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ABSTRCT: Properties of natural soil are inherently variable that influences the design of pile foundation. Apart 
from inherent variability, uncertainty in pile design arises due to measurement of soil properties in the field or 
laboratory tests and model error. Furthermore, long term performance of foundation also depends on fluctuation in 
loads and resistances both in temporal and spatial scales. Hence, a probabilistic model for the assessment of 
response characteristics of foundation is necessary. The objective of reliability based design is to quantify 
probability of failure or reliability of a foundation system considering variability in the design parameters and 
associated safety. This article primarily addresses the reliability based design methodologies of pile foundation 
under static and dynamic loading. The significance of consideration of variability in soil parameters in the design of 
pile foundation pertaining to building foundation and offshore structures is highlighted. 
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1 INTRODUCTION 

The significance of variability in the geotechnical 
engineering field is well documented and efforts are 
being made to develop a rational design methodology 
over the traditional factor of safety approach (Becker 
1996). Pile foundations are important components of 
critical infrastructure like bridges, transmission towers, 
buildings and offshore structures, and are often 
subjected to various uncertain loads due to wind, wave, 
traffic or seismic activities. The properties of soil vary 
considerably within geologically distinct layers that 
may affect the mechanical behavior of pile foundation 
to a significant extent (e.g. Griffiths and Fenton 2001). 
The design becomes more challenging when the 
inherent variability and random spatial variability of 
soil properties is considered. 

Conventional design methods of pile foundations are 
based on traditional global factor of safety approach 
(e.g. IS 2911-1-2, 2010). Major drawback of factor of 
safety based approach is that it mostly based on 
experience and judgment and cannot be unique (Phoon 
1995). The reliability based design is advantageous 
over the factor of safety approach because it is rational 
and consistent as the variability can be included and it 
is associated with performance indicators (Becker 
1996, Kulhawy and Phoon 2002). Several international 
design standards (e.g., FEMA 1994, NRC 1995, CEN 
2001, FHWA 2001, AASHTO 2007) have introduced 
the limit state design or load and resistance factor 
design (LRFD) as the accepted method of design for 
structures and foundations (Ellingwood and Tekie 
1999). Efforts are also being made to introduce 
reliability or probability based design for pile 
foundations (FHWA 2001, NRC 1995). 

Pile foundations under static and dynamic loads are 
designed using two limit state functions, namely 
ultimate limit state and serviceability limit states 
(Phoon et al. 2003). Uncertainty due to fatigue is 
associated with the pile foundations of offshore wind 
turbine structure, hence fatigue limit state is also an 
essential design criterion (Carswell et al. 2014). 
Performance of a structure is evaluated using 
probability of failure or dimensionless parameter 
reliability index considering all limit states (Baecher 
and Christian 2003). Computation of probability of 
failure or reliability index is dependent on joint 
probability density of load and resistance. Evaluation 
of joint probability density function and evaluation of 
multiple integral for large numbers of random variables 
is practically difficult. Therefore, several analytical 
methods such as first-order reliability methods 
(FORM), second-order reliability methods (SORM) 
and simulation based methods such as Monte Carlo 
Simulation (MCS) approach are adopted to compute 
failure probability (Ang and Tang 1984). Currently, 
geotechnical community considers Load Resistance 
Factor Design (LRFD) approach to overcome the 
probabilistic computation demands statistical 
knowledge of the designer. In routine pile design 
LRFD approach is advantageous because development 
of reliability based design approach does not require 
probabilistic computation, which are often applied to 
the pile foundation to account for the variability in load 
and resistance (Phoon and Kulhawy 2005). The FHWA 
(2001) manual recommends the use of LRFD for pile 
foundations supporting bridge structures as it provides 
a consistent level of safety in design. 

Development of reliability based design methodology 
of pile foundation is relevant and important in the 
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context of current design paradigm. This paper presents 
an overview of reliability based pile design 
methodology subjected to static and dynamic loads. 
The key elements of reliability based design methods 
are emphasized and probabilistic design concepts of 
vertically and laterally loaded pile and offshore 
foundation are outlined. 

2 ASSESSMENT OF RELIABILITY 

Harr (1996) defined reliability as the probability of a 
system performing its required function adequately for 
a specified period of time under stated condition. The 
probability of failure is defined as the probability of an 
unwanted uncertain event and its unwanted 
consequences (CIRIA 2001). 

The probability of failure of a structure is quantified 
using a specific performance criteria. In a system, if 
load is X and resistance is Y, the objective of reliability 
analysis is to ensure the event X < Y for a specified life 
period. The performance function is defined as, 

  XYYXgZ  ,      (1) 

The limit state is defined as, Z = 0 which is the 
boundary between safe and unsafe regions as illustrated 
in Fig. 1.   
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Fig. 1 Limit state concept (Haldar and Mahadevan 
2000). 

If X and Y are the independent random variables, fX(X) 
and fY(Y) are probability density functions respectively, 
and FX(X), FY(Y) are known cumulative distribution 
functions, the probability of failure is (Ang and Tang 
1984), 

         dyyfyFdxxfxFp YXXYf  
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The probability of failure can also be determined from 
joint probability density function of X and Y, fXY(X, Y) 
as (Haldar and Mahadevan 2000), 
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Estimation of failure probability is dependent on fXY(X, 
Y). However, evaluation of joint probability density 
function and multiple integral for large numbers of 
random variables is difficult. Hence, the following 
methods are used to compute probability of failure or 
reliability index.   

2.1 First Order Reliability Method 
 (FORM) 

The first order reliability method is based on first-order 
Taylor series expansion approximation. The 
performance function is linearized at mean values of 
the random variables. Considering X and Y are 
statistically independent random variables which 
follows normal distribution, the Cornell reliability 
index (βcornell) is defined as (Cornell 1969), 
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where μZ and σZ are the mean and standard deviation of 
the performance function respectively, μX and σX are 
the mean and standard deviation of load respectively, 
and μY and σY are the mean and standard deviation of 
resistance respectively. The failure probability can be 
determined from reliability index as pf = 1 – Φ(βcornell), 
where Φ(.) is the standard normal cumulative 
distribution function.  

Cornell’s reliability indices are not the same for 
equivalent performance functions. Hasofer and Lind 
(1974) represented reliability index as the shortest 
distance from the origin to the limit state surface when 
the surface is represented in the standard normal space. 
Hasofer-Lind reliability index (βHL) can be expressed 
as, 

 
   xx t

xG
HL 

0
min     (5) 

where iX   is the random variable with zero mean and 

unit standard deviation and the reduced variable is 
defined as iX  = (Xi – μXi)/σXi. The reduced limit state 

equation can be represented as   0Xg .  

2.2 Monte Carlo Simulation (MCS) 

In case of complex non-linear problems, explicit 
performance functions are not available. Hence, real 
structures are analyzed using numerical analysis e.g. 
finite element analysis and finite difference analysis. In 
such cases, FORM cannot be used to find reliability 
index or probability of failure in the limit state.  The 
Monte Carlo simulation based approaches overcome 
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these problems. The MC simulation is a repetitive 
simulation process where a particular set of values of 
random variables are generated with the known 
probability distributions and the outcome is presented 
in the form of histograms. It may be noted that each 
simulation process is deterministic. This method is 
computationally expensive, however considering the 
advancement in recent computer technology, Monte 
Carlo method is versatile and mature enough to be used 
for reliability analysis of large engineering structures 
(Marek and Haldar 2003). 

The probability of failure for a limit state equation is 
quantified based on certain failure criteria. For a limit 
state function g(.), failure occurs when g(.) < 0. If N is 
the total number of Monte Carlo simulations and Nf is 
the number of simulations such that g(.) < 0, the 
probability of failure is expressed as, pf = Nf/N 

2.3 Load Resistance Factor Design 
 (LRFD) 

In LRFD, the resistance and loads are related as 

    )(LFRF in

i

in LR      (6) 

where Rn is the nominal (design) resistance or capacity, 
Ln(i) is the ith nominal load, RF is the resistance factor, 
(LF)i is the load factor corresponding to the ith load.  
The nominal loads are calculated by the design 
engineer deterministically from the weight of the 
superstructure and load-related coefficients (e.g., wind 
or seismic coefficient) based on codes or manuals.  For 
pile foundations, vertical and lateral loads arise due to 
superstructure, traffic movement, seismic activities, 
wind flow, and wave motion. Considering a 
combination of dead load (DL) and live load (LL), the 
limit state function can be written as, 

g(R, DL, LL) = R – DL – LL              (7a) 

where R is the resistance (capacity). The FORM can be 
used to obtain the most probable failure point (i.e. 
design point) on the limit-state surface in the reduced-
variable probability space of R, DL and LL for a target 
reliability index βT (or, for a target probability of 
failure pfT ). For a given soil profile and pile geometry, 
the mean value of R is constant; therefore, most 
probable failure point depends on the applied loads. 
The most probable failure point represents a 
combination of resistance, dead load and live load, R*, 
DL* and LL* respectively, that has the maximum 
probability of causing a failure in the system (the 
‘distance’ from the ‘mean’ point, corresponding to the 
mean values of R, DL and LL to the limit-state surface 
in the reduced-variable probability space is minimum 
at the most probable failure point).  In order to move 

away from the most probable failure point to the safe 
zone, resistance and load factors are used: 

R*-DL*-LL* = 0 = (RF)Rn - (LF)DL(DL)n - (LF)LL(LL)n 

                (7b) 

RF = R*/Rn = λMR*/μR              (7c) 

(LF)DL = DL*/(DL)n = λDL DL*/μDL            (7d) 

(LF)LL = LL*/(LL)n = λLL LL*/μLL            (7e) 

where μR, μDL and μLL are the mean resistance, dead 
load, and live load respectively; λM, λDL and λLL are the 
bias factors for resistance, dead load, and live load 
respectively. 

2.4 Target Reliability Index or Probability 
 of Failure 

The objective of reliability based design is to ensure 
probability of failure shall not exceed an acceptable 
value (pfT) or reliability index must not fall below the 
acceptable limit (βT).  Typical ranges of βT and pfT for 
pile foundation is summarized in Table 1 

Table 1 βT or pfT for pile foundations. 

Foundation βT pfT Remarks 
Drilled shaft 
for 
transmission 
line structures 
(Phoon et al. 
1995) 

3 - 3.2 1.3×10-3- 
6.9×10-4 

Uplift load 

3 - 3.2 -do- Compression 
2.9 - 3 1.3×10-3 Lateral 

General 
foundations 
(Becker 1996) 

3.5 2.3×10-4 
Normal 
failure 

consequence 

4 3.2×10-5 
Severe 
failure 

consequence 

Driven pile  2 - 2.5 2.3×10-2- 
6.2×10-3 NCHRP 

(2004) Drilled shaft 2.5-3.5 6×10-3- 
2.3×10-4 

Axially loaded 
pile 

2.3 - 2.8 
10-2-

6×10-3 

Phoon et al. 
(1995) 

Pile group 
consists of 5 
piles or less 

2.33 10-2 

Paikowsky 
(2002) 

Pile group 
consists of 
more than 5 
piles 

3 1.4×10-3 

Monopile for 
offshore wind 
turbine 

3.7 1.1×10-4 
DNV-OS-

J101 (2010) 
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3 UNCERTAINITIES IN PILE 
 DESIGN 

3.1 Inherent Uncertainty 

Due to geological processes, soil properties vary in 
vertical and horizontal directions which is defined as 
inherent uncertainty of soil. Inherent uncertainty can be 
divided into two components, namely trend and 
fluctuation component. The inherent uncertainty of soil 
properties is modeled as a random field, which is 
described by the mean, coefficient of variation (COV) 
(= standard deviation/mean) and scale of fluctuation of 
soil properties. The scale of fluctuation is the measure 
of the distance of separation at which two samples are 
considered reasonably correlated (Vanmarcke 1983). 
Small values of scale of fluctuation denote rapid 
fluctuation of soil properties about the mean and large 
values indicate smoothly varying property. Ranges of 
inherent uncertainty of soil parameters (COV) e.g. 
undrained shear strength (su), angle of internal friction 
(ϕ), bulk unit weight (γ), SPT N and relative density 
(Dr) are reported in Phoon and Kulhawy (1999). For 
example, COV of su varies from 20 – 55% for clay. 
Range of COV of ϕ, γ SPT- N and Dr are 5-15%, 0-
10%, 25-50% and 50-70% respectively. Range of 
vertical and horizontal scale of fluctuation for su are 0.8 
– 6.1 m and 50 m respectively.  

3.2 Model Uncertainty 

Model uncertainty arises because of the mathematical 
models and equations used in engineering analysis 
which are not perfect representations of physical 
processes but approximations of the actual behavior 
based on a set of assumptions. Model uncertainty in 
numerical model (e.g. p-y based approach) for 
predicting pile responses can be quantified from field 
load test results. The pile responses can be obtained 
from numerical model and matched with the 
corresponding responses from the large number of field 
tests. The predicted and measured pile responses can be 
compared. The predictive capability of the numerical 
model is evaluated by defining a model bias factor 
which is the ratio of measured and predicted responses. 
The mean of bias factor represents the tendency of the 
numerical model to overestimate or underestimate the 
responses and the COV of bias factor reflects the 
model uncertainty. 

Estimation of model uncertainty from field tests has 
limitations because there are several sources of 
uncertainty associated with field measurements (e.g., 
inherent soil variability and measurement error) and it 
is very difficult to isolate the model uncertainty (Phoon 
and Kulhawy 2005). However, the measurement 
uncertainty and inherent spatial variability of soil are 

minimized by high quality tests and averaging effect of 
soil properties, respectively.  

3.2 Measurement Uncertainty 

Measurement uncertainty arises during the estimation 
of soil properties from the equipment, procedural-
operator and random testing effects. Phoon and 
Kulhawy (1999) indicated that the equipment effect 
normally arises from the inaccuracies in the measuring 
devices, procedural-operator incurred limitations in the 
existing standard test and the way they are followed.  
The range of measurement uncertainty for SPT, CPT, 
triaxial and direct shear test are 15-45%, 5-15%, 7 – 
56% and 3 – 29% respectively (Phoon and Kulhawy 
1999). 

4 RELIABILITY BASED DESIGN OF 
 PILE FOUNDATION 

Implementation of reliability based design of pile 
foundation is presented with reference to few 
examples. 

4.1 Effect of Spatial Variability of Soil 

A probabilistic study on single pile foundation 
subjected to vertical and lateral loads has been 
conducted by Haldar and Babu (2008, 2012). Effect of 
soil spatial variability on ultimate vertical capacity and 
allowable lateral capacity is evaluated. A 2D log-
normal homogeneous random field is generated (Fig. 
2) in numerical model using Cholesky decomposition 
method. Undrained shear strength of soil (su) is 
considered as random variable and assumed to be a 
log-normally distributed random field represented by 
mean, standard deviation and scale of fluctuation of su. 
It is further assumed that the soil has an isotropic 
Markovian correlation structure.  This makes the scale 
of fluctuation the same in both the horizontal and 
vertical directions. Monte Carlo simulation is used to 
determine the probabilistic characteristics of the 
ultimate vertical and allowable lateral capacity. 

s
u
 (

k
P

a
) 

Stronger 
zone 

Weaker zone 

 

Fig. 2 Typical realization of random field, COV of su 
(COVsu) = 30% and scale of fluctuation (δz) = 5 m. 
(Haldar and Babu 2008) 
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Fig. 3 Effect of spatial variability on mean total 
ultimate vertical capacity (Haldar and Babu 2012) 
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Fig. 4 Effect of spatial variability on mean allowable 
lateral capacity (Haldar and Babu 2008) 

Fig. 3 shows that substantial reduction of mean 
ultimate vertical capacity was observed due to the 
effect of soil spatial variability that that of case of 
deterministic results.  The reduction in pile capacity 
was observed to be maximum at δz/Lp = 0.5 (Lp = pile 
length), which is considered to be worst scale of 
fluctuation. Similar trend was also observed for 
laterally loaded pile as shown in Fig. 4. It was observed 
that, for spatially varied soil, the resulting mean 
allowable lateral load corresponding to allowable 
lateral deflection of 0.05 m at pile head is significantly 
lower than that of the case of deterministic soil. It is 
interesting to note that the weak zones in each 
realization of random field are useful to understand the 
variations in the failure mechanism as well as vertical 
or lateral capacity of pile. This aspect is important for 
pile design. 

4.2 LRFD of Laterally Loaded Pile 

Design of laterally loaded piles are mostly guided by 
the serviceability limit state of excessive lateral 
deflection. Haldar and Basu (2014) proposed resistance 
factors for laterally loaded piles embedded in clay 
deposits in which the soil properties are assumed to be 

random variables. Uncertainties associated with the 
response of laterally loaded piles was taken into 
account based on the serviceability limit state of 
excessive lateral deflection. Lateral load carrying 
capacity of pile were determined based on a specified 
allowable lateral deflection at the pile head. The pile 
load-displacement curves were generated using the p-y 
analysis. Model uncertainty in p-y model has been 
incorporated in the analysis. The uncertainties 
associated with the lateral capacity, for a specified 
lateral head deflection, were quantified. Probability 
distribution of the lateral capacity was determined 
using Monte-Carlo simulations.  

Uncertainty in p-y model (API 2011) parameters (ε50 : 
the strain corresponding to one half of the maximum 
stress in laboratory undrained compression tests 
performed on undisturbed clay samples and J : 
dimensionless empirical coefficient) and model 
uncertainty  are quantified based on  40 field pile load 
test data. Two parameters were back calculated from 
the numerically generated load-deflection curves with 
the field curves by trial and error. The allowable 
capacities corresponding to allowable deflection (δa) = 
15 mm and 25 mm were obtained from the fitted curve 
and field load-deflection curve. The statistics of bias 
factors (ratio of measured and predicted capacities) 
were obtained. Uncertainty in ε50 and J are presented in 
Fig. 5. 
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Fig 5 Uncertainty of J and ε50 from field load test 
results (Haldar and Basu 2014) 
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Fig 6 Uncertainty of J and ε50 from field load test 
results (Haldar and Basu 2014) 
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The resistance factors were obtained using the first 
order reliability method (FORM) for a given target pf, 
uncertainties in su (COVsu = 20%, lognormal 
distribution), dead load (COVDL = 10%, normal 
distribution), live load (COVLL = 25%, lognormal 
distribution), lateral capacity (COV = 20%) and model 
uncertainties (COV = 15%). The resistance factors 
(RF) for different DL/LL ratios and target pf are 
presented in Fig. 6.  

4.3 Reliability of Monopile Foundation for 
 Offshore Wind Turbine 

Haldar and Basu (2016) assessed the reliability 
monopile supported offshore wind turbine (OWT) 
considering the uncertainties in aerodynamic and 
hydrodynamic loads and spatial variability of soil. The 
study also includes climate change effect on future 
wind and wave loads. Hence, time dependent reliability 
assessment has been performed. Because of excessive 
foundation cost (about 30-40% of the total cost), a 
rational and robust foundation design strategy is 
required. The dynamic response of the OWT was 
estimated using finite element analysis. Soil resistance 
was modeled using the API (2011) based p-y curve. 
Spatial variability of angle of internal friction (COVʹ = 
5%, δv = 2 m) is mapped onto p-y curves. Statistical 
downscaling model was used to forecast future wind 
speed, wave height and wave period. Aerodynamic and 
hydrodynamic loads were estimated based on DNV-
OS-J101 (2010). The properties of a 5 MW OWT was 
selected from the National Renewable Energy 
Laboratory (NREL 2004). A time dependent reliability 
assessment was carried out considering limit state of 
serviceability (SLS). 
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Fig. 7 Reliability of OWT considering SLS for present 
and future climate conditions for different time span. 
(Haldar and Basu 2016) 

Results are presented in Fig. 7 for different values of 
time span. Considering climate change effects, the 
estimated time-dependent reliability index was found 
to be less than that of the case when climate change 
effect is not taken into account in the analysis. 

5 CONCLUDING REMARKS 

This paper shows a few example problems to elucidate 
significance of reliability based design of pile 
foundation. Geotechnical engineers have realized the 
significance of variability in foundation design and an 
important step is taken to calibrate the design codes of 
practice considering variability using probabilistic 
model. There is a necessity to incorporate reliability 
analysis as theoretical basis for foundation design and 
development of simplified LRFD for routine design.  It 
can be concluded that the reliability based design of 
pile foundations considering variability and spatial 
correlation of soil enables a rational choice of design. 
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