice, catastrophic storms, and declining 

biodiversity are some of the overarching repercussions.  More specifically, climate change 

is affecting human health, the ability to grow food, housing, safely, and work (United 

Nations 2022). The impact of natural hazards on deep foundations can be critical and highly 

unpredictable when extreme hydrological and seismic events occur simultaneously or in 

sequence. Most major environmental disasters result from compound climate extremes 

(Zscheischler et al. 2018) 

Natural events like heavy rainfall, drought, and earthquake can cause significant 

variations in the strength and deformation properties of the soil resulting in significant 

variations in the bearing capacity capacities of deep foundations, resulting in the failure of 

foundations that support critical infrastructure. Forecasts indicate that these natural events 

will become increasingly common in the future. Therefore, it is important to understand 

and quantify the impacts of such events on the behavior of deep foundations. Geotechnical 

systems are also drastically affected by climate change. In the US, the west is consistently 

in a period of drought, whereas the east is characterized by flooding.  As the degree of 

saturation and water table changes, soil properties and how soil behaves under loading also 
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alters, which means geotechnical systems will vary considerably across the US.  Other 

systems, such as dam and levee capacities as well as roadway embankment stability, are 

also affected.  In another study, Vickneswaran et al. (2021) investigated the soil capacity 

to support buried concrete pipes in heavy rainfall-induced flooding at the ground surface 

as well as the reduction of soil shear strength due to infiltration and leakage from the pipe.  

PLAXIS 2D is a finite element software widely used for engineering projects, including 

groundwater seepage, consolidation, and dynamic analysis capabilities. Also, this software 

can be used to predict the development of the deformations and pore pressures that occur 

in partially saturated soils subjected to time-dependent changes in hydrological and 

earthquake loads using fully-coupled flow-deformation analysis. The study conducted a 

fully-coupled flow deformation analysis using the finite element software PLAXIS 2D and 

determined deflection, bending moment, and shear force in the pipe.  However, this study 

conducts analysis and determines the same parameters for a deep foundation system. 

In this study, the effect of single and multiple extreme hydroclimatic events was 

analyzed for deep foundations under mechanical and hydroclimatic loading conditions, 

where small changes can have a significant impact on the performance of the foundation. 

The pushover analysis was performed in RSPile and was calibrated based on the laterally 

loaded analysis in PLAXIS 2D. The structural responses of deep foundations were further 

investigated in PLAXIS 2D. 
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5.3. MATERIAL PROPERTIES AND LOADING CONDITIONS 

The following sections list the properties of soil, full-scale drilled shaft, and 

hydrological and earthquake loading conditions, which were used as inputs in RSPile and 

PLAXIS 2D.  

5.3.1. Soil properties  

Tables 5.1 and 5.2 enlist the soil properties used as input in RSPile and PLAXIS 

2D for the pushover analysis and the multi-hazard analysis. The pushover analysis included 

adjusting the value of the initial stiffness of the p-y curve (Kpy) required as input in RSPile 

to calibrate the RSPile model against the PLAXIS 2D model, where the drilled shaft was 

subjected to a pseudo-static lateral load. The resulting value of Kpy from the pushover 

analysis was 11770 kN/m3. The multi-hazard analysis was conducted using PLAXIS 2D. 

A modified Mohr-Coulomb (MMC) model capable of updating the yield criterion and 

modulus with changes in matric suction and/or degree of saturation (Vickneswaran and 

Ravichandran 2022) was used to represent the stress-strain behavior of the partially 

saturated soil in PLAXIS 2D. The MMC model fitting parameters are shown in Table 5.2, 

which were calculated using the general and hydraulic properties. To define the saturation-

suction behavior of soil, there are many Soil Water Characteristic Curves (SWCCs) and 

corresponding relative hydraulic conductivity functions available in the literature. In this 

study, the Mualem-van Genuchten model (Mualem 1976; van Genuchten 1980) and the 

van Genuchten model (van Genuchten 1980) were used for defining the relative hydraulic 

conductivity functions and the SWCC, which are available in PLAXIS 2D. The unsaturated 
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hydraulic conductivity (kunsat) is calculated as a product of saturated hydraulic conductivity 

(ksat) and relative hydraulic conductivity (kr).  

Table 5.1. Input soil properties in RSPile 

General properties Sand 

Saturated unit weight (kN/m3) 18.59 

Effective angle of friction (°) 39.22 

Initial stiffness of p-y curve, Kpy (kN/m3) 1170 

Table 5.2. Input soil properties in PLAXIS 2D 

General properties Sand 

Saturated unit weight (kN/m3) 18.57 

Unsaturated unit weight (kN/m3) 14.49 

Saturated Young's modulus (MN/m2) 35.65 

Poisson's ratio 0.300 

Effective angle of friction (°) 39.22 

Hydraulic properties Sand 

Void ratio 0.88 

Residual water content 0.045 

Saturated water content 0.43 

Model parameter, 
ag (m-1)  14.50 

Model parameter, 
ng  2.68 

Saturated hydraulic conductivity, ksat (m/day) 21.78 
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MMC model properties Sand 

Alpha 2.00 

Beta 1.00 

S (%) 25.60 

 

5.3.2. Drilled shaft properties 

A concrete mix design of 1:2:2.5:0.45 was used (ACI 543R 2012) to obtain the 28-

day compressive strength of 35 MPa. In practice, most of the structural elements are 

designed to behave within the elastic range. Hence, in this study, the drilled shaft was 

considered to behave in the linear elastic range. Therefore, the stress-strain behavior of the 

drilled shaft was represented by a linear elastic model and using a non-porous drainage 

type in PLAXIS 2D. Table 5.3 shows the input properties of the drilled shaft in RSPile and 

PLAXIS 2D.  

Table 5.3. Input drilled shaft properties  

Parameter Value 

Material type Elastic  

Unit weight (kN/m3)  25.00 

Modulus (GPa) 27.81 

Poisson's ratio 0.15 

5.3.3. Mechanical load 

The dimensions of a single drilled shaft were designed for a hypothetical three-

story building. The floor-to-floor height of the building was 3 m, and the dimensions of the 
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building in the plan view were 22 m (length)  and 11 m (breadth). The height of the 

building was 11.4 m. A total number of 6 drilled shafts were used in the design. The 

dimensions of the building and the location of the drilled shafts are shown in Figure 5.1. 

The axial load on the drilled shaft was the summation of the dead load and the live load of 

the building. The dead load was calculated as the sum of weights of components of the 

building like beams, columns, slabs, and walls as 11780.86 kN. A live load of 2 kN/m2 is 

assumed to act on the slabs. Hence the total weight of the three-story building was 

calculated as 13858.62 kN. The mechanical load on a single drilled shaft was calculated by 

dividing the total weight by the number of drilled shafts as 2310 kN.  

 

Figure 5.1. Plan and elevation view of the building 
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5.3.4. Earthquake load 

The selected earthquake was the Northridge (1994), having a moment magnitude 

of 6.7, source-to-site distance of 38.3 km, and Peak Ground Acceleration (PGA) of 1.98 

m/s2.  The earthquake load was applied at the bottom horizontal boundary of the finite 

element model in the form of acceleration-time history. For the RSPILE model calibration 

(pushover analysis) and the laterally loaded pile analysis in RSPile and PLAXIS 2D, a 

pseudo-static lateral load was applied on the top of the drilled shaft. The lateral load was 

calculated as 466.4 kN using Newton’s second law as the product of the mass of the 

building and the PGA of 1.98 m/s2. 

  

Figure 5.2. 1994 Northridge earthquake time history (a) acceleration and (b) 
displacement 

5.3.5. Hydrological load 

The hydrological load was applied as a time-history in PLAXIS 2D. The heavy 

rainfall data was obtained from an event on 26th August 2017 in Houston, TX,  obtained 

from the National Climatic Data Center (NCDC). The heavy rainfall had a maximum 

intensity of 264 mm/day which was applied as a time-history with a constant value starting 

from day zero. Two types of analysis were conducted- (1) wetting front reaching halfway 
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along the length of the drilled shaft, having a duration of 12.5 days; and (2) wetting front 

reaching beyond the bottom of the drilled shaft, having a duration of 26 days.   

5.4. PUSHOVER ANALYSIS 

The design was carried out for a single full-scale drilled shaft subjected to an axial 

load of 2310 kN resulting from the mechanical load of the three-story building and a 

pseudo-static lateral load of 466.4 kN resulting from the Northridge (1994) earthquake. A 

pushover analysis was conducted in RSPile and PLAXIS 2D where the drilled shaft was 

(1) subjected to the pseudo-static lateral load from the Northridge (1994) earthquake and 

then (2) subjected to combined axial load from the mechanical load of the three-story 

building and pseudo-static load from the Northridge (1994) earthquake. RSPile is a 

software used to analyze axially loaded piles and laterally loaded piles. It can compute the 

pile’s internal forces and displacements under various loads and soil displacements. The 

laterally loaded pile analysis (Reese et al. 1974) subjected to pseudo-static load from the 

Northridge (1994) earthquake was conducted in RSPile. In PLAXIS 2D, the full-scale 

drilled shaft was modeled using the “plate” element, which is a flexural structural member 

and a linear elastic material. The pseudo-static lateral load was then applied as a point load 

at the top of the drilled shaft. The two-dimensional plane strain formulation was used to 

model the soil-pile interaction. The simulation domain was spatially discretized using 15-

Node triangular elements. The mesh was refined around the drilled shaft to accurately 

capture the stress and deformation variation. A mesh sensitivity study was performed to 

select the size and mesh of the simulation domain, which does not affect the computed 

results. For the vertical boundaries of the domain, the displacement was restrained in the 
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x- direction, and for the bottom horizontal boundary of the domain, displacement was 

restrained in both x and y- directions. The groundwater flow was closed for both the vertical 

boundaries and open for both the top and bottom horizontal boundaries of the domain. The 

groundwater level was set at the ground level; hence the soil domain degree of saturation 

was 100%. The soil properties were input as given in Table 5.1, and 5.2 were used as input 

in RSPile and PLAXIS 2D. 

For the drilled shaft design, the first case was evaluated where the drilled shaft was 

subjected to the pseudo-static load from the earthquake. In this case, the pile head 

deflection obtained from RSPile was matched close to that obtained from PLAXS 2D by 

adjusting the initial stiffness of the p-y curve (Kpy). The length of the drilled shaft was 

determined such that the drilled shaft achieves fixity subjected to lateral loading. The 

pushover analysis resulted in a 1.0 m diameter and 35 m long drilled shaft where the value 

of Kpy was equal to 11770 kN/m3 with corresponding pile head deflection in RSPile (60.26 

mm) and PLAXIS 2D (67.61 mm) was close. The axially loaded analysis (Kulhawy et al. 

1983; Kulhawy 1991; Coyle & Castello 1981; Reese and O’Neill 1988; Reese et al. 1974) 

in RSPile for the 1.0 m diameter and 35 m long drilled shaft resulted in the total axial 

bearing capacity was calculated as 23531 kN, corresponding to vertical settlement of 3.37 

mm, where 87% of the total axial bearing capacity was provided by end bearing resistance 

and the rest by skin friction of the drilled shaft having a safety factor of 10.18. The lateral 

load governed the drilled shaft design. Additionally, the pushover analysis was also 

conducted for drilled shaft subjected to the combined axial load and pseudo-static load in 

RSPile and PLAXIS 2D. In PLAXIS 2D, the deadweight equal to the total ultimate 
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capacity of the drilled shaft representing the mechanical load (2310 kN ) was modeled 

using the “plate” element available in PLAXIS 2D, which is a flexural structural member 

and as a linear elastic material on the top of the drilled shaft. Hence, the 1.0 m diameter 

and 35 m long drilled shaft were used for the combined axial load and pseudo-static load 

in the pushover analysis and later used in the multi-hazard analysis. 

5.4.1. Drilled shaft subjected to pseudo-static load from the earthquake 

Figure 5.3 shows the structural response of the drilled shaft subjected to pseudo-

static loading from the earthquake. The pile head deflection in RSPile and PLAXIS 2D 

were 60.36 mm and 67.61 mm, respectively. The maximum shear force in RSPile (468.43 

kN) was slightly higher than PLAXIS 2D (462.48 kN). The maximum bending moment in 

RSPile (1446.13 kN-m) was significantly higher than PLAXIS 2D (1022.67 kN-m). This 

case was used for the design of the drilled shaft.  

      

Figure 5.3. (a) Horizontal displacement, (b) shear force, and (c) bending moment 
variation in drilled shaft subected to pseudo-static lateral load from the earthquake 
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5.4.2. Drilled shaft subjected to combined axial and pseudo-static load from the 

earthquake 

Figure 5.4 shows the structural response of the drilled shaft subjected to combined 

axial load from the three-story building and pseudo-static load from the earthquake. 

Vertical settlement of the drilled shaft was seen in both RSPile and PLAXIS 2D. The 

maximum vertical displacement in RSPile (3.37 mm) was very low compared to the 

maximum vertical displacement in PLAXIS 2D (75.6 mm). The pile head deflection in 

RSPile (60.35 mm) was slightly higher than PLAXIS 2D (47.89 mm). The axial force at 

the top of the drilled shaft in RSPile was equal to PLAXIS 2D (2304.3 kN). However, the 

axial force at the bottom of the drilled shaft in RSPile (719.36) was significantly higher 

than PLAXIS 2D (130.42 kN). The skin resistance was seen to increase with depth, where 

the maximum value In RSPile (1584.9 kN) was lower than PLAXIS 2D (2173.8 kN). The 

maximum shear force in RSPile (468.43 kN) was slightly higher than PLAXIS 2D (460.10 

kN). The maximum bending moment in RSPile (1446.13 kN-m) was significantly higher 

than PLAXIS 2D (883.95 kN-m). The maximum pile head deflection for the combined 

loading was lower by 19.71 mm as compared to the pseudo-static lateral loading in 

PLAXIS 2D.  The maximum shear force for the combined loading was lower by 2.38 kN 

as compared to pseudo-static lateral loading in PLAXIS 2D. Similarly, the maximum 

bending moment for combined loading was lower by 138.72 kN-m as compared to pseudo-

static lateral loading in PLAXIS 2D. Overall, there were no considerable quantitative 

differences in the case where the drilled shaft was subjected to pseudo-static lateral load 

from the earthquake as compared to the combined loading.  
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Figure 5.4. (a) Vertical displacement, (b) horizontal displacement, (c) Axial force, 
(d) skin resistance, (e) shear force, and (f) bending moment variation in drilled shaft 

subjected to combined axial and pseudo-static load from the earthquake 
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5.5. MULTI-HAZARD ANALYSIS 

The multi-hazard analysis was conducted using the fully-coupled finite element 

code PLAXIS 2D, where the drilled shaft was subjected to (1) dynamic earthquake load, 

(2) dynamic hydrological load, (3) dynamic hydrological load when the wetting front 

reached halfway along length of the drilled shaft (@ 12.5 days) followed by dynamic 

earthquake load, and (4) dynamic hydrological load when wetting front reaches beyond the 

bottom of the drilled shaft (@ 26 days) followed by dynamic earthquake load. The full-

scale drilled shaft and the deadweight equal to the total ultimate capacity of the drilled shaft 

representing the mechanical load were modeled using the “plate” element, which is a 

flexural structural member and defined as a linear elastic material. The dead weight 

represented the mechanical load (2310 kN) applied on the top of the drilled shaft. The soil 

deformation properties change with the flow of water (degree of saturation); hence it is 

crucial to couple the flow with the soil deformation. A modified Mohr-Coulomb (MMC) 

model capable of updating the yield criterion and modulus with changes in matric suction 

and/or degree of saturation (Vickneswaran and Ravichandran 2022) was used to represent 

the stress-strain behavior of the partially saturated soil in PLAXIS 2D. The flow of water, 

in general, in the three-phase media is represented by the well-known Richards equation 

(Dogan and Motz 2005), which is also used in PLAXIS 2D. To define the saturation-

suction behavior of soil, there are many Soil Water Characteristic Curves (SWCCs) and 

corresponding relative hydraulic conductivity functions available in the literature. In this 

study, the Mualem-van Genuchten model (Mualem 1976; van Genuchten 1980) and the 

van Genuchten model (van Genuchten 1980) were used for defining the relative hydraulic 
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conductivity functions and the SWCC, which are available in PLAXIS 2D. The unsaturated 

hydraulic conductivity (kunsat) is calculated as a product of saturated hydraulic conductivity 

(ksat) and relative hydraulic conductivity (kr). The two-dimensional plane strain 

formulation was used to model the soil-pile interaction. The simulation domain was 

spatially discretized using 15-Node triangular elements. The mesh was refined around the 

drilled shaft and ground surface to accurately capture the stress and deformation variation 

due to hydrological loading. A mesh sensitivity study was performed to select the size and 

mesh of the simulation domain, which does not affect the computed results. For the vertical 

boundaries of the domain, the displacement was restrained in the x- direction, and for the 

bottom horizontal boundary of the domain, displacement was restrained in both x and y- 

directions. The groundwater flow was closed for both the vertical boundaries and open for 

both the top and bottom horizontal boundaries of the domain. The earthquake boundaries 

used in PLAXIS 2D include viscous boundaries on the vertical sides and a prescribed 

displacement with the acceleration-time history along the bottom of the model. Figure 5.3. 

shows the simulation domain for the full-scale drilled shaft in the sand.  

 

Figure 5.5. Simulation domain in PLAXIS 2D 
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5.5.1. Drilled shaft subjected to dynamic load from the earthquake 

Figure 5.6 shows the structural response of the drilled shaft subjected to dynamic 

load from the earthquake. Negligible vertical settlement and horizontal displacements of 

the drilled shaft were seen. The axial force at the bottom of the drilled shaft was equal to 

52.55 kN, which suggests that most of the bearing capacity is contributed by skin 

resistance. The maximum shear force was equal to 14.6 kN, and the maximum bending 

moment was 6.34 kN-m. Overall, the displacements, shear force, and bending moment 

induced in the drilled shaft when subjected to dynamic load from the earthquake were very 

low as compared to the pseudo-static and combined loading.  
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Figure 5.6. (a) Vertical displacement, (b) horizontal displacement, (c) Axial force, 
(d) skin resistance, (e) shear force, and (f) bending moment variation in drilled shaft 

subjected to dynamic load from the earthquake 

5.5.2. Drilled shaft subjected to dynamic load from heavy rainfall 

Figure 5.7 shows the structural response of the drilled shaft subjected to dynamic 

load from heavy rainfall. The maximum degree of saturation (DOS) within the wetting 

front was approximately 50%, and the minimum DOS below the wetting front was 

approximately 11%. Slight vertical upward vertical displacement and negligible horizontal 

displacements of the drilled shaft were seen. Upward vertical displacement occurs due to 

an increase in the volume of the soil when water enters the soil matrix from heavy rainfall. 

The upward vertical displacement of the drilled shaft when the wetting front reaches 

halfway along the length of the drilled shaft (1.60 mm) was more than the upward vertical 
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mm). Hence, the upward vertical displacement was maximum at the start of heavy rainfall 

and then resided as the wetting front traveled down. The axial force at the bottom of the 
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drilled shaft was equal to 52.55 kN, which suggests that most of the bearing capacity is 

contributed by skin resistance. There were negligible differences in the axial force and skin 

resistance when the wetting front reached halfway as compared to the wetting front 

reaching below the drilled shaft.  

         

        

Figure 5.7. (a) Vertical displacement, (b) horizontal displacement, (c) Axial force, 
(d) skin resistance variation in drilled shaft subjected to dynamic load from heavy 

rainfall 
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5.5.3. Drilled shaft subjected to dynamic load from heavy rainfall and earthquake 

Figure 5.8 shows the structural response of the drilled shaft subjected to dynamic 

load from heavy rainfall followed by dynamic load from the earthquake. The results were 

obtained at the end of the earthquake. Significant vertical settlement and negligible 

horizontal displacements of the drilled shaft were seen. The vertical settlement for drilled 

shaft subjected to dynamic load from rainfall followed by the earthquake (7.74 mm) is very 

high compared to the case where the drilled shaft was subjected to dynamic load from the 

earthquake (0.01 mm). Hence, the combined effect of heavy rainfall and earthquake can 

cause more damage to the deep foundations. The maximum shear force when the wetting 

front reaches halfway was slightly higher (8.18 kN) than the case when the wetting front 

reaches beyond the bottom of the drilled shaft  (7.61 kN). Similarly, the maximum bending 

moment when the wetting front reaches halfway was slightly higher (8.41 kN-m) than the 

case when the wetting front reaches beyond the bottom of the drilled shaft  (8.22 kN-m). 

Therefore, the case when the wetting front reaches halfway was slightly worse than when 

the wetting front reaches beyond the bottom of the drilled shaft.  
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Figure 5.8. (a) Vertical displacement, (b) horizontal displacement, (c) Axial force, 
(d) skin resistance, (e) shear force, and (f) bending moment variation in drilled shaft 

subected to dynamic load from heavy rainfall and earthquake 
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5.6. CONCLUSION 

This study evaluates the effect of multi-hazard events, including heavy rainfall 

followed by an earthquake, on the structural responses of a drilled shaft designed for a 

three-story building. Following were the key observations. 

1. The displacements, shear forces, and bending moments induced in the drilled shaft 

when subjected to dynamic loading from the earthquake were very low as compared 

to the pseudo-static loading from the earthquake and also combined axial loading 

from the three-story building and pseudo-static loading from the earthquake. 

2. When the drilled shaft was subjected to the dynamic load from heavy rainfall, 

upward vertical displacement occurred due to an increase in the volume of the soil 

when water entered the soil matrix from the heavy rainfall. The upward vertical 

displacement was maximum at the start of heavy rainfall and then resided as the 

wetting front traveled down. 

3. When the drilled shaft was subjected to the dynamic load from heavy rainfall 

followed by dynamic load from the earthquake, the vertical settlement for the 

drilled shaft was very high (7.74 mm) compared to the case where the drilled shaft 

was subjected to dynamic load from the earthquake (0.01 mm). Hence, the 

combined effect of heavy rainfall and earthquake can cause more damage to the 

deep foundations. 

4. There were no considerable differences observed in the structural response of the 

drilled shaft when the wetting front reaches halfway along the length of the drilled 
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shaft as compared to when the wetting front reaches beyond the bottom of the 

drilled shaft.  

5. The shear strength of soils decreases with an increase in the degree of 

saturation/loss of matric suction (Fredlund et al. 1978). In this study, the drilled 

shaft in the sand was evaluated, which did not saturate completely. Hence, other 

types of soils should also be evaluated to gain a better understanding of the multi-

hazard effects on the deep foundation.  
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CHAPTER 6. COMPARISON OF STRUCTURAL RESPONSE OF 

BRIDGE DRILLED SHAFT PREDICTED FROM DIFFERENT 

METHODS SUBJECTED TO LIQUEFACTION-INDUCED 

LATERAL SPREADING  

 

6.1. ABSTRACT 

There are several methods used to design drilled shafts subjected to liquefaction-

induced lateral spread, but their accuracy and applicability are not well understood.  In this 

study, the structural performance of drilled shaft at an End bent of a proposed bridge 

located at the U.S. Highway 76 over Lynches River, Florence/Lee County, South Carolina, 

was predicted using three different methods considering during- and after-liquefaction 

scenarios, and the results were compared. These methods include (a) simplified analytical 

method, (b) rigorous analytical method, and (c) coupled finite element method. The 

simplified analytical method included using site-specific pseudo-static loading, while the 

rigorous analytical method included using site-specific dynamic loading considering 

multiple earthquake scenarios for comparison purposes. The coupled finite element 

simulations were conducted considering multiple earthquake scenarios using RS2 software 

capable of modeling soil-pile interaction. The soil properties and the other input parameters 

were obtained from the initial geotechnical design report. Results showed that the predicted 

drilled shaft structural response from the three methods was highest for the during-

liquefaction scenario. The structural response estimated using the finite element method 

provided more realistic results than the analytical methods. 
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6.2. INTRODUCTION 

Liquefaction occurs when a loose saturated granular soil deposit is subjected to 

cyclic loading from an earthquake, resulting in the buildup of excess pore water pressures 

and causing limited or complete soil shear strength loss. After the dissipation of pore water 

pressures, some shear strength is recovered to a residual value. Lateral spreading occurs 

due to the liquefaction of such a soil deposit located below a non-liquefiable deposit on a 

gentle slope which results in finite lateral movement of the non-liquefiable deposit, causing 

slope movement and instability. Hence, the shear strength of the liquefiable soil deposit 

during- and after-liquefaction conditions needs to be considered for designing bridge 

foundations subjected to liquefaction-induced lateral spreading. 

In the case of bridge foundations, particularly at End-bents, where the deep 

foundation is already subjected to lateral load from the embankment and the horizontal 

load from the vehicles on the deck, the liquefaction-induced lateral spreading imposes an 

additional lateral load on the deep foundation, which can exceed its lateral capacity causing 

damage to the deep foundation and the bridge if not accounted in the design stage. The 

liquefaction-induced lateral spreading caused by the 2010 El Mayor-Cucapah earthquake 

of magnitude 7.2 damaged a pair of parallel bridges in northern Baja California, Mexico 

(Turner et al. 2016). It resulted in the collapse of the railroad bridge, and flexural cracking 

was observed in the highway bridge columns. The 1995 Hyogoken-Nambo earthquake 

caused severe damage to many structures, including the bridge foundations located along 
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the coastal line, due to liquefaction-induced lateral spreading (Hamada et al. 1996).  

The existing analytical methods used to evaluate the structural response of bridge 

foundations caused by liquefaction-induced lateral spreading are based on simplified or 

rigorous analytical methods. The simplified analytical methods include (a) the 

Displacement Based Method (SCDOT GDM 2022, Section 14.8.6.1 and CALTRANS 

2017) based on the Simplified Rigid Block Newmark Analysis, which requires inputting 

various parameters into empirically calibrated equations that estimate the free-field slope 

displacement (Jibson et al. 2013) and imposing the estimated displacements on the 

foundation to estimate the foundation structural response, and (b) the Force Based Method 

which includes imposing limit pressures which are calculated as 30% of total overburden 

pressure (SCDOT GDM 2022, Section 14.8.6.2) and then imposed on the foundation to 

estimate the foundation structural response. However, the Force-Based Method is 

considered over-conservative as it provides less insight than the Displacement-Based 

Method (Ashford et al. 2011)  and a relatively more restrictive approach because it assumes 

that soil displacements are large enough to fully mobilize the lateral earth pressures from 

the spreading crust and liquefiable layer against the deep foundations (SCDOT GDM 2022, 

Section 14.8.6). The simplified analytical method selected for this study is the 

Displacement Based Method which uses an empirical equation that is also available as a 

chart called the Simplified Newmark chart (Anderson et al. 2008). This empirical equation 

is a result of  Newmark sliding block analyses conducted on a set of strong ground motion 

records (Hynes and Franklin 1984) and regression analysis for the Central and Eastern 

United States (CEUS) region and soil site conditions. Amiri (2008) followed a similar 
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methodology to the simplified analytical method used in this study and used the charts 

developed by Martin and Qiu (1994) to estimate design displacement demands on 

foundations for the Missouri Bridge, MO, and Washington Bridge, WA. The design 

displacement demands were reported as 508 mm and 330 mm, respectively, for a 2475-

year return period. Yang et al. (2020) proposed a simplified method based on Newmark 

sliding block analysis to predict lateral spreading displacements. This method 

underpredicted the real site-specific recorded displacements for five case histories, and a 

safety factor was recommended.  

The existing simplified analytical method has several limitations: (a) the use of 

pseudo-static seismic load for the slope stability analysis, but dynamic load needs to be 

used for accuracy, and (b) the limit state analysis cannot consider the soil-structure 

interaction, which is important for accurately predicting the additional force on the 

foundation due to lateral spreading. To overcome the first limitation and for accuracy, the 

rigorous analytical method is used in this study which is based on the Rigorous Rigid Block 

Newmark Analysis, where the cumulative slope displacements are calculated by double 

integrating the parts of the acceleration-time history of input ground motions that lie above 

the critical acceleration (Jibson et al. 2013; Rocscience 2022). However, the design 

manuals do not describe the procedure for estimating the free-field slope displacement and 

imposing the estimated displacements on the foundation for the rigorous analytical method. 

Hence, a similar procedure as described for the simplified analytical method was used for 

the rigorous analytical method to estimate the foundation structural responses. The finite 

element method is capable of modeling dynamic loading as well as soil-pile interaction, 
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which facilitates overcoming both limitations.  

The objective of this study is to quantify the structural response of the bridge drilled 

shaft foundation caused by liquefaction-induced lateral spreading before-liquefaction 

(BL), during-liquefaction (DL), and after-liquefaction (AL) using the simplified analytical 

method, rigorous analytical method, and finite element method and comparing them. The 

DL and AL scenarios were simulated by assigning the corresponding residual shear 

strength properties to the liquefiable layer. 

6.3. CASE STUDY 

6.3.1. Site location  

Figure 6.1 (a) shows the location of the new bridge currently under construction 

(Figure 1 (c)) that will replace the existing old bridge (Figure 6.1 (b)) at U.S. Highway 76 

over Lynches River in Florence/Lee County, South Carolina. Figure 1 (d) shows the 

elevation view of the new bridge with the soil profile and location of the End bent-1 

considered in this study. The groundwater table varies from 7.13 to 11.2 m measured from 

the top of the Fill due to seasonal and climatic variations, and it was assumed to be at 9.12 

m depth (GeoStellar Engineering, LLC 2019). At the End bent-1, the fill (SM-SC) 

thickness is approximately 5.5 m, and the Duplin upper formation (CL) extends to 

approximately 2.0 m below the Fill. The medium-dense saturated alluvial soil deposits SP1 

and SP2 (SP) extend 3.8 m below the Duplin upper formation. According to the seismic 

hazard evaluation discussed in the subsequent section, the SP2 deposit was evaluated as 

susceptible to limited to complete liquefaction. 
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Figure 6.1. (a) Proposed location of the new bridge, (b) old bridge, (c) new bridge 
under construction, and (d) soil profile and the new bridge elevation 

6.3.2. Soil properties 

Table 6.1 shows the soil properties adopted for the seismic slope stability analysis 

using SLIDE2 (v9.0), pushover analysis using RSPile (v3.0), and finite element analysis 

using RS2 (v11.0). The site-specific soil properties for BL, DL, and AL scenarios, which 

include cohesion (c), friction angle (ϕ), and unit weight (γ), were estimated from the SPT 

and CPT data, and the undrained shear strength (cu) were obtained from the laboratory 

triaxial tests (GeoStellar Engineering, LLC 2019). The shear wave velocity (Vs) and 

Poisson’s ratio were estimated from the downhole shear wave velocity test data (GeoStellar 

Engineering, LLC 2019). Based on the elastic theory, Young’s moduli (E) were then 

estimated using Vs. The relative densities (Dr) were calculated from the SPT data 

(Skempton 1986). The residual shear strength parameters for DL and AL scenarios were 
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calculated only for the SP2 deposit as it was found to be susceptible to limited to complete 

liquefaction based on the seismic hazard evaluation (SCDOT GDM 2022, Section 13.6-

13.10). For the AL scenario, these parameters were obtained from soil shear strength loss 

(SSL) seismic hazard evaluation. For the DL scenario, these parameters were calculated 

using the residual strength-relative density relationship chart (Hargy 2011), which is based 

on modified triaxial tests. This chart was developed based on dynamic laboratory tests, 

including the centrifuge slip ring test, centrifuge drive motor test, ring shear test, and 

modified triaxial test. The p-y curves for sand (Reese et al. 1974), soft clay (Matlock 1970), 

and stiff clay without free water (Welch and Reese 1972) available in RSPile were used 

for the pushover analysis. 

Table 6.1. Input soil properties for SLIDE2, RSPile, and RS2 

 Fill Duplin 
Upper  

SP1 SP2 Duplin 
lower  

Peedee  Donoho  

BL DL AL 

ϕ (o) 33 5 34 32 0 0 10 5 5 

c (kPa) 8.62 38.30 2.39 2.38 1.67 9.09 35.91 167.58 191.52 

γ (kN/m3) 18.85 18.06 15.71 15.71 15.71 15.71 15.71 19.63 19.63 

Dr (%) 51.64 22.36 41.82 28.86 28.86 28.86 22.36 64.82 65.82 

E (MPa) 266 266 129 129 129 129 382 1150 398 

cu (kPa) - 23.94 - - - - - 112.52 167.58 

ε50 - 0.02 - - - - - 0.005 0.005 

kpy (MN/m3) 25.02 - 5.56 2.78 2.78 2.78 5.56 - - 



177 

 

ε50- strain corresponding to one-half of the maximum principal stress difference; kpy- initial stiffness of the 

p-y curve. 

6.3.3. Initial drilled shaft geometry and properties 

A drilled shaft with a diameter of 1.37 m was used, and its length was determined 

from minimum penetration analysis, as discussed in the subsequent section. The 

compressive strength of 35.85 MPa for the concrete and yield strength of 455 MPa for the 

rebar was used in this study. Sixteen US#11 rebars (8 bundles of 2) with a concrete cover 

of 140 mm were used for the drilled shaft. The dimensions of the drilled shaft and concrete 

and rebar properties at End bent-1 were used in RSPile and RS2 and were obtained from 

the geotechnical report (GeoStellar Engineering, LLC 2019). 

6.4. METHOD 1: STRUCTURAL RESPONSE OF DRILLED SHAFT USING 

SIMPLIFIED ANALYTICAL METHOD 

Initially, the design displacement demand induced by liquefaction-induced lateral 

spreading on the drilled shaft foundation at End bent-1 was determined per the procedure 

outlined in CALTRANS (2017) and SCDOT GDM (2022) for the DL and AL scenarios. 

This procedure involved: (1) Soil SSL seismic hazard evaluation; (2) Generation of the 

displacement response of the sliding mass curve; (3) Generation of foundation resisting 

force vs. soil displacement curve; (4) Determination of design displacement demand.  

The site-specific design earthquake parameters for the SEE event with peak ground 

acceleration (PGA) of 0.279 g, moment magnitude (Mw) of 7.37, and epicentral distance 
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(R) of 38.3 km were obtained from a computer program called Scenario_PC (Chapman 

2006) for seismic hazard analysis in South Carolina. The site was classified as class D. 

Then, a minimum penetration analysis was conducted by imposing the design displacement 

demand on the drilled shaft to determine the minimum length of the drilled shaft, which 

can attain fixity. Finally, the structural response of the drilled shaft foundation at End bent-

1 corresponding to the design displacement demands was determined for the DL and AL 

scenarios.  

6.4.1. Simplified Analytical Method for Determination of the Design Displacement 

Demand 

The determination of design displacement demand on the drilled shaft at End bent- 

1 induced by liquefaction-induced lateral spreading was conducted for the DL and AL 

scenarios using the simplified analytical method as follows: 

6.4.1.1. Step 1: Soil SSL seismic hazard evaluation to determine AL residual 

shear strength:  

The soil SSL seismic hazard evaluation started with the soil SSL susceptibility 

screening process, followed by soil SSL triggering analysis, and concluded with 

determining AL residual shear strength as per SCDOT GDM (2022), Section 13.6-13.10 

(GeoStellar Engineering, LLC 2019). The evaluation was conducted using in-situ 

characterization data, the geological age of soil deposits, and seismic response analysis 

results (GeoStellar Engineering, LLC 2019). Based on the screening process, the 
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equivalent clean sand SPT corrected blow count (N*
1,60,cs) values for the saturated deposits 

were estimated-Duplin upper (9.1), SP1 (12.1), SP2 (7.6), Duplin lower (9.8), Peedee and 

Donoho (26-46) which were lower than 30 blows/ft (SCDOT GDM 2022, Section 13.6.1) 

revealed that deposits above Peedee are susceptible to SSL (GeoStellar Engineering, LLC 

2019). The susceptibility of sand-like soils has been found to be a function of geologic age 

which is estimated by liquefaction age correction factor (KDR) and calculated as per 

SCDOT GDM (2022) Section 13.9.5.2, Eq 13.30. The KDR value was equal to 1-1.2 for the 

SP2 deposit and above. The Duplin lower, Peedee, and Donoho formations had KDR values 

equal to 4.6, 3.0, and 3.0, respectively. A higher KDR value suggests more resistance to 

liquefaction. The Duplin upper formation is composed of clay-like soils and is not 

susceptible to SSL due to cyclic liquefaction. Based on the triggering analysis, the ratio of 

magnitude-weighted and equivalent-seismically induced Cyclic Stress Ratio to corrected, 

magnitude-weighted, and normalized Cyclic Resistance Ratio (CSR*
eq/CRR*

eq) and SSL 

resistance factor (φSL) values was estimated (SCDOT GDM 2022, Section 13.3.2). The 

following -(CSR*
eq/CRR*

eq)<(φSL) values were obtained- Duplin upper (No SSL), SP1 

(0.18<0.7), SP2 (0.72<0.85 to 1.0>0.85), Duplin lower (0.15 to 0.31<0.7), Peedee and 

Donoho (0 to 0.25<0.85) which showed that limited to full liquefaction can occur in SP2. 

Also, the excess pore pressure ratio (Ru) values were calculated- Duplin upper (No SSL), 

SP1 (0.19<1.0), SP2 (0.4<1.0 to 1.0), Duplin lower (0.19<1.0), Peedee and Donoho (No 

SSL) which supports this inference (SCDOT GDM 2022, Section 13.7; GeoStellar 

Engineering, LLC 2019). Hence, the SP2 deposit was selected to be susceptible to 

liquefaction for the lateral spreading analysis. Finally, the AL residual shear strength of 
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SP2 was estimated (SCDOT GDM 2022, Section 13.10.2).   

6.4.1.2.  Step 2: Generation of the displacement response curve of sliding mass 

(Curve 3) based on Simplified Rigid Block Newmark Analysis 

Curve 3 was obtained by conducting seismic slope stability analysis in SLIDE2 using 

Spencer’s method. A uniform live traffic surcharge load of 6 kPa as per SCDOT GDM 

(2022), Section 8.7, Table 8.8. and a pseudo-static seismic load from the SEE event (PGA= 

0.279 g) was applied. First, a free field condition was modeled, which provided the depth 

of the critical failure surface. Figure 6.2 shows the Factor of Safety (FS) variation in the 

slope obtained from SLIDE2 for the seismic slope stability analysis conducted for the AL 

free-field condition and subjected to a pseudo-static load of the SEE event (PGA = 0.279 

g). The minimum FS was obtained as 0.6. The corresponding failure surface was selected 

at a radius of 31.53 m. The failure surface depth from Ground Level (GL) was 11.36 m in 

the middle of the liquefied soil deposit (SP2). The maximum driving force (D) and resisting 

force (C) were 1472.2 kN and 901.02 kN, respectively, giving the D/C ratio equal to 1.63 

and the C/D ratio or FS equal to 0.6. The yield coefficient ( yk ) was obtained at the exact 

same location, which was equal to 0.097 g. Then, the corresponding free-field soil 

displacement was calculated using the SCDOT GDM (2022), Equation 13-72 which is 

based on the Simplified Newmark chart (Anderson et al. 2008). This equation is a result of 

direct Newmark sliding block analyses conducted on a set of strong ground motion records 

(Hynes and Franklin 1984) and regression analysis for the Central and Eastern United 

States (CEUS) region and soil site conditions. The calculated soil displacements were 
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doubled to obtain soil displacements at an 84% confidence level (Kavazanjian et al. 2011). 

 

Figure 6.2. Seismic slope stability analysis for AL scenario and free field conditions 
using the simplified analytical method 

Figure 6.3 shows the FS variation in the slope obtained from SLIDE2 for the 

seismic slope stability analysis conducted for DL free-field condition and subjected to a 

pseudo-static load of the SEE event (PGA=0.279 g) obtained from SLIDE2. The minimum 

FS was obtained as 0.35. The corresponding failure surface was selected at a radius of 

73.68 m. The failure surface depth from GL was 8.34 m at the top of the SP1 soil deposit. 

The maximum driving force (D) and resisting force (C) were 1726.57 kN and 597.97 kN, 

respectively, giving the D/C ratio equal to 2.88 and the C/D ratio or FS equal to 0.35. The 

yield coefficient ( yk ) was obtained at the exact same location, which was equal to 0.047 
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g. Then, the corresponding free-field soil displacement was calculated using the SCDOT 

GDM (2022), Equation 13-72. 

 

Figure 6.3. Seismic slope stability analysis for DL scenario and free field conditions 
using the simplified analytical method 

Then, a model considering the foundation restraining action was created to obtain 

the maximum resisting force, which corresponds to FS=1 and zero displacements ( yk = 

PGA= 0.279 g) for the AL and DL scenarios. Figure 6.4 shows the FS variation in the slope 

for the seismic slope stability analysis conducted for the AL scenario using a restraining 

element and subjected to a pseudo-static load of the SEE event (PGA = 0.279 g). The 

maximum resisting force equal to 650 kN/m was obtained for achieving the FS equal to 

1.0. 



183 

 

 

Figure 6.4. Seismic slope stability analysis for AL scenario with restraining element 
(FS=1) using the simplified analytical method 

Figure 6.5 shows the FS variation in the slope for the seismic slope stability analysis 

conducted for the DL scenario using a restraining element and subjected to a pseudo-static 

load of the SEE event (PGA = 0.279 g) obtained from SLIDE2. The maximum resisting 

force equal to 1150 kN/m was obtained for achieving the FS equal to 1.0. 
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Figure 6.5. Seismic slope stability analysis for DL scenario with restraining element 
(FS=1) using the simplified analytical method 

Apart from the yield coefficient, yk values for the free-field or zero resisting force 

(critical FS), and maximum resisting force (FS=1), eight more cases were evaluated by 

varying the restraining force from the maximum value to the minimum value and the 

corresponding yk values for the eight cases were obtained. Then, the soil displacements 

were calculated as per SCDOT GDM (2022), Equation 13-72, using the obtained yk values, 

the restraining forces (kN/m) were multiplied by the effective width of the embankment 

(We=W+(m/2)*H=21.33  m; W=15.85 is the top width, m=2H:1V is the slope, and H=5.48 

m is the height of embankment) and Curve 3 was plotted for the AL and DL scenarios as 

shown in Figure 6.6. For the AL scenario, the maximum resisting force after multiplying 

by the effective embankment width was equal to 13868.4 kN at zero displacement, and the 
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maximum soil displacement was 211.053 mm for zero resisting force, which can be noted 

in Curve 3 in Figure 6.6 (a). For the DL scenario, the maximum resisting force after 

multiplying by the effective embankment width was equal to 24536.4 kN at zero 

displacement, and the maximum soil displacement was 875 mm for zero resisting force, as 

seen in Figure 6.6 (b). 

        

Figure 6.6. Displacement response of sliding mass (Curve 3) for (a) AL and (b) DL 
scenarios using the simplified analytical method 

6.4.1.3.  Step 3: Generation of foundation resisting force vs. soil displacement 

curves (Curve 1 and Curve 2) 

Curve 1 and Curve 2 were generated by conducting pushover analysis for a single 

equivalent pile representing the pile group in RSPile. The p-y curves for sand (Reese et al. 

1974), soft clay (Matlock 1970), and stiff clay without free water (Welch and Reese 1972) 

available in RSPile were used for the pushover analysis. First, the p-multiplier profile was 

defined to account for the reduction in group efficiency of the drilled shaft bent at End 

bent-1 for the AL and DL scenarios. The p-multiplier values of 0.36 up to the bottom of 
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the Fill and 0.9 below the Fill were used in this study as obtained from the geotechnical 

report (GeoStellar Engineering, LLC 2019).  

A constant axial load of 1112 kN was obtained from structural design (GeoStellar 

Engineering, LLC 2019), and a series of increasing soil displacement profiles were 

imposed on the foundation to obtain the shear force at the critical failure surface depth 

corresponding to each increment of a soil profile. For the AL scenario, a series of increasing 

soil displacement profiles were imposed on the drilled shaft at End bent-1, ranging from 

maximum values of 50 mm, 100 mm, 150 mm, 200 mm, 250 mm, and 300 mm. The failure 

surface depth from GL, as obtained from the seismic slope stability analysis, was 11.36 m, 

i.e., 7.22 m from the top of the drilled shaft, which was at the middle of the liquefied soil 

deposit (SP2). Hence, the maximum soil displacement ranging from 50 mm to 300 mm 

was applied up to the top of the SP2 soil deposit and linearly varied to zero up to the bottom 

of the SP2 deposit. Then, from the output of RSPILE, the shear forces at the failure surface 

location were obtained for each soil displacement, and Curve 1 was plotted, as shown in 

Figure 6.7 (a). Then, Curve 2, shown in Figure 6.7 (b), was generated by calculating the 

running average of the resisting forces to correct Curve 1 (CALTRANS 2017; SCDOT 

GDM 2022). 
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Figure 6.7. (a) Foundation resisting force vs. soil displacement (Curve 1) and (b) 
Running average of the foundation resisting force vs. soil displacement (Curve 2) for 

the AL scenario using the simplified analytical method 

For the DL scenario, the same drilled shaft properties and p-y curves as used for 

the AL scenario were used for the DL scenario. The failure surface depth from GL, as 

obtained from the seismic slope stability analysis, was 8.34 m, i.e., 3.05 m from the top of 

the drilled shaft, which was at the top of the SP1 soil deposit. Hence, the maximum soil 

displacements ranging from 160 mm, 320 mm, 450 mm, 640 mm, 800 mm, and 1000 mm 

were applied up to the top of the SP1 soil deposit and linearly varied to zero up to the 

bottom of the SP1 deposit. The shear forces at the failure surface for the DL scenario were 

obtained for each soil displacement, and Curve 1 was plotted, as shown in Figure 6.8 (a). 

Then, Curve 2, shown in Figure 6.8 (b), was generated by calculating the running average 

of the resisting forces to correct Curve 1 (CALTRANS 2017; SCDOT GDM 2022
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Figure 6.8. (a) Foundation resisting force vs. soil displacement (Curve 1) and (b) 
Running average of the foundation resisting force vs. soil displacement (Curve 2) for 

the DL scenario using the simplified analytical method 

6.4.1.4. Step 4: Determination of design displacement demand 

The design displacement demand was obtained from the intersection point of Curves 2 and 

3 for the AL and Dl scenarios. Figure 6.9 shows the interaction curves with design 

displacement demands equal to 170 mm and 800 mm for the DL and AL scenarios. 

 

Figure 6.9. Interaction curves for (a) AL and (b) DL scenarios using the simplified 
analytical method 

0 200 400 600 800 1000

Imposed soil displacement (mm)

100

200

300

400

500
R

es
is

ti
ng

 f
or

ce
 (

kN
)

(a) (b)

0 200 400 600 800 1000

Imposed soil displacement (mm)

100

200

300

400

R
un

ni
ng

 a
vg

. o
f 

re
si

st
in

g 
fo

rc
e 

(k
N

)

0 150 300

Soil displacement (mm)

560

1120

1680

2240

2800

R
es

is
tin

g 
fo

rc
e 

(k
N

)

Curve 1

Curve 2

Curve 3

Design disp.= 170 mm
Resisting force = 700 kN

(a)

450 600 750 900 1050

Soil displacement (mm)

500

1000

1500

2000

2500

R
es

is
ti

ng
 f

or
ce

 (
kN

)

Curve 1

Curve 2

Curve 3

Design disp.= 800 mm
Resisting force = 347 kN

(b)



189 

 

6.4.2. Minimum Penetration Analysis  

The minimum penetration analysis was conducted to determine the minimum 

length of the drilled shaft, which can attain fixity. A constant axial load of 1112 kN and 

the soil displacement profile equal to the design displacement demand calculated in Step 4 

were imposed on the foundation mm for drilled shaft lengths ranging from 32.5 m, 27 m, 

21.5 m, and 13 m. Figure 6.10 (a) shows the imposed design displacement demand on the 

drilled shaft at the End bent-1 in RSPILE for the AL and DL scenarios. Figures 6.10 (b) 

and (c) show the lateral pile head deflection for various penetration depths of the drilled 

shaft for the AL and DL scenarios.  

 

Figure 6.10. (a) Imposed soil displacement profiles for AL and DL scenarios; 
Foundation lateral displacement profiles resulting from minimum penetration 
analysis for (b) AL and (c) DL scenarios using the simplified analytical method 

It can be seen that the drilled shaft length of 13 m does not provide fixity, and hence 

the drilled shaft length of 21.5 m was selected for the design. The pile head deflection was 
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shaft. Hence, the minimum penetration analysis resulted in a 21.5 m length drilled shaft for 

the DL and AL scenarios and was used to determine the other drilled shaft foundation 

structural responses in the final step.  

6.4.3. Analysis and Discussion 

Finally, the design displacement demands were imposed on the 21.5 m long drilled 

shaft as soil displacement profiles for DL and AL scenarios to obtain the drilled shaft 

foundation structural response. Figure 6.11 shows the lateral deflection, shear force, and 

bending moment profiles for the AL and DL scenarios. The maximum lateral deflection 

for the DL scenario (747 mm) was significantly higher than the AL scenario (227 mm). 

The maximum shear force for the AL scenario (1216.4 kN) was approximately at the 

middle of the liquefiable deposit, SP2, and was slightly lower than the DL scenario (1306.5 

kN), which was approximately at the middle of the SP1 deposit. Similarly, the maximum 

bending moment for the AL scenario (4169.6 kN-m) was slightly lower than the DL 

scenario (4273.3 kN-m) near the bottom of the SP2 deposit. Hence, the drilled shaft 

foundation structural response was highest for the DL scenario. 
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Figure 6.11. (a) Lateral deflection, (b) shear force, and (c) bending moment profiles 
for AL and DL scenarios using the simplified analytical method 
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RIGOROUS ANALYTICAL METHOD 

The simplified analytical method is based on the Simplified Rigid Block Newmark 

Analysis, where an empirical regression relationship (Anderson et al. 2008) is used to 
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6.5.1. Rigorous Analytical Method for Determination of the Design Displacement 

Demand 

The design displacement demand on the drilled shaft at End bent -1 induced by 

liquefaction-induced lateral spreading for the rigorous analytical method was determined 

similar to the simplified analytical method for the DL and AL scenarios with the following 

alterations: 

6.5.1.1. Selection of input ground motions:  

Three site-specific ground motions were used for the Rigorous Rigid Block 

Newmark Analysis in SLIDE2 (Jibson et al. 2013; Rocscience 2022). The uniform hazard 

spectrum (UHS) and deaggregation parameters for the site were obtained from 

Scenario_PC. The suite of ground motions for the site was obtained from the NUREG/CR-

6728 database (Mcquire et al. 2001). The ground motions were filtered out based on 

magnitude (Mw), source-to-site distance (R), and the shape of the response spectrum. Table 

6.2 shows the Mw, R, PGA, and Arias Intensity (AI) for selected earthquakes.   

Table 6.2. Selected time histories from the database 

Record 
ID 

 
Earthquake 

 
Station 

 
 Mw R (km) 

PGA(g) AI (g) 

LV5000 Northridge (1994) Leona Valley#5-Ritter#  6.7 38.3 0.317 0.86 

WND233  
San Fernando 
(1971) Whittier Narrows Dam 6.6 45.1 

0.263 1.15 

L-BPL160 
Mammoth Lakes 
(1980) Bishop-Paradise Lodge 6.0 43.7 

0.324 0.85 
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The suite of seed (real/actual earthquake recordings) time histories was spectrally 

matched to the UHS using the time-domain spectral matching algorithm in RSPMatch09 

(Al-Atik and Abrahamson 2010). The modified acceleration time histories were used as 

input ground motions in SLIDE2 to determine the drilled shaft foundation structural 

response. Figure 6.12 shows the input acceleration-time history and baseline corrected 

displacement-time history for the San Fernando (1971) earthquake. 

 
Figure 6.12. San Fernando (1971) earthquake (a) acceleration and (b) displacement 

time history  

6.5.1.2. Generation of the sliding mass displacement response curve (Curve 3) 

based on Rigorous Rigid Block Newmark Analysis 

Curve 3 was obtained by conducting Rigorous Rigid Block Newmark Analysis in 

SLIDE2 (Jibson et al. 2013; Rocscience 2022) using Spencer’s method. A uniform live 
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applied. First, the Rigorous Rigid Block Newmark Analysis was conducted for the AL 
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surface depth from Ground Level (GL) was 11.36 m in the middle of the liquefied soil 

deposit (SP2). The analysis was repeated for the DL scenario where the soil displacements 

were obtained at the critical failure surface location (FS= 0.35) having a radius of 73.68 m. 

The failure surface depth from GL was 8.34 m at the top of the SP1 soil deposit. The 

analysis was conducted to obtain the free-field soil displacements corresponding to the 

three earthquakes (Northridge (1994), San Fernando (1971), and Mammoth Lakes (1980)) 

for the AL and DL scenarios. 

Then, models considering the foundation restraining action were created to produce 

10 cases ranging from maximum restraining force corresponding to zero displacement 

(FS=1) to zero restraining force corresponding to maximum displacement or free-field 

condition (critical FS) for the three earthquakes for the AL and DL scenarios. The 

restraining force was varied between maximum and zero restraining force (8 cases) and the 

corresponding soil displacements. The computed soil displacements were then doubled to 

obtain soil displacements at 84% confidence level (Kavazanjian et al. 2011), and the 

restraining forces (kN/m) were multiplied by the effective width of the embankment 

(We=W+(m/2)*H=21.33  m; W=15.85 is the top width, m=2H:1V is the slope, and H=5.48 

m is the height of embankment). For the AL scenario, the maximum restraining force after 

multiplying by the effective embankment width was 13868.4 kN at zero displacement, and 

the maximum soil displacements corresponding to zero restraining force were 30.88 mm 

for the Northridge (1994) earthquake, 40.84 mm for the San Fernando (1971) earthquake, 

and 34.38 mm for the Mammoth Lakes (1980) earthquake. For the DL scenario, the 

maximum restraining force after multiplying by the effective embankment width was 
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24536.4 kN at zero displacement, and the maximum soil displacements corresponding to 

zero restraining force were 183.3 mm for the Northridge (1994) earthquake, 226.42 mm 

for the San Fernando (1971) earthquake, and 149.62 mm for the Mammoth Lakes (1980) 

earthquake. The design displacement demand was obtained from the intersection of Curve 

2 (same as obtained from the simplified analytical method) and Curve 3 for the AL and DL 

scenarios for the three earthquakes. Figure 6.13 shows the interaction curves with design 

displacement demands for the Northridge (1994), San Fernando (1971), and Mammoth 

Lakes (1980) earthquakes. 

 

 

Figure 6.13. Interaction curves for (a) Northridge (1994), (b) San Fernando (1971), 
and (c) Mammoth Lakes (1980) earthquakes for AL scenario and (d) Northridge 

(1994), (e) San Fernando (1971), and (f) Mammoth Lakes (1980) earthquakes for DL 
scenario using the rigorous analytical method 
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6.5.2. Analysis and Discussion 

The drilled shaft length of 21.5 m, which resulted from the minimum penetration 

analysis conducted in the simplified analytical method, was used to determine the drilled 

shaft foundation structural response using RSPILE for the DL and AL scenarios for the 

three earthquakes. The design displacement demands for the three earthquakes, as shown 

in Figure 6.13, were imposed on the 21.5 m long drilled shaft as soil displacement profiles 

to obtain the drilled shaft foundation structural response for the DL and AL scenarios. 

Figure 6.14 shows the lateral deflection, shear force, and bending moment profiles for AL 

and DL scenarios for the three earthquakes. It can be observed that the lateral deflection, 

shear force, and bending moment profiles have the least magnitude for the AL scenario and 

the maximum for the DL scenario. Also, for the DL scenario, there is a significant 

difference observed between the structural responses for the three earthquakes. The 

maximum lateral deflection, shear force, and bending moment values are observed for the 

San Fernando (1971) earthquake, followed by the Northridge (1994) earthquake, and the 

least for the Mammoth Lakes (1980) earthquake for the DL scenario. It is worth noting that 

this can be attributed to the decreasing Arias Intensity values from the San Fernando (1971) 

earthquake (1.15g) to the Northridge (1994) earthquake (0.86g) and then the Mammoth 

Lakes (1980) earthquake (0.85g). The Arias Intensity correlates well with several 

commonly used demand measures of structural performance, liquefaction, and seismic 

slope stability (Travasarou et al. 2003). The maximum lateral deflection, shear force, and 

bending moment values were observed for the San Fernando (1971) earthquake for the DL 

scenario equal to 200.28 mm, 978.05 kN, and 3374.04 kN-m, respectively. For the AL 
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scenario, a smaller difference is observed between the structural responses for the three 

earthquakes compared to the DL scenario. The maximum lateral deflection, shear force, 

and bending moment values are observed for the San Fernando (1971) earthquake, 

followed by the Mammoth Lakes (1980) earthquake, and the least for the Northridge 

(1994) earthquake. However, the difference between the structural responses for the 

Northridge (1994) earthquake and the Mammoth Lakes (1980) earthquake is negligible.

 

Figure 6.14. (a) Lateral pile head deflection, (b) shear force, and (c) bending 
moment profiles for AL and DL scenarios using the rigorous analytical method 
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6.6. METHOD 3: STRUCTURAL RESPONSE OF DRILLED SHAFT USING 

COUPLED FINITE ELEMENT METHOD 

6.6.1 Finite Element Model 

The SLIDE2 models were imported into RS2 for conducting finite element 

analyses. The simulation domain was spatially discretized with 39855 6-noded triangular 

plane-strain elements. The available bedrock depth in the geotechnical report (GeoStellar 

Engineering, LLC 2019) was used for the simulation domain. A model size sensitivity 

study and a mesh sensitivity study were conducted by varying simulation domain size and 

the number of elements in the simulation domain to obtain a suitable size and mesh, 

ensuring that any change in the domain and mesh size does not affect the predicted results. 

For deformation, the vertical boundaries of the simulation domain were restrained in the 

horizontal direction and allowed to move freely in the vertical direction. The bottom was 

fixed in both horizontal and vertical directions. The top boundary was assigned to be 

traction-free. The acceleration-time histories considered in this study were baseline 

corrected using the cubic baseline correction technique and applied at the base of the 

simulation domain. 

A 1.37 m diameter and 21.5 m long drilled shaft embedded in soil was represented 

by a linear elastic beam element. The End bent-1 for retaining backfill was modeled as 

linear elastic material with concrete properties the same as drilled shaft. The non-linear 

elastoplastic stress-strain behavior of the soil was modeled using the widely used Mohr-

Coulomb (MC) constitutive model. The MC model parameters include unit weight, peak, 
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residual friction angle, and cohesion. The values are tabulated in Table 6.1. The analysis 

was conducted in three phases: (1) Initial phase (Imported SLIDE2 model), where initial 

stresses were generated due to gravity; (2) Excavation and construction phase, where the 

slope was excavated, and the liner element and End bent-1 section was activated; and (3) 

Dynamic phase where the input earthquake acceleration-time histories were assigned at the 

bottom boundary. The three modified site-specific acceleration-time histories were used as 

input ground motions in RS2 to determine the drilled shaft foundation structural response. 

Figure 6.15 shows the simulation domain for the dynamic phase. 

 

Figure 6.15. Simulation domain for the dynamic phase in RS2 

6.6.2. Analysis and Discussion 

Figure 6.16 shows the lateral pile deflection, shear force, and bending moment 

profiles for the three earthquakes for BL, DL, and AL scenarios. It can be observed that 

the lateral deflection, shear force, and bending moment profiles have the least magnitude 

for the BL scenario, followed by the AL scenario and the maximum for the DL scenario. 
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Also, the maximum lateral deflection, shear force, and bending moment values are 

observed for the San Fernando (1971) earthquake, followed by the Northridge (1994) 

earthquake, and the least for the Mammoth Lakes (1980) earthquake for the DL scenario. 

This can be attributed to the decreasing Arias Intensity values from the San Fernando 

(1971) earthquake (1.15g) to the Northridge (1994) earthquake (0.86g) and then the 

Mammoth Lakes (1980) earthquake (0.85g). The Arias Intensity correlates well with 

several commonly used demand measures of structural performance, liquefaction, and 

seismic slope stability (Travasarou et al. 2003). Overall, the maximum lateral deflection, 

shear force, and bending moment values were observed for the San Fernando (1971) 

earthquake for the DL scenario equal to 125.59 mm, 1121.7 kN, and 4503 kN-m, 

respectively. For the AL scenario, the maximum lateral deflection, shear force, and bending 

moment were induced by the Northridge (1994) earthquake. However, the difference 

between the bending moment and shear force profiles for the Northridge (1994) earthquake 

and the San Fernando (1971) earthquake was negligible.   
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Figure 6.16. (a) Lateral pile deflection, (b) shear force, and (c) bending moment 
profiles for BL, DL, and AL scenarios using the finite element method 

6.7. COMPARISON OF PREDICTED RESPONSES USING THE THREE 
METHODS AND DISCUSSION 

Figure 6.17 shows the lateral pile deflection, shear force, and bending moment 

profiles obtained using analytical and finite element methods for the DL and AL scenarios. 

It can be observed from Figure 6.17 (a), (b), and (c) that the maximum lateral deflection 

values for the AL and DL scenarios for the three earthquakes determined using the rigorous 

analytical method and finite element method are close while those determined using the 

simplified analytical method are significantly higher. For instance, the maximum lateral 

head defection for the DL scenario for the San Fernando (1971) earthquake determined 

using the rigorous analytical method (200.28 mm) was close to the value determined using 

the finite element method (125.59 mm). However, the lateral deflection value determined 

using the simplified analytical method for the same case was equal to 746.94 mm. The 

maximum lateral deflection values for the DL scenario for all three earthquakes are 

observed to be maximum for the simplified analytical method, followed by the rigorous 

analytical method, and the least for the finite element method. The maximum bending 
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moment values lie near the bottom of the SP2 deposit, where the maximum values for 

simplified analytical and finite element methods are close, while the maximum values for 

the rigorous analytical method are significantly lower for the three earthquakes for the DL 

and AL scenarios. 
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Figure 6.17. Comparison of methods showing lateral pile deflection profiles for (a) 
Northridge (1994), (b) San Fernando (1971), and (c) Mammoth Lakes (1980) 

earthquakes,  shear force profiles for (d) Northridge (1994), (e) San Fernando 
(1971), and (f) Mammoth Lakes (1980) earthquakes, and bending moment profiles 
for (g) Northridge (1994), (h) San Fernando (1971), and (i) Mammoth Lakes (1980) 

earthquakes for the AL and DL scenarios  

Table 6.3 shows the comparison of maximum values of lateral pile deflection, shear 

force, and bending moment for the AL and DL scenarios using the analytical and finite 

element methods.  

Table 6.3. Comparison of maximum structural responses for the DL and AL 
scenarios  

Parameter 

 
 

Simplified analytical 
method 

 

Rigorous analytical 
method 

 

Finite element 
method 

AL DL AL DL AL DL 

Lateral deflection (mm) 227.00 746.94 50.29 200.28 48.55 125.59 

Shear force (kN) 1216.40 1306.50 387.46 978.05 705.01 1121.7 

Bending moment (kN-m) 4169.60 4273.3 1185.09 3374.04 2441.2 4503.05 
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6.8. Comparison of Predicted and Field-Measured Lateral Spread Displacements 
from Case Studies and Discussion 

Yang et al. (2020) compared the liquefaction-induced lateral spread displacements 

obtained from the Simplified Newmark Analysis and Rigorous Newmark Analysis with 

five case histories and concluded that the Simplified Newmark Analysis overpredicted the 

displacements for some cases while underpredicted displacements for other cases. Table 

6.4 shows the comparison of predicted and field-measured lateral spread from case studies 

and this study. The predicted lateral spread displacements in this study were obtained using 

the seismic slope stability analysis in SLIDE2 for the free-field condition as discussed in 

Methods 1 and 2 for the AL scenario. The predicted lateral spread displacements for 

Method 2 were taken as averages of the lateral spread displacements resulting from the 

Northridge (1994), San Fernando (1971), and Mammoth Lakes (1980) earthquakes. The 

lateral spread displacement predicted in this study for the South Carolina site using the 

simplified analytical method showed close agreement with the field-measured values from 

the case studies in California.  

Table 6.4. Comparison of predicted and field-measured lateral spread 
displacements from case studies 

Case study 

Predicted lateral spread 
(mm)   

Field-measured lateral spread 
(mm)  Simplified 

analytical 
method 

Rigorous 
analytical 
method 

Florence/Lee County, South 
Carolina (This study) 

211 35.36 - 

Moss landing site, California* 170 670 280 
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Northridge site, California* 150 160 150 

Wildlife site, California* 20 90 180 

* Yang et al. (2020) 

Kavazanjian et al. (2011) concluded that the Newmark sliding block analysis is 

conservative because it is assumed that liquefaction occurs immediately at the start of the 

earthquake (National Academies of Sciences, Engineering, and Medicine 2021). In this 

study, the analytical methods resulted in higher soil displacements and, consequently, 

higher lateral pile deflections than those obtained from the finite element method. 

However, the accuracy of the analytical methods could not be assessed. Hence the accuracy 

of the analytical methods needs to be validated by comparison studies between the results 

of analytical methods used in this study with more documented case histories of 

liquefaction-induced lateral spreading and centrifuge experiments is needed (National 

Academies of Sciences, Engineering, and Medicine 2021).  

6.9. CONCLUSION  

The drilled shaft foundation structural responses before, during, and after 

liquefaction-induced lateral spreading were predicted at an end-bent of a new bridge in SC 

using three different methods, and the results were compared. The results obtained from 

the simplified analytical and rigorous analytical methods show that the structural responses 

were observed to be higher for the DL scenario than for the AL scenario. The results 

obtained from the finite element method show that the structural responses have the lowest 

magnitude for the BL scenario, followed by the AL scenario, and the maximum for the DL 
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scenario. Hence, the DL proved to be the worst-case scenario. The decreasing lateral 

deflection, shear force, and bending moment values for the three earthquakes for the DL 

scenario determined using the rigorous analytical and finite element methods may be 

attributed to the decreasing Arias Intensity of these earthquakes. The maximum lateral 

deflection values for the AL and DL scenarios for the three earthquakes determined using 

the rigorous analytical method and finite element method were close, while those 

determined using the simplified analytical method were significantly higher. The structural 

response estimated using the finite element method provided more realistic results than the 

analytical methods. The accuracy of the analytical methods could not be assessed, and their 

accuracy needs to be validated by comparison studies between the results of analytical 

methods with more documented case histories of liquefaction-induced lateral spreading 

and centrifuge experiments. 
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CHAPTER 7 SUMMARY AND CONCLUSIONS 

This dissertation commenced with analyzing the effect of extreme hydroclimatic 

events, including heavy rainfall and prolonged drought, on the deformation and bearing 

capacity behavior of deep foundations. Initially, the analytical design of a full-scale drilled 

shaft and a proportionate small-scale drilled shaft in sand and silty sand was done. Then, 

the temporal variation of the end bearing capacity, skin resistance, and vertical settlement 

of the drilled shafts due to hydrological load was carried out using the fully- coupled 

Geotechnical- Hydrological finite element code PLAXIS 2D. A modified Mohr-Coulomb 

(MMC) model capable of updating the yield criterion and modulus with changes in matric 

suction and/or degree of saturation was used to represent the stress-strain behavior of the 

partially saturated soil in PLAXIS 2D as soil deformation properties change with the flow 

of water. Overall, the effects on the deformation and bearing capacity were very small. The 

settlement of the sand caused the drilled shaft to settle during rainfall which was attributed 

to the hydrodynamic load induced by the heavy rainfall on the ground, low density and 

decreasing porewater pressure. This settlement caused a decrease in skin 

resistance/increase in the end-bearing resistance of the drilled shaft. Upward vertical 

displacement of the sand and drilled shaft during drought was observed, which was 

attributed to the rebound of elastic settlement as the DOS decreases, the hydrodynamic 

loading on the ground is reduced and PWP increases. The upward vertical displacement 

caused an increase in skin resistance/decrease in the end-bearing resistance of the drilled 

shaft. The silty sand under study was relatively dense compared to the sand, and the 

increase in the degree of saturation in silty sand during rainfall was higher than the sand. 
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Hence, upward vertical displacement of the silty sand caused the upward displacement of 

the drilled shaft during heavy rainfall, which was attributed to an increase in the soil volume 

as the rainwater enters the soil matrix and increasing porewater pressure. However, the 

upward vertical displacement was only at shallow depths, and settlement was observed at 

deeper depths. Then during drought, settlement of the drilled shaft was observed, which 

was attributed to a decrease in soil volume as the degree of saturation drops to a residual 

value and decreasing porewater pressure. It was noted that the loss of skin resistance caused 

by loss of normal stress at the soil-pile interface due to shrinkage of soil during drought is 

not captured in numerical modeling, and hence, an experimental investigation was crucial 

for observing realistic behavior.  

An experimental investigation was carried out for the small-scale precast drilled 

shaft subjected to rainfall with three different intensities- low, medium, and high. The 

materials and methods adopted for the construction of the experimental setup were 

discussed, which included the design and construction of the precast drilled shaft, soil box, 

and the instrumentation and calibration of sensors and loading setups. The results obtained 

from the experimental investigation were used to validate the finite element model in 

PLAXIS 2D. It was observed that the wetting front moves at the same rate in FEM as 

compared to the experiment and also reaches the drilled shaft bottom at the same time. The 

low-intensity rainfall caused the settlement of the drilled shaft, which caused a decrease in 

the total bearing capacity of the drilled shaft due to the mobilization of the skin resistance 

to the bottom of the drilled shaft. The medium- and high-intensity rainfall mostly caused 

the vertically upward displacement of the drilled shaft at shallow depths, which caused an 
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increase in the total bearing capacity of the drilled shaft. The axial force variation at various 

time intervals for the FEM matched with the experiment qualitatively in various aspects. 

The compaction of soil plays a crucial role and will cause the drilled shaft to respond 

differently to the low-, medium, and high-rainfall intensities. Hence, more experimental 

tests with different relative compaction of soil should be conducted in the future.  

Further, the study was extended to analyze the combined effect of hydrological and 

earthquake loads and the individual effect of seismic load on the foundation structural 

response for a full-scale drilled shaft in Test Sand using the MMC model in the fully-

coupled finite element code PLAXIS 2D. When the drilled shaft was subjected to the 

dynamic load from heavy rainfall, upward vertical displacement occurred due to an 

increase in the volume of the soil when water entered the soil matrix from the heavy 

rainfall. The upward vertical displacement was maximum at the start of heavy rainfall and 

then resided as the wetting front traveled down. When the drilled shaft was subjected to 

the dynamic load from heavy rainfall followed by dynamic load from the earthquake, the 

vertical settlement for the drilled shaft was very high compared to the case where the drilled 

shaft was subjected to dynamic load from the earthquake. Hence, the combined effect of 

heavy rainfall and earthquake can cause more damage to the deep foundations.  

Finally, a case study was adopted to predict the structural response of a deep 

foundation at the end bent of a proposed bridge subjected to liquefaction-induced lateral 

spreading caused by an extreme seismic event. The structural responses of the bridge 

foundation before, during, and after liquefaction-induced lateral spreading were predicted 

using the simplified analytical method, rigorous analytical method, and the coupled finite 
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element method using the 2D finite element program RS2 considering before-liquefaction 

(BL), during-liquefaction (DL), and after-liquefaction (AL) scenarios, and the results were 

compared. The results obtained from the simplified analytical and rigorous analytical 

methods show that the structural responses were observed to be higher for the DL scenario 

than for the AL scenario. The results obtained from the finite element method show that 

the structural responses have the lowest magnitude for the BL scenario, followed by the 

AL scenario, and the maximum for the DL scenario. Hence, the DL proved to be the worst-

case scenario. The accuracy of the analytical methods could not be assessed, and their 

accuracy needs to be validated by comparison studies between the results of analytical 

methods with more documented case histories of liquefaction-induced lateral spreading 

and centrifuge experiments. 
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