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Abstract 

 

Supervisory Committee 

Dr. Cheng Lin, (Department of Civil Engineering) 
Supervisor 

Dr. Min Sun, (Department of Civil Engineering) 
Departmental Member 

 

Scour is a phenomenon of soil erosion around foundations under currents and waves.  

It is a major cause for the disruption to water-borne structures such as bridges and marine 

structures.  Pile foundations supporting these structures are required to be designed 

against the scour damage.  However, at present, there is no accepted method for the 

design of piles in scoured conditions probably due to an inadequate understanding of 

scour effects on foundations. 

Although numerous efforts have been made to evaluate the scour effects on single piles 

using numerical simulations and centrifuges tests, the scour susceptibility of piles in 

different soil properties is still not well understood.  Furthermore, there is no study 

concerning scour effects on the lateral responses of pile groups.  Therefore, a series of 

three-dimensional finite element (FE) parametric analyses were conducted to investigate 

scour effects on lateral behavior of both single piles and free-head pile groups by varying 

scour-hole dimensions, soil properties, pile properties, and pile group configurations.  

Moreover, to facilitate the routine design, a modified p-y method that was modified based 

on the widely used p-y method was proposed for both scoured single piles and pile 

groups, and was validated against the results from the FE analyses.  The results show that 

scour induced lateral capacity loss to both single piles and pile groups, which was 

approximately 10% more in dense sands than that in loose sands.  Simplification of local 

scour as a general scour that has been commonly used in general design practice resulted 
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in a maximum of 17% underestimate of lateral capacity of pile foundations.  Pile groups 

were more susceptible to scour than single piles under equivalent scour conditions.  A 

pile group with smaller pile spacing or larger pile numbers tended to experience less 

lateral capacity loss due to scour. 

 

Keywords 

Local scour; Pile foundations; Lateral responses; 3D FE analyses; Modified p-y method; 

Sands 
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Notations 

 

𝐴𝑠 = coefficient for soil resistance in Reese’s p-y curves for sand, static loading 

𝐴𝑐 = coefficient for soil resistance in Reese’s p-y curves for sand, cyclic loading 

𝐵𝑠 = coefficient for soil resistance in Reese’s p-y curves for sand, static loading 

𝐵𝑐 = coefficient for soil resistance in Reese’s p-y curves for sand, cyclic loading 

𝐶 = coefficient in Reese’s p-y curves for sand determining the specific pile deflection 𝑦𝑘  

𝐶1 = coefficient in Reese’s p-y curves for sand determining the ultimate soil resistance 

near ground surface 𝑝𝑢𝑡 

𝐶2 = coefficient in Reese’s p-y curves for sand determining the ultimate soil resistance 

near ground surface  

𝐶3 = coefficient in Reese’s p-y curves for sand determining the ultimate soil resistance at 

depth  

𝐷 = pile diameter 

𝐷𝑒𝑓𝑓 = effective diameter of pile group 

𝐷𝑟 = relative density of soil 

𝐸𝑔 = elastic modulus of grout 

𝐸𝑝 = elastic modulus of pile 

𝐸𝑠 = elastic modulus of soil 

𝐸𝑡 = elastic modulus of tube 

𝑓𝑚 = p-multiplier, reduction factor for p-y curves considering group effect of laterally 

loaded pile groups 

𝐺𝑠 = specific gravity of soil 

𝐼𝑝 = moment of inertia of pile 
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𝑘𝑝𝑦 = constant giving variation of soil reaction modulus with depth 

𝐾0 = coefficient of lateral earth pressure at rest, for normally consolidated soil, equal to 

1 − sin𝜙′ 

𝐾𝑎 = coefficient of active earth pressure, equal to 𝑡𝑎𝑛2( 45˚ − 𝜙′/2) 

𝐾ℎ = coefficient that counts for the head location of a pile group 

𝐾𝑟 = coefficient that counts for the number of rows 

𝐾𝑠𝑝 = coefficient that counts for the pile spacing 

𝐿 = pile length 

𝑚 = slope defining portion of Reese’s p-y curves for sand 

𝑀 = bending moment of pile  

𝑀𝑚𝑎𝑥 = maximum bending moment of pile 

𝑛 = number of segments, determining the power of the hyperbolic part of Reese’s p-y 

curves for sand 

𝑁𝑟 = number of rows of a pile group  

𝑝 = lateral soil resistance per unit length 

𝑝𝑚 = soil resistance at lateral deflection of 𝑦𝑚 in Reese’s p-y curves for sand 

𝑝𝑢  = soil resistance at lateral deflection of 𝑦𝑢 in Reese’s p-y curves for sand 

𝑝𝑢𝑑 = ultimate soil resistance at depth for pile in sand 

𝑝𝑢𝑙𝑡 = ultimate lateral soil resistance per unit length 

𝑝𝑢𝑡 = ultimate soil resistance near ground line for pile in sand 

𝑅𝑖𝑛𝑡𝑒𝑟 = interface reduction factor for soil-pile interface 

𝑆 = center to center pile spacing 

𝑆𝑑 = depth of scour hole around single pile 
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𝑆𝑑𝑔 = depth of scour hole around pile group 

𝑆𝑤𝑏 = bottom width of scour hole around single pile 

𝑆𝑤𝑏𝑔 = bottom width of scour hole around pile group 

𝑆𝑤𝑐 = distance between center pile to the edge of inversed truncated cone scour model 

𝑆𝑤𝑡 = top width of scour hole around single pile 

𝑡 = wall thickness of pile  

𝑊𝑝 = projected width of a pile group 

𝑦 = lateral displacement of pile  

𝑦𝑚 = a specific pile deflection at node m in Reese’s p-y curves for sand, equal to 𝐷/60 

𝑦𝑢 = a specific pile deflection equal to 3𝐷/80 

𝑦𝑘 = a specific pile deflection defining the linear portion and curved portion in Reese’s 

p-y curves for sand 

𝑧 = depth below the post-scour ground line 

𝑧𝑒 = equivalent depth for modifying p-y curves to account for scour-hole dimensions 

𝑧𝑖 = influence depth of vertical stress distribution due to local scour 

𝑍 = depth below the pre-scour ground line 

𝛼 = 𝜙′/2  

𝑓 = skew angle of flow 

𝛽 = side slope angle of a scour hole  

𝜃 = angle between wedge failure surface and pile, equal to 45˚ + 𝜙′/2  

𝜙′ = friction angle of soil 

𝜓 = dilation angle 

𝛾𝑠′ = effective unit weight of soil 
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𝜐𝑝 = Poisson’s ratio of pile 

𝜐𝑠 = Poisson’s ratio of soil 

∆𝜎𝑣
′ = changes in vertical effective stress due to scour 

𝜎𝑣𝑎 
′ = vertical effective stress after scour 
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Chapter 1 

 

1 Introduction 

1.1 Background 

Scour is a phenomenon of removing soils around foundations of water-borne structures 

by currents and waves.  It is recognized as the major cause for bridge failures due to the 

loss of soil support at shallow depth, which dominates the lateral behavior of foundations 

(Lin and Lin, 2019).  Scour damage is especially severe in flood or hurricane events (Lin 

et al., 2014).  It is reported that about 60% of bridge failures in the U.S. and 80% bridge 

collapses in China are attributed to flood and scour (Kan et al., 1998; Lagasse et al., 

2007).  It is also found that at least one bridge in New Zealand is seriously damaged by 

scour each year (Melville and Coleman, 2000).  Consequently, it is important to include 

scour in the design of foundations supporting bridges and marine structures (API, 2011; 

Arneson et al., 2012; ASSHTO, 2012).   

Scour mainly consists of general scour (due to long term degradation across the 

streambed) and local scour around installations (developed by accelerated flow and 

vortices) (Hosseini and Amini, 2015; Lin et al., 2014).  Local scour is a main concern for 

the foundation design as it can develop 10 times scour depth than general scour 

(Fischenich and Landers, 1999).  In current practice of pile foundation design, local scour 

is simply taken into account by totally removing the soil layer to the scour depth (Lin et 

al., 2014).  In other words, local scour is simplified as a general scour.  This method is 

convenient in the design of laterally loaded pile as the widely adopted p-y method can be 
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used directly.  However, such practice can be unnecessarily expensive because the 

contribution of the remaining soil apart from the foundation is ignored.   

A more appropriate and economical way to design piles against local scour is to 

consider dimensions of the scour hole (i.e. scour depth, bottom scour width and side 

slope angle).  Recently, extensive efforts have been directed to investigate effects of 

scour-hole dimensions on lateral behaviour of single piles using three-dimensional (3D) 

numerical simulations and centrifuge tests (Li et al., 2013; Lin et al., 2014; Qi et al., 

2016).  It is concluded that scour depth has the most significant effects on laterally loaded 

single piles among the dimensions of scour hole and treating local scour as general scour 

leads to underestimation of lateral capacity of single pile by more than 10%.  However, 

scour effects on laterally loaded pile foundations in different consistency of soils are still 

not well understood.  In addition, modified p-y methods are proposed for practical use, 

which are essentially to incorporate scour effects into conventional p-y curves by 

modifying ultimate soil resistance either based on wedge failure model (Lin et al., 2014) 

or estimating the post-scour vertical effective stress (Lin and Wu, 2019).  These modified 

p-y methods enable practicing engineers to include effects of scour-hole dimensions in 

the routine single pile design (Lin et al., 2014; Yang et al., 2018; Zhang et al., 2017).   

However, piles are more commonly installed in groups than as single piles.  To the best 

of author's knowledge, local scour effects on lateral behavior of pile groups have not been 

studied, and there is no existing modified p-y method available for laterally loaded pile 

group analyses under scour conditions.  This is probably due to that the behavior of 

laterally loaded pile groups is more complex than that of single piles (Reese and Van 

Impe, 2001).  As compared with single isolated piles, piles of identical size and 
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properties in a closely spaced pile group undergo a significant reduction in lateral 

capacity in both sandy and clayey soils (Ashour et al., 2011; Brown et al., 1988; Fayyazi 

et al., 2012; McVay et al., 1995; Rollins et al., 1998, 2005).  This phenomenon, termed as 

group effect, is due to the overlapped soil reaction zones between neighbouring piles.  

Similarly, there is also a “group effect” regarding scour potential for a pile group - that is, 

scour extent around individual piles in a pile group would be intensified as compared 

with that around single isolated piles due to the increased flow velocity and the 

turbulence between piles in the group.  Such a double “group effect” is anticipated to 

impose a more severe consequence for group piles than single piles.   

This study was conducted to extend the understanding of scour effects on laterally 

loaded pile foundations and facilitate the design practice.  This research started with 

evaluation of scour effects on lateral behavior of single piles, followed by investigation 

on scour effects on laterally loaded pile groups.  Three-dimensional finite element (FE) 

method run in commercial software PLAXIS 3D was employed, and modified p-y 

methods were also developed for practice use, which were validated against 3D FE 

analyses. 

1.2 Objective and scope of this study 

The main objectives of this study are to: 

(1) investigate the local scour effects on lateral behavior of single piles considering 

various scour-hole dimensions, different consistency of sands, and pile diameter; 

(2) develop an analytical solution for laterally loaded single pile analyses under local 

scour conditions.  Examine the reliability and feasibility of the analytical solution 

by comparing with finite element (FE) method and standard methods [i.e. US 
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Federal Highway Administration design methods for drilled shafts (FHWA-DS) 

and driven piles (FHWA-DP), and the American Petroleum Institute Geotechnical 

and Foundation Design Considerations (API)]; 

(3) evaluate the scour effects on lateral responses of pile groups considering various 

scour-hole dimensions, consistency of sands, pile spacing, and pile numbers in the 

pile group; 

(4) further improve the analytical solution by considering group effect for laterally 

loaded pile group analyses under scour conditions, and verify the modified p-y 

method against the results computed by 3D FE analyses. 

This research is limited to scour effects on laterally loaded piles in sands.  Lateral 

responses of piles in scoured clayey soils are not investigated.  Scour-induced stress 

history change is not considered either.  Moreover, the investigated pile groups in this 

research are all limited to free-head conditions.   

1.3 Structure of this thesis 

This thesis is prepared based on two manuscripts (presented in Chapter 2 and Chapter 

3), which are pertaining to scour effects on laterally loaded single piles and pile groups, 

respectively.  The structure of this thesis is as follows: 

Chapter 1 presents a general introduction, which addresses the background, objective 

and scope of this study. 

Chapter 2 shows a comprehensive investigation of scour effects on laterally loaded 

single piles.  Finite element parametric analyses are performed to consider the effects of 

different scour-hole dimensions, sand consistency, and pile diameters.  Moreover, 

modified p-y method based on the analytical solution and standard methods such as 
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FHWA-DP, FHWA-DS and API for single piles are critically assessed using the FE 

results. 

Chapter 3 is devoted to scour effects on lateral behavior of free-head pile groups.  

Lateral responses such as lateral capacity (i.e., lateral load causing 25-mm lateral pile-

head displacement), bending moment, and lateral displacements are presented.  

Variations of scour-hole dimensions, consistency of sands, and pile group configuration 

are evaluated in the parametric study.  Moreover, a modified p-y method is proposed for 

analysis of scoured pile groups under lateral loads.  

Chapter 4 presents the summary and conclusions of this research, and provides 

recommendations for future research. 
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Chapter 2 

 

2 Effects of scour-hole dimensions on lateral behavior of piles in sands 

2.1 Introduction 

Scour is a process of removing soils around foundations by currents and waves, which 

is a major cause of failures of many water-related infrastructures such as bridges and 

marine structures.  The damage of scour is most severe in the extreme weather events 

such as floods, storm surges, and hurricanes.  Therefore, evaluation of vulnerability of 

bridges and marine structures to scour is always associated with the floods and hurricanes 

(Arneson et al., 2012).  The scour-induced failures are predominantly due to the loss of 

soil supports to the foundations and the deterioration of foundation elements, which cause 

the reduced foundation capacity, particularly the lateral capacity.  This is because the 

lateral capacity is mainly dependent on the soils at shallow depths which are easily 

scoured away. 

Scour at pile foundations generally consists of general scour (erosion across the 

riverbed or seabed) and local scour (development of a scour hole around the foundation).  

In general design practices for estimation of pile capacities, local scour is often simplified 

as general scour (i.e., removing the entire soil layer across the river channel to the 

maximum local scour depth).  Although such a design practice is simple, it is too 

conservative and thus unnecessarily expensive (Lin et al., 2014).  In recent years, the 

importance of scour-hole dimensions for pile capacities has been increasingly recognized.  

For example, a number of studies including three-dimensional (3D) numerical 

simulations and centrifuge tests have been conducted to evaluate the effect of scour-hole 



 

 

8 

dimensions on lateral behavior of piles (Lin et al., 2014, 2016; Li et al., 2009, 2013; Qi et 

al., 2016).  However, the 3D numerical simulations and centrifuge model tests are 

relatively complicated and time-consuming and thus are not widely used in routine 

engineering design.   

A more practical way to consider scour-hole dimensions in calculation of pile lateral 

behavior is the use of modified p-y curve methods (Lin et al., 2014, 2016; Lin and Jiang, 

2019; Lin and Wu, 2019), which will be discussed in more detail.  One of these methods 

includes estimating the changes in vertical effective stress around the piles due to local 

scour and then incorporating the estimated stress changes to modify the existing p-y 

curves.  In this method, the calculation of vertical effective stress around piles after scour 

is essential.  The methods to calculate vertical effective stress around piles are available 

in the US Federal Highway Administration (FHWA) design methods for drilled shafts 

(denoted as FHWA-DS) and driven piles (denoted as FHWA-DP), and the American 

Petroleum Institute Geotechnical and Foundation Design Considerations (denoted as 

API) (API, 2011; Hannigan et al., 2006; Brown and Castelli, 2010).  However, these 

standard methods (i.e., FHWA-DS, FHWA-DP, and API) vary considerably in terms of 

the calculation of vertical effective stress surrounding piles, which therefore result in 

appreciable difference in calculated pile lateral responses (Lin and Wu, 2019).  

Moreover, these methods are applicable to only a certain range of scour-hole dimensions.  

Realizing the limitations inherent in the standard methods, the authors (Lin and Wu, 

2019; Lin, 2017) developed an analytical solution for estimation of vertical effective 

stress around piles considering different scour-hole dimensions.  Since the standard 

methods and the analytical solution essentially calculate vertical effective stress around 
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piles considering 3D scour hole, they can also be utilized to calculate pile axial capacity 

after integrated with the existing bearing capacity theory (Lin and Jiang, 2019) in 

addition to pile lateral responses (Lin and Wu, 2019).   

Although the standard methods and the analytical solution are easy to implement in 

practice, they all have limitations that need to be cautious in the design analyses.  For 

example, in estimating pile axial capacity considering 3D scour hole, Lin and Jiang 

(2019) found that compared with FE method (FEM), the standard methods and the 

analytical solution failed to capture effects of soil density and soil-pile interactions on the 

scour-induced changes in vertical effective stress around piles.  It is anticipated that 

similar problems may be encountered when applying these methods to evaluate laterally 

loaded piles considering 3D scour hole.  Therefore, it is necessary to carry out 3D FE 

analyses to investigate this issue. 

The objective of this study was to investigate effects of scour-hole dimensions on pile 

lateral behavior (i.e., bending moment and lateral capacity) based on a series of FE 

parametric analyses considering different scour-hole dimensions, soil properties and pile 

diameters.  The limitations and reliability of the standard methods and the analytical 

solution were also examined in this paper when they were used with the existing p-y 

curves to analyze lateral behavior of piles under scour conditions.  To the best of the 

authors’ knowledge, currently no field test is available for evaluating the effect of scour-

hole dimensions on the lateral behavior of pile.  Therefore, a full 3D FE model was used 

for the verification of the standard methods and the analytical solution and the full 3D FE 

model was calibrated with the field test data in no scour conditions.  Based on the 

parametric analyses and comparisons, how the factors such as scour-hole dimensions, soil 
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properties and pile diameter affected the lateral behavior of piles were elucidated.  

Moreover, discussions were made of selecting appropriate methods to design laterally 

loaded piles against local scour. 

2.2 Review of methods for evaluation of pile lateral behavior considering 

3D scour hole 

Local scour is known to develop greater ultimate scour depth than general scour for a 

bridge foundation.  According to Fischenich and Landers (1999), depth of local scour can 

be 10 times as high as the depth of general scour.  As such, consideration of the scour-

hole dimensions is important for estimating pile lateral behavior.  A scour hole formed 

around a pile is commonly idealized as an inversed truncated cone (Lin et al. 2014), 

which, as illustrated in Fig. 2-1, includes the dimensions of scour depth (𝑆𝑑), top and 

bottom scour width (𝑆𝑤𝑡 and 𝑆𝑤𝑏), and side slope angle (𝛽).  In general design practice, a 

scour hole with dimensions of 𝑆𝑤𝑏 = 0 𝑎𝑛𝑑 𝛽 = 26.6° are recommended for a bridge 

foundation while similar dimensions (𝑆𝑤𝑏 = 0 𝑎𝑛𝑑 𝛽 = 30°) are also used in marine 

foundations.  In bridge foundations, scour depth can vary significantly depending on 

foundation configuration, hydraulic and topographic conditions as well as soil conditions.  

According to Lin et al. (2013), the value of 𝑆𝑑 can be up to 15 m.  In marine foundations, 

the scour depth 𝑆𝑑 = 1.5𝐷 (𝐷 = 𝑝𝑖𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟) is commonly used for design purpose 

(API, 2011).  For laterally loaded piles, the p-y curves have been widely adopted to 

analyze and design the piles.  However, the p-y curve method is mainly developed for a 

pile in the leveled ground, which thus cannot apply to the problem of pile surrounded by 

a scour hole.  The most direct method for this problem is to employ 3D numerical 
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simulations such as 3D FEM or finite difference method; however, a simpler and 

practical approach is the use of modified p-y curve methods. 

Swb

Swt

D

Pre-scour ground line

Post-scour ground line



Notation

D= pile diameter or side width;

Sd=local scour depth;

Swt=top width of a scour hole;

Swb=bottom width of a scour hole; 

z=depth below post-scour ground; 

Z=depth below pre-scour ground;

 = scour-hole side slope angle;

sv = vertical effective stress.
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Figure 2-1 Schematic of scour-hole dimensions (Lin and Jiang 2019) 

2.2.1 Methods based on 3D numerical simulations 

Several researchers have employed both 3D FEM and finite difference method to 

analyze a pile under various scour-hole dimensions.  Li et al. (2009) utilized commercial 

FE software, ABAQUS to investigate both pile axial and lateral capacities of an offshore 

rigid pile (4.8 m diameter and 24 m long, i.e., 𝐿/𝐷 = 5) subjected to local scour with the 

scour-hole dimensions: 𝑆𝑑 = 0 − 1.875𝐷, 𝑆𝑤𝑏 = 0𝐷, 𝛽 = 18.4°.  The soil considered 

was undrained soft to medium stiff clay, which was modeled with an elastic-perfectly 

plastic material and the Von-Mises failure criteria.  In the study, pile axial and lateral 

capacities were defined as the loads in the “near-plateau” region in the load-displacement 



 

 

12 

curves at pile head.  It was found that considering local scour with the specified scour-

hole dimensions benefited the increase in pile lateral capacity as compared with general 

scour.  The reduction in pile lateral capacity due to local scour was approximately 10% 

and 40% for 𝑆𝑑 = 1𝐷 and 1.875𝐷, respectively.  Achmus et al. (2010) investigated the 

lateral displacement and rotation of a windfarm monopile (𝐷 = 2, 3, 𝑎𝑛𝑑 5 𝑚, 𝐿 =

20 𝑎𝑛𝑑 30 𝑚) in a dense sand (𝜙′ = 37.5°) affected by local scour with 𝑆𝑑 =

0 𝑡𝑜 1.5𝐷, 𝑆𝑤𝑏 = 0, 𝑎𝑛𝑑 𝛽 =
1

2
𝜙′ = 18.8°.  Both monotonic and cyclic lateral loads were 

evaluated in the numerical model where the soil was simulated with an elastoplastic 

material with Mohr-Coulomb failure criteria and a stress dependency of the stiffness 

modulus.  For the case of cyclic loads, a degradation stiffness method was adopted, in 

which the modulus of soils varied with both magnitude and number of cyclic loads.  The 

numerical analyses showed that for a given relative scour depth (i.e., 𝑆𝑑/𝐷), the smaller 

pile diameter led to a higher pile rotation.   

Finite difference method was also used to evaluate the effect of scour-hole dimensions 

on pile lateral behavior.  Lin et al. (2014) constructed a series of finite difference models 

using commercial software, FLAC 3D to investigate the effect of various scour-hole 

dimensions (𝑆𝑑 = 0 𝑡𝑜 8𝐷; 𝑆𝑤𝑏 = 0 𝑡𝑜 20𝐷; 𝛽 = 0 𝑡𝑜 1.0𝜙′) on the lateral responses of 

piles and the derived p-y curves for a long pile (𝐷 = 0.61 𝑚 and 𝐿 = 21.3 𝑚, i.e., 
𝐿

𝐷
=

35) in a dense sand (𝜙′ = 39°).  The study showed that (1) for 𝑆𝑑 = 3𝐷, the changes in 

bottom scour width resulted in a negligible effect on pile lateral responses when 𝑆𝑤𝑏 ≥

8𝐷, and (2) the ultimate soil resistance in p-y curves increased twofold when 𝛽 increased 

from 0.3𝜙′ to 𝜙′.  Lin et al. (2016) further evaluated the scour-hole effects on laterally 

loaded piles in undrained soft clays using FLAC 3D and indicated that scour depth had 
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more effect on pile lateral deflection and bending moment than scour width and side 

slope angle.  As with that found in dense sands (Lin et al., 2014), the bottom scour width 

of 𝑆𝑤𝑏 = 8𝐷 was identified as a threshold value, beyond which the effect of bottom scour 

width on pile lateral responses diminished.  Unlike Lin et al. (2014, 2016) who based 

their analyses on a uniform soil, Li et al. (2013) conducted 3D finite difference analyses 

using FLAC 3D to evaluate a long pile in layered clay soils.   

2.2.2 Methods based on modified p-y curves 

The modified p-y curve methods can be divided into two categories depending on the 

ways they use to modify the ultimate soil resistance per unit length (𝑝𝑢𝑙𝑡).  The first 

category is based on the derivation of  𝑝𝑢𝑙𝑡 using the failure wedge model with a local 

scour hole, and the derived  𝑝𝑢𝑙𝑡 is substituted in the p-y curve equations to generate a 

family of modified p-y curves that are capable to consider the effect of varied scour 

depth, scour width, and side slope angle.  The foregoing procedures to derive the 

modified p-y curves have been detailed by Lin et al. (2014, 2016) and Yang et al. (2018).  

In addition to modifying 𝑝𝑢𝑙𝑡, Tseng et al. (2018) improved the method of Lin et al. 

(2014) to incorporate rational changes in p-y modulus (i.e. 𝑘𝑝𝑦) in the modified p-y 

curves.  After comparing the modified p-y curves under various scour conditions, they 

found that the effect of scour depth on 𝑘𝑝𝑦 was small.  Lin et al. (2014) also found that 

the effect of scour-hole dimensions on 𝑘𝑝𝑦 was small and thus was not considered in their 

research.  Based on the findings of the previous studies, the present study considered only 

the modification of pult under different scour-hole dimensions while assuming the 

changes in 𝑘𝑝𝑦 was insignificant. 
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The second category of the modified p-y curve methods is to calculate vertical effective 

stress of soils surrounding piles considering scour-hole dimensions and then apply the 

calculated vertical effective stress to derive  𝑝𝑢𝑙𝑡.  As with the first category of methods, 

the derived  𝑝𝑢𝑙𝑡 is further used to develop the modified p-y curves that can account for 

the effect of 3D local scour.  The second category of methods has been recommended by 

the API for calculation of pile axial and lateral capacities considering scour (API, 2011).  

In these methods, calculation of vertical effective stress considering scour-hole 

dimensions is essential to derive the modified p-y curves.  Currently, there are five 

methods available for estimating the vertical effective stress considering scour-hole 

dimensions, namely FHWA-DS, FHWA-DP, API, the analytical solution based on 

Boussinesq’s equation (Lin and Jiang, 2019; Lin and Wu, 2019; Lin 2017), and the 

numerical solution based on Mindlin’s equation (Zhang et al., 2017).  The standard 

methods (FHWA-DS, FHWA-DP, and API) and the analytical solution proposed by Lin 

et al. (2017, 2019) can be expressed in Eqs. (2-1) and (2-2), respectively.   

For the standard methods, the effective vertical stress after scour is  

  𝜎𝑣𝑎
′ = {

𝛾𝑠
′(𝑆𝑑+𝑧𝑖)

𝑧𝑖
𝑧                          𝑓𝑜𝑟 𝑧 < 𝑧𝑖

𝛾𝑠
′(𝑆𝑑 + 𝑧)                          𝑓𝑜𝑟 𝑧 ≥ 𝑧𝑖   

                      (2-1) 

The distinction between the standard methods lies in the use of the influence depth (𝑧𝑖), 

which is 𝑧𝑖 = 0 for FHWA-DP, 𝑧𝑖 = 1.5𝑆𝑑 for FHWA-DS, and 𝑧𝑖 = (6𝐷 − 𝑆𝑑) for API.  

It should be noted that for FHWA-DP, Eq. (1) is only valid for 𝑧 ≥ 𝑧𝑖.  The illustrative 

distributions of vertical effective stress using the standard methods [or Eq. (2-1)] are 

shown in Fig. 2-1.  It should be pointed out that Eq. (2-1) is only applicable for restricted 

scour-hole dimensions.  Specifically, FHWA-DP considers no changes in vertical 
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effective stress as a result of local scour (in other words, vertical effective stress remains 

equal before and after scour); FHWA-DS allows variations of scour depth but only 

constant bottom scour width and side slope angle (i.e., 𝑆𝑤𝑏 = 0 and 𝛽 = 26.6˚); The API 

method is effective only for one scour-hole geometry: 𝑆𝑑 = 1.5𝐷, 𝑆𝑤𝑏 = 0 and a constant 

𝛽 (the value of 𝛽 is unspecified in the manual).   

For the analytical solution (Lin, 2017), the effective vertical stress after scour is  

  𝜎𝑣𝑎
′ = ∆𝜎𝑣

′ + 𝛾𝑠
′𝑧 = 𝛾𝑠

′𝑧

[
 
 
 
 

1 + (𝑡𝑎𝑛𝛽)

(

 
 

𝑆𝑑
𝑡𝑎𝑛𝛽

+𝑆𝑤𝑏

√(
𝑆𝑑
𝑡𝑎𝑛𝛽

+𝑆𝑤𝑏)
2
+𝑧2

−
𝑆𝑤𝑏

√𝑆𝑤𝑏
2+𝑧2

)

 
 

]
 
 
 
 

 (2-2) 

Using the foregoing procedures [Eq. (2-1) or (2-2)], the vertical effective stress is 

calculated, which can be further incorporated into the existing p-y curve equations to 

develop modified p-y curves.  Throughout this paper, the modified p-y curves developed 

using standard methods for stress calculation in conjunction with the existing p-y curve 

theory are termed as standard methods while those developed using the analytical 

solution for stress calculation in conjunction with the existing p-y curve theory are termed 

as the analytical solution. 

2.3 Numerical analyses 

2.3.1 Standard methods and analytical solution 

In this study, the second category of modified p-y curve methods was adopted.  The 

purpose was to examine the feasibility of the standard methods and the analytical solution 

that were used to analyze laterally loaded piles considering 3D scour hole through 

comparing them with 3D FE analyses.  The p-y curves for sands proposed by Reese et al. 
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(2001) were used in this research.  Detailed procedure for incorporating the estimated 

vertical effective stress after scour [Eq. (2-1) or (2-2)] to the Reese’s p-y curves are 

presented here.   

The standard methods involved using Eq. (2-1) to calculate vertical effective stress at a 

depth of z below the post-scour ground line (𝜎𝑣𝑎
′ ) and then substituting 𝜎𝑣𝑎

′  to Eq. (2-3) to 

determine an equivalent depth (𝑧𝑒).  The modified p-y curve at the depth of z was 

developed by substituting 𝑧𝑒 for z in the original Reese’s p-y curve equation [Eqs. (2-4) 

to (2-9)].  Similarly, the analytical solution employed Eq. (2-2) to calculate 𝜎𝑣𝑎
′ , which 

was further substituted into Eq. (2-3) to determine 𝑧𝑒.  The equivalent depth 𝑧𝑒 was 

utilized to determine the modified p-y curve using Eqs. (2-4) to (2-9). 

𝑧𝑒 =
𝜎𝑣𝑎
′

𝛾𝑠
′  (2-3) 

𝑝 = {

𝑘𝑝𝑦𝑧𝑒𝑦,                                                                𝑦≤𝑦𝑘 

𝐶𝑦
1
𝑛,                                                              𝑦𝑘<𝑦≤𝑦𝑚

𝑝𝑚−
𝑝𝑚−𝑝𝑢
𝑦𝑢−𝑦𝑚

(𝑦−𝑦𝑚),                             𝑦𝑚<𝑦≤𝑦𝑢

𝑝𝑢,                                                                                        𝑦>𝑦𝑢

 (2-4) 

In Eq. (2-4), 𝑦𝑚 =
𝐷

60
 , 𝑦𝑢 =

3𝐷

80
, and 𝑘𝑝𝑦 is obtained based on soil relative density, 

shown in Table 2-1 (Reese and Van Impe, 2001).  The other coefficients 

(𝑦𝑘, 𝐶̅, 𝑛, 𝑝𝑚, and 𝑝𝑢) are determined based on ultimate lateral soil resistance per unit 

length (𝑝𝑢𝑙𝑡).  The values of 𝑝𝑚 and 𝑝𝑢 can be determined in Eqs. (2-5) and (2-6). 

𝑝𝑢 = 𝐴𝑠 𝑝𝑢𝑙𝑡 (2-5) 

𝑝𝑚 = 𝐵𝑠 𝑝𝑢𝑙𝑡 (2-6) 

where the coefficients 𝐴𝑠 and 𝐵𝑠 are determined based on relative depth (𝑧𝑒/𝐷) and 

type of loads (static or cyclic load) in Fig. 2-2 (Reese and Van Impe, 2001), and 𝑝𝑢𝑙𝑡 is 

using the smaller value of 𝑝𝑢𝑡 and 𝑝𝑢𝑑 given by Eqs. (2-7) and (2-8).  
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𝑝𝑢𝑡 = (𝐶1𝑧𝑒 + 𝐶2𝐷)𝛾𝑠
′𝑧𝑒 (2-7) 

𝑝𝑢𝑑 = 𝐶3𝐷𝛾𝑠
′𝑧𝑒 (2-8) 

where 𝐶1 =
(tan𝜃)2 tan𝛼

tan(𝜃−𝜙′)
+ 𝐾𝑜 [

tan𝜙′ sin𝜃

tan(𝜃−𝜙′) cos𝛼
+ tan𝜃(tan𝜙′ sin 𝜃 − tan𝛼)] 

𝐶2 =
tan𝜃

tan(𝜃 − 𝜙′)
− 𝐾𝑎 

𝐶3 = 𝐾𝑎[(tan 𝜃)
8 − 1] + 𝐾𝑜 tan𝜙

′ (tan𝜃)4 

In Eq. (4), 𝑦𝑘 is calculated by 

𝑦𝑘 = (
𝐶

𝑘𝑝𝑦𝑧𝑒
)

𝑛

𝑛−1
 (2-9) 

where  𝐶 =
𝑝𝑚

𝑦𝑚
1
𝑛

 ; 𝑛 =
𝑝𝑚

𝑚𝑦𝑚
; and 𝑚 =

𝑝𝑢−𝑝𝑚

𝑦𝑢−𝑦𝑚
 

Figure 2-2 Values of coefficients for soil resistance in Reese’s p-y curves:  (a) As and Ac; (b) 

Bs and Bc (modified from Reese and Van Impe, 2001) 

 

Table 2-1 Recommended value of kpy (Reese and Van Impe, 2001) 

Relative density Loose Medium dense Dense 

Recommended 𝑘𝑝𝑦 

for submerged sand 
(MN/m3) 

5.4 16.3 34 



 

 

18 

Recommended 𝑘𝑝𝑦 

for dry or moist sand 
above water table 

(MN/m3) 

6.8 24.4 61 

 

In this study, the soil parameters including 𝜙′ 𝑎𝑛𝑑 𝛾′ are summarized in Table 2-2 and 

𝑘𝑝𝑦 was chosen to be 34, 16.3, and 5.4 MN/m3 for 𝜙′ = 39°, 33°, 𝑎𝑛𝑑 29°, respectively.  

The pile parameters used can be found in Table 2-2 too.  The groundwater was set at the 

ground surface. 

It should be mentioned that in addition to forming a scour hole, the scour process 

results in the change in stress history of the soil that remains in place after scour (i.e., 

remaining soil), which causes the increase in overconsolidation ratio (OCR) of the 

remaining soils.  This process would alter the friction angle of the remaining soil and 

therefore would affect the lateral behavior of piles (Lin et al., 2010, 2014; Liang et al. 

2015, 2018).  The foregoing procedures only address the effect of scour-hole dimensions 

on the lateral responses of piles while the scour-induced changes to soil stress history 

were not considered in this study.  However, the stress history effect can be readily 

incorporated into the foregoing procedures in the future research based on the methods 

developed by Lin et al. (2010, 2014). 

2.3.2 Three-dimensional finite element analyses 

A series of 3D FE parametric analyses was performed using commercial FE software, 

PLAXIS 3D, in which parameters including scour-hole dimensions, soil properties, and 

pile properties were varied.  Prior to the parametric analyses, a baseline numerical model 

was established in a no-scour condition utilizing the documented field test of a laterally 

loaded pile in Mustang Island, Texas (Cox et al., 1974).  In the field test, the original pile 
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was a pipe pile with the dimensions shown in Table 2-2 while the soil was a dense sand 

with the friction angle of 39˚.  The soil elastic modulus (i.e., 56000 kPa) was back-

calculated through comparing load-displacement of pile between FE analyses and the 

field test.  Fig. 2-3 shows the comparisons of load-displacement curves between FE 

analyses (using PLAXIS 3D), the field test, the p-y method (using LPILE), and 3D finite 

difference analyses (using FLAC 3D) (Lin et al., 2014; Cox et al., 1974).  Once the 

baseline model was set up, a scour hole with varying dimensions was created around the 

pile by deactivating the soil elements, and subsequently the pile was loaded laterally in 

increments at the pile head until the lateral displacement of pile at the ground line 

exceeded the limiting value of 25 mm (or 1 inch).  The lateral load needed to mobilize 

25-mm lateral displacement of pile at the ground line is defined as pile lateral capacity in 

this study (Achmus et al., 2010).   

Table 2-2 Soil and pile parameters 

Pipe pile 

Pile length, L 
(m) 

Diameter,  
D (m) 

Poisson’s 
ratio, υp 

Elastic 
modulus, Ep 

(kPa) 

Moment of 
inertia, Ip (m4) 

21.3 0.61 0.3 2.02×108 8.08×10-4 

Interface Reduction factor, Rinter 0.7 

Soil 

Friction 
angle, ϕ' 
(degree) 

Effective unit 
weight, γs' 

(kN/m3) 
Elastic modulus, Es (kPa) 

Poisson’s 
ratio, υs 

39*, 33 and 
29 

10.4 
56000 (for 39o), 35300 (for 
33o) and 15150 (for 29o) 

0.3 

 *indicates measured soil friction angle in the test site 
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Figure 2-3 Comparisons of lateral displacement near pile head between numerical 

simulations and field test in the no scour condition 

Soils were simulated with a perfect elastoplastic material with Mohr Coulomb as 

failure criteria.  The water head was maintained at 0.15 m above the initial (or pre-scour) 

ground line.  Besides the dense sands (𝜙′ = 39°), medium dense sands (𝜙′ = 33° ) and 

loose sands (𝜙′ = 29° ) were also investigated in the FE analyses in which the typical 

friction angle and elastic modulus were used (Kulhawy and Mayne, 1990).  The pile was 

modelled as a linear elastic material.  The pipe pile was simulated as an equivalent solid 

pile having the same flexural stiffness (EI), pile length (L) and diameter (D) as the 

original pipe pile.  Soil-pile interface was created using an interface reduction factor of 

𝑅𝑖𝑛𝑡𝑒𝑟 = 0.7 (Brinkgreve and Shen, 2011).  The pile was loaded at the pile head located 

0.3 m above the pre-scour ground line through applying incremental lateral load to the 

pile head.  Due to the symmetry along the direction of applied load, only half of the 
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model was established.  The boundaries of the FE model were set to be sufficiently far 

from the pile so that the boundary effect on the numerical modeling was neglectable.  In 

this study, the horizontal boundaries were set at a distance of 40D to the pile center while 

the vertical boundary was located 10D below the pile tip.   

In PLAXIS 3D, the geometry of pile and soil domains was discretized into an 

assemblage of tetrahedral elements.  PLAXIS 3D allows for automatic meshing through 

selecting a proper meshing density function.  In this study, a function of “Medium” dense 

meshing was chosen; however, for the area with anticipated a large deformation, the 

mesh was further refined.  This included refining the meshing for pile itself and soils 

around the pile (approximately at a distance of 20D to the pile center) with the coarseness 

factor of 0.06 and 0.6, respectively.  Overall, more than 40000 elements were generated 

in the FE models.  It should be noted that unlike the hexahedral elements that form 

uniform element areas on a given cross section of pile, tetrahedral elements form 

irregular element areas on a given cross section of pile; therefore, it is difficult to 

compute the bending moment using the direct integration of the distribution of normal 

stress over the cross section.  In order to calculate the bending moment, a weightless 

structural beam termed as embedded beam in PLAXIS 3D was employed and inserted to 

the pile.  The use of embedded beam facilitated the computation of lateral responses of 

pile such as shear force and bending moment as it avoided the direct integration.  

However, to eliminate the effect of the embedded beam on the numerical modelling of 

pile lateral responses, the embedded beam was set to be massless and have a negligible 

elastic modulus that was chosen to be approximately 10-6 times that of the equivalent 

solid pile in this study.  To get the bending moment of the pile, the calculated bending 
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moment of embedded beam was multiplied by 106 (Dao, 2011).  The method of using 

embedded beam for calculating bending moment has been validated against both FLAC 

3D that used the direction integration and LPILE that used the beam equation as shown in 

Fig. 2-4.   

Figure 2-4 Comparisons of calculated lateral response profiles in the no scour condition 

2.4 Results and discussion 

The results of the numerical analyses for the pile lateral behavior include bending 

moment and pile lateral capacity.  As previously discussed, the pile lateral capacity was 

determined as the lateral load at the pile head that resulted in the 25 mm lateral 

displacement of pile at the pre-scour ground line.  Since the pile head was only 0.3 m 

above the pre-scour ground line, the pile-head displacement was only slightly larger than 

25 mm when the pile lateral capacity was reached.  The bending moment was profiled 
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along the pile when lateral displacement of pile at the pre-scour ground line reached 25 

mm.  Instead of presenting pile lateral capacity, lateral capacity ratio that compares the 

pile lateral capacity after scour with that before scour is presented as it better represents 

the changes in pile lateral capacity under scoured conditions.  The lower later capacity 

ratio corresponds to the greater loss of pile lateral capacity due to scour. 

The parametric study was first conducted through changing scour-hole dimensions 

while keeping no change in pile and soil properties, and it was followed by changing sand 

density and pile diameter.  The FE analysis results including bending moment and lateral 

capacity ratio were compared with those obtained from modified p-y curve methods 

based on the standard methods (FHWA-DS, FHWA-DP, and API) if applicable and the 

analytical solution.  For simplicity of discussion, the modified p-y curve methods 

developed based on the standard methods and the analytical solution are simply referred 

to as the standard methods and the analytical solution in the following discussion. 

Fig. 2-5 shows the lateral load-displacement curves calculated by 3D FEM (PLAXIS 

3D), 3D finite difference method (FLAC 3D), and the analytical solution.  The lateral 

load obtained at 25 mm lateral displacement of pile at the ground line was the lateral 

capacity (the vertical line in Fig. 2-5).  It is shown that both FE analyses and finite 

difference analyses yielded the same results while the analytical solution gave a lower 

pile lateral capacity for the local scour (𝑆𝑤𝑏 = 0𝐷, 𝛽 = 39˚, 𝑆𝑑 = 1 𝑎𝑛𝑑 3𝐷).  In other 

words, the analytical solution produced a conservative analysis result.  Such a 

discrepancy may be attributed to that the analytical solution fails to capture soil-pile 

interactions that prevent the complete release of the soil stress around the pile as the 

overburden pressure is removed by scouring (Lin and Jiang, 2019).  Therefore, FEM and 
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finite difference method calculated a higher vertical effective stress around the pile than 

the analytical solution (Lin and Jiang, 2019).   

Figure 2-5 Lateral load-displacement of pile for different scour depth: (a) Sd= 1D; (b) Sd= 

3D 
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2.4.1 Effects of scour depth 

Fig. 2-6 shows the calculated lateral capacity ratio with varied scour depth (𝑆𝑑 = 0 −

5𝐷) while bottom scour width (𝑆𝑤𝑏 = 0) and side slope angle (𝛽 = 26.7˚ ) were kept 

unchanged.  The API method was only applicable to 𝑆𝑑 = 1.5𝐷, and therefore Fig. 2-6 

does not contain the results from the API method.  However, lateral capacity ratio at 𝑆𝑑 =

1.5𝐷 is compared between the API method and other methods later.  As compared with 

the FE analyses, FHWA-DP overestimated the lateral capacity ratio by 7-22% while both 

FHWA-DS and the analytical solution underestimated the lateral ratio by approximately 

10-18%.  When 𝑆𝑑 = 1.5𝐷, the API method yielded the similar lateral capacity ratio 

(approximately 0.72) to the analytical solution and FHWA-DS, which however was 

approximately 12% smaller than the FE analysis result.  As the scour depth increased 

from 0 to 5D, the pile lateral capacity was reduced by approximately 68% based on the 

FE analysis result. 

Figure 2-6 Variations of lateral pile capacity ratio with scour depth 
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Fig. 2-7 shows the distribution of bending moment along pile for both local scour 

(𝑆𝑤𝑏 = 0𝐷) and general scour (𝑆𝑤𝑏 = ∞) conditions when 𝑆𝑑 = 1.5 and 5𝐷.  Overall, 

the bending moment profiles resulting from FHWA-DS and the analytical solution were 

similar and agreeable with those from FEM.  However, FHWA-DP considerably 

overestimated the maximum bending moment compared with the FEM at a large scour 

depth as seen in Fig. 2-7(a).  As the scour depth increased from 1.5D to 5D, the 

maximum bending moment decreased by 30%, accompanied with its location moving 

towards a greater depth by about 2.5D.  However, compared with the increase in scour 

depth (3.5D), the change in the location of maximum bending moment was slow.  This 

would cause the maximum bending moment to shift towards the post-scour ground line 

relative to the increase of the scour depth.  Fig. 2-7 also indicates that the bending 

moment vanished to zero at depth greater than 15D.  The depth, beyond which the 

bending moment is zero, is defined as the influence depth of bending moment.  It can be 

seen from Fig. 2-7.  The influence depth of bending moment was almost independent of 

the scour depth.  The influence depth of bending moment is important for the design of 

concrete piles as it determines the length of reinforcement in concrete piles.   
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Figure 2-7 Profiles of bending moment varied with scour depth: (a) Swb = 0 D; (b) Swb = ∞ 

2.4.2 Effects of scour width 

Fig. 2-8 shows the lateral capacity ratio varied with bottom scour width.  The scour-

hole dimensions considered in Fig. 2-8(a) include three scour depths (𝑆𝑑 =

1, 1.5 𝑎𝑛𝑑 3𝐷), eight bottom scour widths (𝑆𝑤𝑏 = 0, 1, 2, 3, 4, 6, 8 𝑎𝑛𝑑 9𝐷), and a 

constant side slope angle of 26.7˚ while those in Fig. 2-8(b) involve the same dimensions 

as in Fig. 2-8(a) except using only one scour depth of 𝑆𝑑 = 1.5𝐷.  Fig. 2-8(a) shows the 

results computed from the analytical solution and FEM.  Although the analytical solution 

underestimated the pile lateral capacity as compared with FEM, the trends of the curves 

were agreeable.  As the bottom scour width increased, lateral capacity ratio was 

decreased.  When the bottom scour width exceeded 6D, no further reduction in lateral 
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capacity ratio occurred.  In other words, when 𝑆𝑤𝑏 ≥ 6𝐷, local scour conditions can be 

treated as general scour conditions for laterally loaded piles.  The threshold value of 6D 

was slightly smaller than 8D found by Lin et al. (2014).  Though the effect of bottom 

scour width was not as significant as scour depth, increase in bottom scour width resulted 

in the decrease in pile lateral capacity by approximately13-22%.   

Strictly speaking, only the analytical solution and FEM can account for varied bottom 

scour width while the standard methods (FHWA-DS, FHWA-DP, and API) are only valid 

for 𝑆𝑤𝑏 = 0𝐷.  However, the standard methods may be wrongly used for the cases of 

𝑆𝑤𝑏 ≥ 0𝐷.  In such a condition, the lateral capacity ratio calculated from the standard 

methods is a horizontal line, which is independent of 𝑆𝑤𝑏.  Fig. 2-8(b) shows the results 

for 𝑆𝑑 = 1.5𝐷 in which the API method is valid.  From Fig. 2-8(b), FHWA-DP 

overestimated the lateral capacity ratio as compared with FEM by approximately 6-33% 

and the overestimation became increasingly evident as 𝑆𝑤𝑏 increased.  By contrast, 

FHWA-DS and API underestimated the lateral capacity ratio when 𝑆𝑤𝑏 was less than 

0.7D and 1.6D, respectively.  However, FHWA-DS overestimated the lateral capacity 

ratio by a maximum of 17% when 𝑆𝑤𝑏 > 0.7𝐷 and the API method overestimated it by a 

maximum of 10% when 𝑆𝑤𝑏 > 1.6𝐷.  The API method yielded more agreeable results 

with FEM than FHWA-DS and FHWA-DP.  As opposed to the standard methods, the 

analytical solution produced lower lateral capacity results compared with FEM; however, 

the discrepancy diminished as the bottom scour width increased.  In other words, the 

analytical solution could lead to a conservative design of laterally loaded piles against 

scour while providing an increasingly reliable result for piles when the scour hole had a 

large bottom width.   
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Figure 2-8 Variation of lateral capacity ratio with bottom scour width: (a) Sd =1, 1.5, and 3 

D; (b) Sd =1.5 D 

Fig. 2-9 shows the profiles of bending moment of pile considering the scour-hole 

dimensions of 𝑆𝑤𝑏 = 0 and 9𝐷, 𝑆𝑑 = 1 and 3𝐷 while 𝛽 = 26.7°.  Figs. 2-8(a) and (b) 

depict the comparison of bending moment profiles between the analytical solution and 
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FEM.  Overall, bending moment profiles computed using both methods agreed well.  

Figs. 2-8(c) and (d) present the comparison between FHWA-DP, FHWA-DS, and FEM at 

𝑆𝑤𝑏 = 0𝐷.  FHWA-DS compared better with FEM than FHWA-DP.  As the scour width 

increased, the maximum bending moment decreased and its location moved slightly to a 

deeper depth.  The change in the influence depth of bending moment due to increasing 

scour width was not discernible.  This result indicates that the increase in bottom scour 

width had an insignificant effect on the distribution of bending moment of pile. 
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Figure 2-9 Profiles of bending moment considering different bottom scour width: (a)(c) Sd = 

1 D; (b)(d) Sd = 3 D 
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2.4.3 Effects of side slope angle 

The effect of scour-hole side slope angle on lateral responses of pile was investigated 

by varying 𝛽 from 0 ˚, 12 ˚, 20 ˚, 26.7 ˚, 30 ˚, 35 ˚, to 38˚ while 𝑆𝑑 = 1.5𝐷 and 𝑆𝑤𝑏 =

0, 1.5 and 3.0𝐷.  According to Butch (1996), the side slope angle could be as low as 12˚ 

based on the field observation on bridge foundations.  Moreover, the upper bound of side 

slope angle was set to 38˚ as it should not exceed the internal friction angle of soil.  Fig. 

2-10 (a) depicts variations of lateral capacity ratio with side slope angle calculated using 

the analytical solution and FEM.  Although the magnitude of lateral capacity ratio 

calculated with the analytical solution was much smaller than with FEM, the trends were 

generally agreeable.  The lateral capacity ratio increased rapidly with 𝛽 but reached a 

near-plateau region as 𝛽 ≥ 30˚ (i.e., 77%𝜙′).  The total increase in lateral capacity ratio 

computed with FEM was 34%, 15% and 9% for 𝑆𝑤𝑏 = 0, 1.5 and 3.0𝐷, respectively.  

This result indicates that the effect of side slope angle was more significant at a smaller 

bottom scour width, which is consistent with Lin et al. (2014).   

Fig. 2-10(b) shows the comparison between the standard methods, the analytical 

solution, and FEM for 𝑆𝑑 = 1.5𝐷 and 𝑆𝑤𝑏 = 0𝐷.  The results of the standard methods 

appeared to be horizontal lines as 𝛽 increased.  This is because the standard methods 

could not consider the effect of various side slope angles.  Overall, FHWA-DP predicted 

a higher lateral capacity than FEM while FHWA-DS, API, and the analytical solution 

predicted a lower lateral capacity than FEM.  In comparison, FHWA-DS was more 

agreeable with FEM than the other methods; however, the analytical solution also 

produced agreeable results with FEM, particularly so at large side slope angles. 
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Figure 2-10 Variations of lateral capacity ratio with scour-hole side slope angle at Sd =1.5 D: 

(a) Swb = 0, 1.5, 3 D; (b) Swb = 0 D 

 

Bending moment profiles are not plotted as they are highly overlapped with each other.  

As such, only the key information such as location of maximum bending moment is 
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summarized in Table 2-3.  Overall, the scour-hole side slope angle had a negligible effect 

on the change in the location of maximum bending moment.  For the range of scour-hole 

dimensions analyzed in this study (i.e., 𝑆𝑑 = 0 − 5𝐷, 𝑆𝑤𝑏 = 0 − 9𝐷, and 𝛽 = 0 𝑡𝑜 38˚), 

the location of maximum bending moment was approximately between 2.0 and 3.5D 

below the post-scour ground line, which was mainly affected by scour depth. 

Table 2-3 Location of maximum bending moment below the post-scour ground line at 

different side slope angles (Sd = 1.5D, Swb = 0D) 

Analysis method 
side slope angle,  

12º 26.7º 35º 38º 

FEM 2.35D 2.35D 2.35D 2.35D 

Analytical solution 2.98D 2.86D 2.86D 2.86D 

2.4.4 Effects of sand density 

Besides the scour-hole dimensions, the scour effect on pile lateral capacity was further 

investigated considering different density of sands.  As summarized in Table 2-2, the 

sands considered were dense sands (𝜙′ = 39°), medium-dense sands (𝜙′ = 33°), and 

loose sands (𝜙′ = 29°).  In this analysis, only FEM and the analytical solution were 

employed while the standard methods were omitted as it was reported by Lin and Wu 

(2019) that lateral capacity ratio was almost independent of sand density for the standard 

methods.  Fig. 2-11 shows the relationship between lateral capacity ratio and scour depth 

in different consistency of sands in local scour (𝑆𝑤𝑏 = 0𝐷, 𝛽 = 26.7˚) and general scour 

(𝑆𝑤𝑏 = ∞).  Overall, the analytical solution yielded similar lateral capacity ratios for 

sands with different density.  In other words, as with the standard methods, the analytical 

solution was unable to distinguish effects of different sand density on the loss of pile 

lateral capacity.  In contrast, FEM was capable to predict different lateral capacity ratio in 
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different density of sands.  As indicated in Fig. 2-11, the loss of pile lateral capacity (or 

reduction in lateral capacity ratio) due to scour was more significant in dense sands than 

in loose sands.  Specifically, when scour depth increased from 0 to 5D, the loss of pile 

lateral capacity in dense, medium dense, and loose sand was 66%, 61% and 56%, 

respectively, in local scour condition and 75%, 72% and 68%, respectively, in general 

scour condition.  This result indicates that laterally loaded piles are more sensitive to 

scour in denser sands.  The above results were also found in axially loaded piles (Lin and 

Jiang, 2019). 

Figure 2-11 Effects of sand density on lateral capacity ratio at different scour depth: 

(a) Swb = 0 D; (b) Swb = ∞ 

 

Fig. 2-12 shows the bending moment profiles when 𝑆𝑑 = 3𝐷 for sands with varying 

density.  Different from the lateral capacity ratio, the analytical solution obtained distinct 

bending moment profiles for different density of sands.  The reason for the discrepancy 

was that lateral capacity ratio was a normalized number while the bending moment was 

not normalized.  The results of the analytical solution were similar to those calculated by 

FEM.  Overall, as the sand density increased, the maximum bending moment increased.  
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Moreover, the location of maximum bending moment moved to a greater depth by 10-

18% for the same scour-hole dimensions when sands changed from loose to dense 

conditions.  The influence depth of bending moment was also discernable, which was 

increased by approximately 12-16% with the increase in sand density.   

Figure 2-12 Profiles of pile bending moment in different density of sands: 

(a) Swb = 0 D; (b) Swb = ∞ 

2.4.5 Effects of pile diameter 

In the general design practice for piles, scour depth is often estimated using the relative 

scour depth (i.e., 𝑆𝑑/𝐷) in lieu of the absolute scour depth (i.e., 𝑆𝑑).  Therefore, it is of 

interest to investigate the effect of pile diameter on responses of laterally loaded piles 

against scour.  Two pile diameters (i.e., 𝐷 = 0.61 and 1.83 m) were considered.  Fig. 2-13 

shows the calculated lateral responses of piles in both local scour (𝑆𝑤𝑏 = 0𝐷, 𝛽 = 26.7˚) 
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and general scour conditions.  As pile diameter increased from 0.61 to 1.83 m, the loss of 

pile lateral capacity, computed by both FEM and analytical solution, was increased by 

15-25% (or lateral capacity ratio decreased by 0.15-0.25).  Such an increase in the loss of 

pile lateral capacity might be attributed to the increase in absolute scour depth in large 

diameter pile at the same relative scour depth.  To verify this hypothesis, the absolute 

scour depth was set to be same for 𝐷 = 0.61 and 1.83 𝑚.  Table 2-4 summarizes the 

lateral capacity ratio calculated at the same absolute scour depth; specifically, the result 

for small diameter pile (𝐷 = 0.61 𝑚) was compared with that of large diameter pile (𝐷 =

1.83 𝑚) when 𝑆𝑑 = 0.915 𝑚 (= 0.5 × 1.83 𝑚 𝑜𝑟 1.5 × 0.61 𝑚).  The FE analysis 

results in Table 2-4 indicate that the lateral capacity ratio was similar between the small 

diameter pile and large diameter pile, which verifies that the reduction in pile lateral 

capacity was mainly due to the increase in absolute scour depth.   
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Figure 2-13 Effects of pile diameter on lateral capacity ratio: (a) Swb = 0 D; (b) Swb = ∞ 
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Table 2-4 Calculated lateral capacity ratio of piles with different diameters at the same 

absolute scour depth (Sd = 0.915 m) 

Pile diameter, 
m 

Analytical 
solution 

FEM API FHWA-DS FHWA-DP 

0.61 0.73 0.82 0.72 0.76 0.87 

1.83 0.86 0.87 0.75 0.90 0.96 

2.5 Conclusions 

Finite element analyses were performed to examine the feasibility of the standard 

methods (FHWA-DS, FHWA-DP, and API) and the analytical solution in deriving 

modified p-y curves that were used to analyze laterally loaded piles under various scour-

hole dimensions.  Furthermore, this study examined how laterally loaded piles responded 

to scour in changed soil and pile conditions.  The present study is limited to the full FE 

model as a full scale field test regarding the lateral behavior of piles under local scour is 

not available.  A more reliable verification should be based on the field test data if they 

are available in the future.  The following conclusions can be drawn from this study: 

(1) For a typical scour-hole geometry (𝑆𝑑 = 1.5𝐷, 𝑆𝑤𝑏 = 0𝐷, 𝛽 = 26.7˚), the 

analytical solution, API, and FHWA-DS underestimated lateral capacity ratio by 

approximately 11%, 12%, and 8%, respectively as compared with FEM, while 

FHWA-DP overestimated the lateral capacity ratio by 6% because FHWA-DP 

assumes no change to vertical effective stress around piles due to scour. 

(2) The standard methods (FHWA-DP, FHWA-DS and API) are only applicable to 

zero bottom scour width (i.e., 𝑆𝑤𝑏 = 0𝐷).  If they were used for the cases with 

𝑆𝑤𝑏 ≥ 1.6𝐷, they could lead to an unsafe design of laterally loaded piles under 

scour.  In these cases, the analytical solution is recommended for use as it can 

estimate a comparable result to FEM for 𝑆𝑤𝑏 ≥ 1.5𝐷. 
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(3) For the range of scour-hole side slope angles analyzed (𝛽 = 0 −  38°), the 

analytical solution, FHWA-DS, and API methods all produced conservative 

results than FEM while FHWA-DP overestimated the results as compared with 

FEM.  However, as the side slope angle increased, the results of FHWA-DP were 

increasingly comparable to FE analysis results.  

(4) Piles responded more sensitively to scour in dense sands than in loose sands.  

When scour depth increased from 0 to 5D, the loss of pile lateral capacity was 

10% more in dense sands than in loose sands in the local scour condition and 7% 

more in the general scour condition.  Increasing the sand density 

(𝜙′from 29° to 39°) led to 12-16% increase in the influence depth of bending 

moment; however, the influence depth of bending moment was almost 

independent of the changes in scour-hole dimensions. 

(5) The maximum bending moment occurred at depths of 2-3.5D below the post-

scour ground line in dense sands.  As the scour depth increased, it tended to move 

close to the post-scour ground line.  However, as the friction angle of sands 

increased, it tended to move away from the post-scour ground line. 

(6) In the general design practice for piles, scour depth is often estimated using the 

relative scour depth (i.e., 𝑆𝑑/𝐷) in lieu of the absolute scour depth (i.e., 𝑆𝑑).  For 

a given relative scour depth, the loss of pile lateral capacity was increased by 15-

25% as the pile diameter tripled.  This was mainly due to a greater absolute scour 

depth developed in the case with larger diameter piles.    



 

 

41 

References 

Achmus M, Kuo YS, Abdel-Rahman K. Numerical investigation of scour effect on 

lateral resistance of windfarm monopiles. 20th International Offshore and Polar 

Engineering Conference, ISOPE-2010, Beijing, China: International Society of Offshore 

and Polar Engineers; 2010. 

 

API (American Petroleum Institute). Geotechnical and foundation design 

considerations, API RP 2GEO. Washington, D.C., USA: American Petroleum Institute; 

2011. 

 

Arneson L, Zevenbergen L, Lagasse P, Clopper P. Evaluating scour at bridges. FHWA-

HIF-12-003, HEC-18. Washington, D.C.: Federal Highway Administration, U.S. 

Department of Transportation; 2012. 

 

Brinkgreve RBJ, Shen RF. Structural elements and modelling excavations in PLAXIS. 

Power Point Presentation File, Delft, the Netherlands; 2011. 

 

Brown DA, Castelli RJ. Drilled shafts: construction procedures and LRFD design 

methods, FHWA NHI-0-016. Washington, D.C.: Federal Highway Administration, U.S. 

Department of Transportation; 2010. 

 

Butch GK. Scour-hole dimensions at selected bridge piers in New York. In: North 

American water and environment congress and destructive water. New York, USA; 1996. 

 

Cox WR, Reese LC, Grubbs BR. Field testing of laterally loaded piles in sand. 

Proceedings of the VI Annual Offshore Technology Conference. American Institute of 

Mining, Metallurgical, and Petroleum Engineering, Dallas, Texas; 1974, p. 459–72. 

 

Dao TPT. Validation of PLAXIS embedded piles for lateral loading. Master’s thesis. 

Delft University of Technology; 2011. 

 

Fischenich C, Landers M. Computing scour. EMRRP Technical Notes Collection, U.S. 

Army Engineer Research and Development Center, Vicksburg, MS; 1999. 

 

Hannigan PJ, Gobe GG, Likins GE, Rausche F. Design and construction of driven pile 

foundation, vol. I. FHWA-NHI-05-042. Washington, D.C.: Federal Highway 

Administration, U.S. Department of Transportation; 2006. 

 

Kulhawy FH, Mayne PW. Manual on estimating soil properties on foundation design. 

EL-6800, Electric Power Research Institution, Palo Alto, California; 1990. 

 

Li F, Han J, Lin C. Effect of scour on the behavior of laterally loaded single piles in 

marine clay. Journal of Marine Georesoureces and Geotechnology, 2013;31(3):271–89. 

 



 

 

42 

Li Y, Chen X, Fan S, Briaud JL, Chen HC. Is scour important for pile foundation 

design in deepwater? Offshore Technology Conference. American Association of 

Petroleum Geologists, Houston; 2009;1–12. 

 

Liang F, Zhang H, Chen S. Effect of vertical load on the lateral response of offshore 

piles considering scour-hole geometry and stress history in marine clay. Ocean 

Engineering. 2018; 158:64-77. 

 

Liang F, Zhang H, Huang M. Extreme scour effects on the buckling of bridge piles 

considering the stress history of soft clay. Natural Hazards. 2015;77(2):1143-59. 

 

Lin C, Han J, Bennett C, Parsons RL. Analysis of laterally loaded piles in sand 

considering scour hole dimensions. Journal of Geotechnical and Geoenvironmental 

Engineering, 2014;140(6):04014024.  

 

Lin C, Han J, Bennett C, Parsons RL. Analysis of laterally loaded piles in soft clay 

considering scour-hole dimensions. Ocean Engineering, 2016;111:461–70. 

 

Lin C, Jiang W. Evaluation of vertical effective stress and pile tension capacity in 

sands considering scour-hole dimensions. Computers and Geotechnics, 2019;105:94–8. 

 

Lin C, Wu R. Evaluation of vertical effective stress and pile lateral capacities 

considering scour-hole dimensions. Canadian Geotechnical Journal, 2019; 56(1): 135-

143. 

 

Lin C. The loss of pile axial capacities due to scour: vertical stress distribution. In: 

2017 International Conference on Transportation Infrastructure and Materials (ICTIM 

2017). Qingdao, China; 2017. 

 

Lin C, Han J, Bennett C, Parsons RL. Case history analysis of bridge failures due to 

scour.  International Symposium of Climatic Effects on Pavement and Geotechnical 

Infrastructure, Fairbanks, Alaska: American Society of Civil Engineers; 2013. 

 

Lin C, Bennett C, Han J, Parsons RL. Scour effects on the response of laterally loaded 

piles considering stress history of sand. Computers and Geotechnics. 2010;37(7-8):1008-

14. 

 

Lin C, Han J, Bennett C, Parsons RL. Behavior of Laterally Loaded Piles under Scour 

Conditions Considering the Stress History of Undrained Soft Clay. Journal of 

Geotechnical and Geoenvironmental Engineering. 2014;140(6):06014005. 

 

Qi WG, Gao FP, Randolph MF, Lehane BM. Scour effects on p-y curves for shallowly 

embedded piles in sand. Geotechnique, 2016;66(8):648–60. 

 

Reese LC, Van Impe WF. Single piles and pile groups under lateral loading. Leiden, 

the Netherlands: A.A. Balkema Publishers; 2001. 



 

 

43 

 

Tseng WC, Kuo YS, Lu KC, Chen JW, Chung CF, Chen RC. Effect of scour on the 

natural frequency responses of the meteorological mast in the Taiwan strait. Energies, 

2018;11(4):823. 

 

Yang X, Zhang C, Huang M, Yuan J. Lateral loading of a pile using strain wedge 

model and its application under scouring. Marine Georesources and Geotechnology 

(Journal), 2018;36(3):340-50. 

 

Zhang H, Chen S, Liang F. Effects of scour-hole dimensions and soil stress history on 

the behavior of laterally loaded piles in soft clay under scour conditions. Computers and 

Geotechnics, 2017;84:198-209. 



 

 

44 

Chapter 3 

 

3 Scour effects on lateral behavior of pile groups in sands 

3.1 Introduction 

Scour is a phenomenon that soils around foundations are removed by currents and 

waves.  Scour causes significant reduction in foundation capacity due to the loss of soil 

supports (Lin and Lin 2019).  It is reported that flood and scour related bridge failures 

account for approximately 60% of total bridge failures in the U.S. and 80% in China 

(Kan et al. 1998; Lagasse et al. 2007; Liang et al. 2017).  Therefore, it is critically 

important to design foundations against scour damage.  A complete design of foundations 

against scour requires the integration of hydraulic, geotechnical, and structural analyses 

(Arneson et al. 2012).  Scour depth due to general scour and local scour is estimated 

based on hydraulic study at site and engineers’ judgement prior to the conventional 

foundation design (Arneson et al. 2012; ASSHTO 2012).  In general design practice, 

local scour that develops a scour hole around the foundation is simply considered by 

totally removing the top soil layer to the estimated local scour depth for convenience (i.e., 

simplifying the local scour as a general scour), ignoring the contribution of the remaining 

soils apart from the foundation.  According to Lin and Lin (2019), this method leads to a 

conservative estimate of lateral capacities of single piles in sands by 9-12%. 

Recently, the importance of dimensions of local scour hole for economical foundation 

design has been recognized.  Numerous research has been conducted to investigate the 

effects of scour-hole dimensions on lateral responses of single piles, in which the scour 

hole is idealized as an inversed truncated cone with dimensions of scour depth (𝑆𝑑), 
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bottom scour width (𝑆𝑤𝑏) and scour-hole slope angle (𝛽) (Lin and Lin 2019).  Lin et al. 

(2014) investigated the effects of local scour on a laterally loaded steel pipe pile (𝐷 =

0.61𝑚, 𝐿 = 21.3𝑚) in dense sands (𝜙′ = 39°) using three-dimensional (3D) finite 

difference method.  A wide range of scour-hole dimensions (𝑆𝑑 = 0 − 8𝐷, 𝑆𝑤𝑏 = 0 −

18𝐷, and 𝛽 = 0° − 39°) were evaluated in their research.  It was found that an increase in 

scour depth significantly increased pile lateral displacement and maximum bending 

moment.  Effects of scour width and scour-hole slope angle were relatively less 

significant, especially when 𝑆𝑤𝑏 ≥ 8𝐷.  Lin and Lin (2019) further studied the problem 

by varying soil properties from dense sands (𝜙′ = 39°), medium dense sands (𝜙′ = 33°) 

to loose sands (𝜙′ = 29°) using commercial 3D finite element (FE) software, PLAXIS 

3D.  They concluded that the loss of pile lateral capacity due to scour was approximately 

10% more in dense sands than that in loose sands.  In addition to 3D numerical 

simulations, the widely used p-y method in practice was also improved for analysis of 

laterally loaded single piles under local scour conditions (Lin et al. 2014; Lin and Wu 

2018; Yang et al. 2018; Zhang et al. 2017).  This method, known as modified p-y method, 

was developed by modifying the ultimate soil resistance (𝑝𝑢𝑙𝑡) based on either failure 

wedge model or derivation of soil vertical effective stress around piles after scour.  It 

enables the engineer to incorporate the effect of various scour-hole dimensions in the 

routine design of piles. 

In practice, piles are more commonly installed in groups, and the behavior of pile 

groups is more complex than that of single piles, especially under lateral loads (Reese 

and Van Impe 2001).  As compared with single isolated piles, piles in a closely spaced 

pile group undergo a significant reduction in lateral capacity in both sands and clays 
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(Ashour and Ardalan 2011; Brown et al. 1988; Fayyazi et al. 2014; McVay et al. 1995; 

Rollins et al. 1998; 2005).  This phenomenon, termed as group effect, is due to the 

overlapped soil reaction zones between neighbouring piles.  Similarly, there is also a 

“group effect” regarding the scour potential for a pile group - that is, scour extent around 

individual piles in a pile group would be intensified as compared with that around single 

isolated piles due to the increased flow velocity and the turbulence between piles in the 

pile group.  Such a double “group effect” is anticipated to impose a more severe scour 

consequence for pile groups than single piles.  However, to the best of authors’ 

knowledge, there is no study available concerning the scour effects on lateral responses 

of pile groups.  Furthermore, although there exist modified p-y methods for analysis of 

single piles under local scour, no such a modified p-y method is available for analyzing 

laterally loaded pile groups under scour conditions. 

This study aims to achieve two objectives that have not been reported in the literature.  

Firstly, we are to understand how various scour-hole dimensions affect lateral behavior of 

pile groups in sands using 3D FE parametric analyses.  The numerical modelling was 

conducted due to the lack of field test data and its advantage of parametric analyses.  The 

parametric analyses included varying scour-hole dimensions, soil properties, pile spacing, 

and pile numbers in the group.  Secondly, we are to develop a modified p-y method 

useful for conducting practical yet simple analyses of laterally loaded pile groups in 

sands under scour conditions considering that the 3D FE analyses are relatively 

complicated and still not commonly used in practice.  A MATLAB program was created 

for the analyses of laterally loaded pile groups using the modified p-y method.  The 

results of the modified p-y method are compared with those from the 3D FE analyses to 
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ensure its validity.  This paper starts with a summary of the existing research on the 

group effect and the scour-hole dimensions for a pile group, followed by the development 

of 3D FE model and modified p-y method.  Using these two methods, parametric 

analyses were then carried out.  The analysis results by considering effects of scour 

depth, scour-hole slope angle, soil properties, and pile group configurations are 

discussed.  The potential implications of the results to the design are also discussed. 

3.2 Review of group effect of laterally loaded pile group 

Pile groups under lateral loading develop group effect because of the shared shear 

zones of soils between neighbouring piles.  The group effect may consist of shallowing 

effect (due to overlapped soil reaction zones between piles in different pile rows) and 

edge effect (due to overlapped soil reaction zones between piles in the same pile row) 

(Brown et al. 1988; Fayyazi et al. 2012; Rollins et al. 1998).  Based on the full-scale load 

tests on a 3×3 free-head pile group with the spacing of 3𝐷 in dense sands, Brown el al. 

(1988) found that leading row, middle row, and back row (illustrated in Fig. 3-1a) carried 

significantly different percentages of the total load: i.e., 45%, 32%, and 23%, 

respectively.  This demonstrates that soils surrounding different pile rows were disturbed 

in various degrees, indicating the shallowing effect.  McVay et al. (1995) investigated the 

shadowing effect through centrifuge tests on 3𝐷 and 5𝐷 spaced free-head pile groups 

(3×3) in both medium dense sands (𝐷𝑟 = 55%) and medium loose sands (𝐷𝑟 = 33%).  

Their tests showed that larger spaced pile groups showed less shadowing effect.  Based 

on both studies of Brown el al. (1988) and McVay et al. (1995), the shallowing effect 

tended to be less noticeable in looser sands.  In addition to cohesionless soils, Rollins et 

al. (1998) tested the lateral behavior of a free-head 3×3 pile group (𝑆 = 3𝐷) in soft to 
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medium stiff clays.  Piles in the pile group underwent twice the lateral displacement and 

50-100% more maximum bending moment than the corresponding single isolated piles.  

Piles in the same row were found to respond differently to the lateral load (i.e., edge 

effect).  Exterior piles in the same row were found to carry more lateral load and 

experience larger bending moment than interior piles, probably because of less 

overlapped shear zones at the exterior piles than at the interior piles.  Similar 

observations were also obtained in 3D numerical simulations and centrifuge tests 

(Fayyazi et al. 2012; Ilyas et al. 2004).   

To analyze the group effect, the method of p-multiplier was proposed by Brown et al. 

(1988), which is widely accepted in practice.  The p-multiplier method includes applying 

a reduction factor, i.e., p-multiplier (𝑓𝑚) to modify the p-y curves for a single pile for 

analysis of pile groups under lateral loads (Fig. 3-2) (Brown et al. 1988; Reese and Van 

Impe 2001).  In general, the value of 𝑓𝑚 varies with pile spacing, pile location in the pile 

group, soil properties, and pile head conditions (Ashour and Ardalan 2011; Brown et al. 

1988; Fayyazi et al. 2012; 2014).  The 𝑓𝑚 is normally back-calculated from the full-scale 

tests, centrifuge tests, or full 3D numerical simulations (as shown in Fig. 3-4b) (Brown et 

al. 1988; Ilyas et al. 2004).  In the absence of field test data for back-calculation, p-

multipliers may be obtained using an empirical correlation with pile spacing (Mokwa et 

al. 2000) or simply taken to be 0.6 as often used in practice.  It should be mentioned that 

edge effect was not considered in this research as it is relatively insignificant compared 

with the shadowing effect.   
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Figure 3-1  Schematic of scour hole around a pile group: (a) the model used in 3D FE 

analyses, (b) the model used to derive vertical effective stress around piles 

Figure 3-2  Illustration of concept of p-multiplier (fm) 

3.3 Review of dimensions of scour hole around pile groups 

The dimensions of scour hole developed around pile groups depend on not only flow 

conditions and soil properties but also pile group configurations (Amini et al. 2012; 

Lança et al. 2013; Liang et al. 2017; Sumer et al. 2005).  Based on the tests at six pile 

groups (𝑆 = 2, 3, 5𝐷), Sumer et al. (2005) found that the generated scour around the 
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large-spaced pile group (𝑆 = 5𝐷) included pits around individual piles plus a big saucer-

shaped depression around the pile group (called global scour).  For the small-spaced pile 

groups (𝑆 = 2, 3𝐷), individual pits overlapped with each other.  In a series of laboratory 

tests on 4×1, 4×2, and 4×3 pile groups (𝑆 = 1, 2, 3, 4.5, and 6𝐷), Lança et al. (2013) 

observed that individual pits were fully interconnected, forming only a global scour hole 

around the pile group when 𝑆 ≤ 3𝐷.  The individual pits were partially interconnected 

when 𝑆 = 4.5𝐷, while the global scour hole still dominated the overall shape of scour 

hole.  The individual pits were fully disconnected for 𝑆 = 6𝐷, in which individual pits 

and global scour hole coexisted.  In a field survey made at Ajigaura Beach in Japan 

(Bayram and Larson 2000), a large single global scour hole was also observed around 

several pile groups with the spacing of 4.5𝐷.  Since a pile group is commonly designed 

with the spacing of 3D or 4D in general practice, a single global scour hole can be 

reasonably used for typical pile group analyses.  Therefore, in this research, local scour at 

pile group was only represented by the global scour hole while the individual pits were 

ignored.   

Amini et al. (2012) presented several photographs of scour holes generated around 3×5 

pile groups (𝑆 = 1, 2, 3.5 and 5𝐷) during the flume tests, showing the rounded square 

shape of the scour holes.  Therefore, in our 3D FE analyses, scour hole around pile 

groups was modelled as an inversed rounded square pyramid frustum with dimensions 

illustrated in Fig. 3-1a.   

As with the expression of scour depth for single piles, scour depth around pile groups is 

commonly normalized to the pile diameter for convenience.  However, different from that 

for single piles, scour depth developed at pile groups varies significantly with pile group 
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configuration (Lin and Lin 2019).  To reflect the effect of pile group configuration, the 

scour depth may be better normalized to effective diameter of pile group.  The effective 

diameter of pile group (𝐷𝑒𝑓𝑓) is essentially the diameter of an equivalent single circular 

pile that has the same local scour depth as the pile group (Sheppard 2003).  Therefore, 

scour depth around the pile group after normalized to the effective diameter (i.e., 

𝑆𝑑𝑔/𝐷𝑒𝑓𝑓) is comparable to scour depth around the single pile that is normalized to the 

pile diameter (i.e., 𝑆𝑑/𝐷).  In other words, if both ratios are equal, the scour conditions 

are equivalent between pile groups and singe piles.  The calculation of the effective 

diameter is briefly described below while the details can be found in Sheppard (2003). 

𝐷𝑒𝑓𝑓 = 𝑊𝑝𝐾𝑟𝐾𝑠𝑝𝐾ℎ (3-1) 

𝐾𝑠𝑝 = 1 −
4

3
(1 −

𝑊𝑝𝑖

𝑊𝑝
)(1 −

1

(
𝑆

𝐷
)
0.6) (3-2) 

In Eqs. (3-1) and (3-2), 𝑊𝑝 is sum of the non-overlapped projected widths of piles in 

the first column and first two rows onto the plane normal to the flow, as illustrated in Fig. 

3-3.  𝑊𝑝𝑖 is the unobstructed width of a single pile (𝑊𝑝𝑖 = 𝐷 for a circular pile).  𝐾ℎ is 

taken as 1 if pile head is extended above the water level.  𝐾𝑟 can be calculated using Eqs. 

(3-3) to (3-5). 

𝐾𝑟 = {
𝑓1(𝑁𝑟) 𝑓2 (

𝑆

𝐷
)                                     𝑓𝑜𝑟 𝑓 ≤ 3°

1                                                          𝑓𝑜𝑟 𝑓 > 3°
  (3-3) 

𝑓1 = {
0.875 + 0.125𝑁𝑟                      𝑓𝑜𝑟 1 ≤ 𝑁𝑟 ≤ 5
1.5                                                        𝑓𝑜𝑟 𝑁𝑟 > 5

  (3-4) 

𝑓2 =

{
 
 

 
 𝑎0 + 𝑎1 (

𝑆

𝐷
)                             𝑓𝑜𝑟 1 ≤

𝑆

𝐷
≤ 3 

𝑎2 + 𝑎3 (
𝑆

𝐷
)                           𝑓𝑜𝑟 3 ≤

𝑆

𝐷
≤ 10 

𝑎2 + 𝑎3(10)                                 𝑓𝑜𝑟 
𝑆

𝐷
> 10 

  (3-5) 
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where 𝑓 is the skew angle of the flow (shown in Fig. 3-3); 𝑁𝑟 is the number of total 

rows in the pile group; 𝑎𝑜, 𝑎1, 𝑎2, and 𝑎3 are obtained by 𝑎0 = −0.5 + 1.5/𝑓1, 𝑎1 = 0.5 −

0.5/𝑓1, 𝑎2 = 1.429 − 0.429/𝑓1 and  𝑎3 = −0.413 + 0.413/𝑓1. 

Figure 3-3  Schematic of projected width (Sheppard, 2003) 

Table 3-1 summarizes the measured maximum scour depth collected from the literature 

(Bayram and Larson 2000; Lança et al. 2013; Sumer et al. 2005) that is normalized to 

both pile diameter and effective diameter of pile group.  Specific flow and soil properties 

are not given as the motivation in this study is to obtain the typical range of scour depth 

around pile groups.  From Table 3-1, scour depth around pile group ranges from 0.86 to 

2.63𝐷𝑒𝑓𝑓 with an average of (1.68 ± 0.16)𝐷𝑒𝑓𝑓.  In marine foundation design, scour 

depth around single piles is normally suggested to be 𝑆𝑑 = 1.5𝐷 (API 2011).  This is 
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comparable to 𝑆𝑑𝑔 = 1.68𝐷𝑒𝑓𝑓summarized here for pile groups.  In other words, it may 

be suitable to consider 𝑆𝑑𝑔 = 1.5 − 2.0𝐷𝑒𝑓𝑓 for the design of pile group under local 

scour conditions.  In this study, scour depth of 0 to 2.80𝐷𝑒𝑓𝑓 (corresponding to 0 to 6𝐷) 

was selected and the skew angle of flow was chosen to be zero.  The results obtained at 

𝑆𝑑𝑔 = 1.5𝐷𝑒𝑓𝑓 were compared with the previous finding for single piles when 𝑆𝑑 =

1.5𝐷.   

Table 3-1 Measured maximum scour depth from literature 

Reference 
Test 
type 

Pile group 
configuration 

Pile 
diamete

r 
𝐷(mm) 

Pile 
spacing 
𝑆 (𝐷) 

Skew 
angle of 
flow 𝑓 

(°) 

Scour 
depth 
 𝑆𝑑𝑔 (𝐷) 

Scour 
depth 

 𝑆𝑑𝑔(𝐷𝑒𝑓𝑓) 

Lança et 
al. (2013) 

Flume 
test 

14 

50 3 

0 3.04 2.05 

30 4.24 2.21 

24 
0 3.66 2.00 

30 5.56 1.96 

34 
0 4.16 1.77 

30 5.6 1.60 

Sumer et 
al. (2005) 

Flume 
test 

21 

32 5 0 

1.5 1.28 

22 1.2 0.94 

33 1.8 1.13 

55 2.05 0.89 

Bayram 
and Larson 

(2000) 

Field 
survey 

Rhombus 
shaped 4-pile 

group 
600 4.5 

not 
given 

3.50 2.63 

 

Compared with the scour depth, the typical range of the bottom scour width and scour-

hole slope angle at pile group is still not well studied.  Consequently, the typical values of 

bottom scour width and scour-hole slope angle around single piles were used for pile 

groups in this research: i.e.,  𝑆𝑤𝑏𝑔 = 0 (Lin and Wu 2019) and 𝛽𝑔 = 0°, 12° to (𝜙
′ −

1)(Butch 1996; Lin and Lin 2019). 
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3.4 Numerical analyses 

3.4.1 Three-dimensional finite element analyses 

In this study, commercial 3D FE software, PLAXIS 3D was used to conduct a series of 

FE parametric studies.  Prior to the parametric studies, a baseline FE model was 

established for a no-scour (or pre-scour) case utilizing the published data from a full-

scale load test on a single pile and a free-head 3×3 pile group subjected to lateral loads 

(Brown et al. 1988).  The test piles were steel pipe piles whose properties are summarized 

in Table 3-2.  The soils at the site consisted of a 2.9 m compacted and submerged dense 

sand layer underlain by natural stiff clays.  Since the depth of sands exceeded 10 times 

pile diameter, the lateral behavior of piles was dominated by the sand properties, 

therefore piles were assumed to be embedded in a single sand layer (Brown et al. 1988).  

The internal friction angle of sand was measured to be 38.5˚ from the direct shear test, 

and was approximately 30˚ to 45˚ when correlated with the data from cone penetration 

test (CPT) and standard penetration test (SPT) (Brown et al. 1988).  In the 3D FE model, 

the soil was considered to be a single sand layer with the friction angle and the elastic 

modulus back-calculated from the load test on the single pile as shown in Fig. 3-4a.  The 

back-figured soil parameters were also used to analyze the behavior of pile groups under 

lateral loads.  Once the baseline 3D FE model was set up, the FE analyses were extended 

to the post-scour cases where the scour hole was simulated by deactivating soil elements 

in the scour-hole zone.  The scour hole in the 3D FE model was assumed as an inversed 

rounded square pyramid frustum as mentioned before.  Variations of pile spacing, pile 

numbers, and soil properties were also considered in the FE parametric analyses. 
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Table 3-2 Soil and pile properties 

Soil 
(Mohr-

coulomb) 

Soil Parameters 
Dense 
sand 

Medium dense 
sand 

Loose sand 

Effective unit weight, γs' 

(kN/m3) 
9.83 9.83 9.83 

Friction angle, ϕ'(°) 43* 33 29 

Dilation angle, 𝜓(°) 13 3 0 

Elastic modulus, Es (kPa) 55000* 35350 15150 

Poisson’s ratio, υs 0.3 0.3 0.3 

Pile 
(Linear 
elastic) 

Pile length, L (m) 12.81 

Pile diameter, D (m) 0.61 

Wall thickness, t (m) 0.019 

Poisson’s ratio, υp 0.3 

Modulus of pile, Ep (kPa) 2.02×108 

Modulus of grout, Eg (kPa) 22×106 

*indicates back-calculated parameters based on field test 

In the 3D FE analyses, soils were modelled as an elastic perfectly plastic material with 

the Mohr-Coulomb as a failure criterion.  Groundwater table was set at the ground 

surface.  Effective unit weight was calculated using a typical specific gravity value for 

sands (𝐺𝑠 = 2.65).  In addition to dense sands, the FE models also included medium 

dense sands and loose sands to investigate the effect of soil properties on the scour 

susceptibility of pile groups.  Typical values of internal friction angle and elastic modulus 

were assumed for the medium dense and loose sands (Kulhawy and Mayne 1990).  Soil 

dilation angles were determined by 𝜓 = 𝜙′ − 30˚ (Brinkgreve et al. 2016).  The pipe 

piles were simulated as an equivalent solid pile with the same outer diameter (D), pile 

length (L), and flexural stiffness (EI) using linear elastic stress-strain relation.  Typical 

values of Poisson’s ratio and elastic modulus for steel were used for the test piles, as 

listed in Table 3-2.  It should be noted that to measure the bending moment of the test 

piles in the load tests, a small steel tube with outer diameter of 16.8 cm and thickness of 
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1.6 cm was inserted inside the test pile, with the gap between the tube and the interior 

wall of the test pile being grouted (Brown et al. 1988).  Thus, contributions of grout and 

small steel tube to the overall flexural stiffness were considered by using typical material 

properties for the tube and grout (i.e., 𝐸𝑡 = 2.02 × 10
8, 𝐸𝑔 = 22 × 10

6, 𝜈 = 0.3).  In the 

field test, piles in the pile group were pin-connected to a frame, which allowed the pile 

head to rotate freely, and the pile head was located 0.305 m above the ground surface.  

Therefore, a free-head condition was simulated.  The soil-pile interfaces were created 

with a reduction factor of 𝑅𝑖𝑛𝑡𝑒𝑟 = 0.7 in PLAXIS 3D to simulate the soil-structure 

interactions (Brinkgreve and Shen 2011).  The pile group was laterally loaded with a 

prescribed incremental displacement of 6.35mm (0.25 inch) at the pile head until the total 

lateral displacement reached 38.1 mm (1.5 inches).   

In PLAXIS 3D, the geometry of finite elements is restricted to 10-node tetrahedron, 

leading to difficulties in computing bending moments using the direct integration of 

normal stress over the cross section of pile (Lin and Lin 2019).  Consequently, a special 

massless structural beam (dummy beam) was inserted to the pile to assist with the 

calculation of bending moments.  The dummy beam has the same diameter as the test pile 

but a negligible modulus (equal to 10−6 times that of the equivalent solid piles).  The 

bending moment of the test pile was then determined by multiplying the bending moment 

of the dummy beam by 106(Dao 2011).  The default meshing function in PLAXIS 3D 

(i.e., medium dense) was used to create a mesh in the FE model, where the pile elements 

along the pile length and the soil elements in the upper 4.88 m were refined using a 

coarseness factor of 0.1 and 0.6, respectively.  Overall, more than 150,000 elements were 

generated in the 3D FE model for the pile group.  The boundaries of the model were set 
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sufficiently far from the pile group to avoid the boundary effects on the numerical 

modelling.  In this research, the horizontal boundaries were set at a distance of 60D 

(parallel to the horizontal loads) and 40D (perpendicular to the horizontal loads) from the 

center of the pile group while the vertical boundary was located 10D below the pile toe. 

3.4.2 Development of modified p-y method 

Lin and Lin (2019) proposed an analytical solution for laterally loaded single piles 

considering different scour-hole dimensions.  This method is essentially modifying the 

ultimate soil resistance (𝑝𝑢𝑙𝑡) in p-y curves based on the estimation of soil vertical 

effective stress around piles in post-scour conditions using the Boussinesq point load 

solution.  The analytical solution was compared with the 3D FE analyses, showing 

satisfactory estimates of pile lateral capacity and bending moment.  However, this 

method is only applicable to the analyses of single piles. 

In this research, a modified p-y method is developed for laterally loaded pile groups 

under local scour conditions by combining the methods of Lin and Lin (2019) and p-

multiplier (𝑓𝑚).  Several assumptions are necessary to develop the modified p-y method:  

(1) Vertical effective stress around individual piles within the pile group is 

assumed equal to that surrounding the center pile (e.g., the pile located in the 

middle row and middle column in Fig. 3-1). 

(2) In deriving vertical effective stress around the center pile of the pile group, 

scour hole is simply approximated as an inversed truncated cone having the 

same scour depth and scour-hole slope angle, as well as the same bottom area 

of the scour hole as the inversed rounded square pyramid frustum (as 
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illustrated in Fig. 3-1).  The use of the inversed truncated cone is only for 

derivation of post-scour vertical effective stress as it helps to ease the 

derivation and draw on the existing method for single piles (i.e., Lin and Lin 

2019). 

(3) p-multipliers (𝑓𝑚) are assumed unchanged by scour, i.e., the values remain the 

same before and after scour . 

(4) Bottom scour width around pile group is assumed to be zero, 𝑆𝑤𝑏𝑔 = 0. 

The key idea of development of the modified p-y method for pile groups is to 

determine an equivalent depth, 𝑧𝑒 below the post-scour ground line [Eq. (3-6)], which is 

dependent on the post-scour vertical effective stress [Eq. (3-7)].  By substituting 𝑧𝑒 for Z 

in the original Reese’s p-y curve equations for sands (Reese and Van Impe 2001), the 

modified p-y curves are developed to consider different scour-hole dimensions around 

pile groups [Eqs. (3-8) to (3-12)].  To consider the group effect, the curves need to be 

multiplied with 𝑓𝑚 as presented in Eq. (3-8).   

The equivalent depth is calculated as: 

𝑧𝑒 =
𝜎𝑣𝑎
′

𝛾𝑠
′  (3-6) 

Following the first and second assumptions, the vertical effective stress around 

individual piles in the pile group (𝜎𝑣𝑎
′ ) is equal to that around the center pile of the pile 

group.  Therefore, the equation of Lin and Lin (2019) that was derived for scour hole 

around single isolated piles can be slightly modified to calculate 𝜎𝑣𝑎
′  by substituting 𝑆𝑤𝑏 

with 𝑆𝑤𝑐, as presented in Eq. (3-7). 
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𝜎𝑣𝑎
′ = ∆𝜎𝑣

′ + 𝛾𝑠
′𝑧 = 𝛾𝑠

′𝑧

[
 
 
 
 

1 + (𝑡𝑎𝑛𝛽𝑔)

(

 
 

𝑆𝑑𝑔

𝑡𝑎𝑛𝛽𝑔
+𝑆𝑤𝑐

√(
𝑆𝑑𝑔

𝑡𝑎𝑛𝛽𝑔
+𝑆𝑤𝑐)

2

+𝑧2

−
𝑆𝑤𝑐

√𝑆𝑤𝑐
2+𝑧2

)

 
 

]
 
 
 
 

 (3-7) 

In Eq. (3-7) 𝑆𝑑𝑔 and 𝛽𝑔 are the scour depth and side slope angle for the pile group, 

respectively, while 𝑆𝑤𝑐 is the distance between the toe of the inversed truncated cone and 

the side of the center pile (Fig. 3-1), i.e., 𝑆𝑤𝑐 = √
𝐴𝑏𝑔

π
−
𝐷

2
 where 𝐴𝑏𝑔 is the bottom area of 

the scour hole of pile group.   

Once 𝑧𝑒 is determined in Eqs. (3-6) and (3-7), the modified p-y curves for scoured pile 

groups are developed by using 𝑧𝑒 in conjunction with 𝑓𝑚, as given in Eqs. (3-8) to (3-12). 

𝑝 = {

𝑘𝑝𝑦𝑧𝑒𝑦𝑓𝑚,                                                                𝑦≤𝑦𝑘 

𝐶𝑓𝑚𝑦
1
𝑛,                                                              𝑦𝑘<𝑦≤𝑦𝑚

[𝑝𝑚−
𝑝𝑚−𝑝𝑢
𝑦𝑢−𝑦𝑚

(𝑦−𝑦𝑚)]𝑓𝑚                             𝑦𝑚<𝑦≤𝑦𝑢

𝑓𝑚𝑝𝑢                                                                                        𝑦>𝑦𝑢

 (3-8) 

In Eq. (3-8), values of 𝑘𝑝𝑦 depend on the density of sands (Reese and Van Impe 2001).  

The displacements of 𝑦𝑚 and 𝑦𝑢 are 𝐷/60 and 3D/80 , respectively, while the other 

coefficients (𝑦𝑘, 𝐶̅, 𝑛, 𝑝𝑚, and 𝑝𝑢) are determined in Eqs. (3-9) to (3-12). 

𝑝𝑢 = 𝐴𝑠 𝑝𝑢𝑙𝑡 (3-9) 

𝑝𝑚 = 𝐵𝑠 𝑝𝑢𝑙𝑡 (3-10) 

𝑝𝑢𝑙𝑡 = {(𝐶1𝑧𝑒 + 𝐶2𝐷)𝛾𝑠
′𝑧𝑒 , 𝐶3𝐷𝛾𝑠

′𝑧𝑒}𝑚𝑖𝑛 (3-11) 

where 𝐶1 = (tan𝜃)2 tan𝛼 / tan(𝜃 − 𝜙′) + 𝐾𝑜{tan𝜙′ sin 𝜃 /[tan(𝜃 − 𝜙′) cos 𝛼] +

tan𝜃(tan𝜙′ sin 𝜃 − tan𝛼)}; 𝐶2 = tan𝜃 / tan(𝜃 − 𝜙′) − 𝐾𝑎; 𝐶3 = 𝐾𝑎[(tan𝜃)
8 − 1] +

𝐾𝑜 tan𝜙′ (tan𝜃)
4.  Coefficients of 𝐴𝑠 and 𝐵𝑠 are determined based on the loading type 
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and relative depth (𝑧𝑒/𝐷).  Detailed procedures for determining coefficients in modified 

Reese’s p-y curves can be found in Lin and Lin (2019).   

In Eq. (3-8), 𝑦𝑘 is determined by 

𝑦𝑘 = (
𝐶

𝑘𝑝𝑦𝑧𝑒
)

𝑛

𝑛−1
 (3-12) 

where 𝐶 = 𝑝𝑚𝑦𝑚
−
1

𝑛 ; 𝑛 = 𝑝𝑚/(𝑚𝑦𝑚); and 𝑚 = (𝑝𝑢 − 𝑝𝑚)/(𝑦𝑢 − 𝑦𝑚) 

Overall, once scour-hole dimensions are known, post-scour vertical effective stress 

(𝜎𝑣𝑎
′ ) around individual piles within the pile group may be estimated using Eq. (3-7).  

Once soil properties (e.g., 𝜙′) and p-multiplier (𝑓𝑚) are available, utilizing Eqs. (3-6), (3-

8) to (3-12), a series of modified p-y curves considering both scour-hole dimensions and 

group effect can be generated.  To facilitate the analyses of pile groups under scour-hole 

conditions, a finite difference algorithm was created in MATLAB to solve the Euler-

Bernoulli beam equation that incorporated these modified p-y curves. 

In this research, prior to the post-scour pile group analyses using the modified p-y 

method, the value of 𝜙′ was back-calculated from the lateral load test on single piles as 

was done in the 3D FE analyses (in Fig. 3-4a).  It is noted that the 𝜙′ back calculated 

from the p-y method could be different from that from the 3D FE analyses due to the 

different constitutive models and numerical solutions used in these two methods.  The 

values of 𝑓𝑚 were determined through fitting load-displacement curves for each row 

measured from the load test on the pile group as indicated in Fig. 3-4b.  The back-

calculated 𝜙′ and 𝑓𝑚 were further applied to analyses of the pile group in the same soil 

but under various scour conditions.  In the absence of field test data for back-calculation, 

𝜙′ may be estimated based on the empirical correlations with the data of in-situ tests such 
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as CPT and SPT, while 𝑓𝑚 can also be estimated using empirical correlations as discussed 

previously. 

3.5 Results and discussion 

Using 3D FE method (FEM) and modified p-y method, lateral behavior of free-head 

pile groups under local scour conditions was investigated through a series of parametric 

analyses by varying the scour-hole dimensions (𝑆𝑑𝑔 and 𝛽𝑔), soil properties (relative 

density), and pile group configurations (pile spacing and number).  Prior to the 

parametric analyses, baseline models for pre-scour conditions were established, which 

were validated against the full-scale load tests.  The analysis results include lateral 

capacity ratio (i.e., post-scour pile lateral capacity/pre-scour pile lateral capacity), 

bending moment profiles, and load distribution of piles within the pile group.  The pile 

lateral capacity is defined as an applied lateral load yielding 25-mm lateral displacement 

at the head of the pile group.  Instead of using lateral capacity, the lateral capacity ratio is 

presented in this research to better indicate the loss of pile lateral capacity due to scour 

(Lin and Lin 2019).  The bending moment is presented as the averaged value in each row 

of pile group.   

3.5.1 Baseline models 

The baseline models for both 3D FE analyses and the analyses using modified p-y 

method were established using the full-scale load test of a 3×3 pile group (𝑆 = 3𝐷) in 

dense sands (Brown et al. 1988).  Since the baseline models only considered pre-scour 

cases involving no scour-hole dimensions, the modified p-y method was reduced to the 

conventional p-y method.  The input parameters for the baseline models of pile groups 
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were back-calculated from the lateral load test of a single isolated pile from the same site 

(Brown et al. 1988).  Fig. 3-4a shows the matched lateral load-displacement curves of the 

single pile that were used to back-calculate soil friction angle, soil elastic modulus (used 

in 3D FEM), and p-y modulus (kpy) (used in p-y method).  The back-calculated friction 

angle with 3D FEM and p-y method was 43˚ and 48˚, respectively.  Fig. 3-4b depicts the 

averaged load-displacement curves at each row of the pile group.  As compared with the 

field test data, results computed by 3D FEM were agreeable but slightly conservative 

especially for the leading row.  In other words, 3D FEM overestimated the shadowing 

effect behind the leading row.  For the p-y method, the calculated load-displacement 

curves are fit to the measured to back-calculate 𝑓𝑚.  The back-calculated 𝑓𝑚 for the 

leading row, middle row, and back row was 0.8, 0.4, and 0.25, respectively.  Fig. 3-5 

shows the calculated bending moment for a single isolated pile and the averaged value for 

each row in the pile group.  Overall, the computed bending moments were in agreement 

with the measured data.  Both 3D FEM and conventional p-y method well predicted the 

maximum bending moment and the locations of maximum bending moment at different 

rows, indicating validation of the baseline models. 

Once the baseline models were established using 3D FEM and conventional p-y 

method, they were further used to conduct the parametric analyses by varying scour 

depth, scour-hole side slope angle, soil properties, pile spacing, and pile numbers.  It 

should be noted that when analyzing the post-scour cases, the proposed modified p-y 

method considering both scour-hole dimensions and group effect was used in lieu of the 

conventional p-y method.   
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Figure 3-4  Comparison of lateral load-displacement at pile head in pre-scour condition 

calculated using different methods: (a) single pile, (b) pile group (3x3) 
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Figure 3-5  Comparison of bending moment profiles of the pile group (3x3) in pre-scour 

condition: (a) single pile, (b) back row, (c) middle row, and (d) leading row  
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3.5.2 Effects of scour depth 

Fig. 3-6 presents the averaged load-displacement curves of 3×3 pile group (𝑆 = 3𝐷) 

under various scour depth (𝑆𝑑𝑔 = 0 − 6𝐷) while 𝑆𝑤𝑏𝑔 = 0 and 𝛽𝑔 = 26.6°.  The 

averaged load of pile group is calculated by dividing the total lateral load of the pile 

group by the number of piles.  As discussed previously, 3D FEM overestimated the 

shadowing effect, especially in the leading row; therefore, the calculated averaged load 

was relatively smaller than that from the p-y method in the pre-scour condition.  

However, the opposite results were observed as scour depth increased as seen in Fig. 3-6.  

This change may be explained by that the modified p-y method failed to account for the 

friction of soil-pile interface that could potentially prevent the scour-induced release of 

soil stress surrounding the pile (Lin and Lin 2019).  In other words, the vertical effective 

stress around the pile might be larger than that used in the modified p-y method, leading 

to a higher lateral resistance in 3D FEM than in the modified p-y method.  This effect can 

be more pronounced in group piles than in single piles.   
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Figure 3-6  Lateral load-displacement curves of a pile group (3x3) at different scour depth 

(g=26.6°, spacing=3D) 

Fig. 3-7 shows variations of lateral capacity ratios with scour depth.  As the scour 

depth increased from 0 to 6D (0 to 2.80𝐷𝑒𝑓𝑓), the lateral capacity ratio was decreased 

from 1 to 0.42 according to the 3D FE analyses, meaning 58% loss of lateral capacity of 

the pile group.  As compared with 3D FEM, the modified p-y method underestimated the 

lateral capacity ratio by 12-22%.  Such an underestimate was also found in single piles 

but less significant (i.e., 10-18%) (Lin and Lin 2019).  As discussed above, this might be 

attributed to the underestimated post-scour vertical effective stress by the modified p-y 

method.  It might be also due to the assumption in developing the modified p-y method 

that the post-scour vertical effective stress around individual piles is conservatively equal 

to that around the center pile.  Fig. 3-7 also indicates that when 𝑆𝑑𝑔 = 1.5𝐷𝑒𝑓𝑓, 𝑆𝑤𝑏𝑔 =

0, and 𝛽𝑔 = 26.6°, the lateral capacity ratio was calculated to be 0.68 and 0.52 by 3D 

FEM and modified p-y method, respectively.  These numbers were lower than those 

estimated using FEM and modified p-y method for single piles (0.82 and 0.73, 
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respectively) in similar sands (𝜙′ = 39˚) and equivalent scour conditions (𝑆𝑑 =

1.5𝐷, 𝑆𝑤𝑏 = 0, and 𝛽 = 26.6˚) (Lin and Lin 2019).  This comparison demonstrates that 

the scour induced lateral capacity loss was more severe in pile groups than in single piles.   

Figure 3-7  Lateral capacity ratio of pile group (3x3) at different scour depths (g=26.6°, 

spacing=3D) 

Fig. 3-8 shows the load distribution within the pile group varied with scour depth.  It is 

shown that leading row carried the largest lateral load as the surrounding soils were least 

disturbed.  As scour depth increased from 0 to 2.80𝐷𝑒𝑓𝑓 (0 to 6𝐷), only slight variations 

in load distribution were observed in both FEM and modified p-y method, in which the 

load share decreased by 2.4% in the leading row, increased by 2.5% in the back row, 

while remained unchanged in the middle row.  Fig. 3-9 depicts the profiles of averaged 

bending moment of each row at two different scour depths (𝑆𝑑 = 1.4𝐷𝑒𝑓𝑓  and 2.8𝐷𝑒𝑓𝑓) 

when the pile group was subjected to a lateral pile-head displacement of 25 mm.  As with 

the results in the pre-scour conditions in Fig. 3-5, the leading row had the largest bending 

moment than the other rows in the post-scour conditions.  The FE analyses show that as 
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scour depth increased from 1.4 to 2.8 Deff (i.e., 3 to 6D), the maximum bending moment 

decreased by 18%, 16%, and 14% in the leading row, middle row, and back row, 

respectively, and the corresponding locations moved toward a deeper depth by about 

2.2D, 2.0D, and 1.6D, respectively.  This result indicates that the change in the location 

of maximum bending moment did not keep up with the increase in scour depth (i.e., 3D), 

which agreed with the findings for the scoured single piles (Lin and Lin 2019).  In other 

words, as scour depth increased, the locations of 𝑀𝑚𝑎𝑥 would move toward the post-

scour ground line with the location in the back and middle rows being closer to the post-

scour ground line than in the leading row.   

Figure 3-8  Variations of load distribution in a pile group (3x3) with scour depth (g=26.6°, 

spacing=3D) 



 

 

69 

Figure 3-9  Profiles of bending moment of the pile group (3x3) varied with scour depth: (a) 

back row, (b) middle row, and (c) leading row (g=26.6°, spacing=3D) 

3.5.3 Effects of scour-hole slope angle 

Fig. 3-10 shows variations of lateral capacity ratio with scour-hole slope angle when it 

varied from 𝛽𝑔 = 0˚ to 42˚ while the scour depth remained at 𝑆𝑑𝑔 = 1.4𝐷𝑒𝑓𝑓 (𝑜𝑟 3𝐷).  

The value of 𝛽𝑔 was capped at 42˚ as it should not exceed the internal friction angle of 

soil (43˚).  The value of 𝛽𝑔 = 0˚ corresponded to the case where the local scour is 

simplified as a general scour hole, which is often used in general design practice of pile 

foundations under scour conditions.  The total decrease in lateral capacity ratio due to the 

decrease in 𝛽𝑔 was estimated to be 0.15 and 0.05 based on 3D FEM and modified p-y 

method, respectively.  Comparison of these numbers to the losses of lateral capacity due 

to scour depth (Fig. 3-7) indicates that the effect of scour-hole slope angle was much less 
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noticeable than the effect of scour depth.  Fig. 3-10 also shows that simplifying the local 

scour as a general scour (i.e., 𝛽𝑔 = 0˚) underestimated the lateral capacity of pile group 

by 17% as compared with the case of 𝛽𝑔 = 26.6˚.  It can also be seen that the modified p-

y method yielded increasingly conservative results relative to 3D FEM, with the 

discrepancy increasing from 7.8% at 𝛽𝑔 = 0˚ to 20.6% at 𝛽𝑔 = 42˚.   

Figure 3-10  Lateral capacity ratio of pile group (3x3) at different scour-hole slope angle 

(Sdg=1.4Deff or 3D, spacing=3D) 

Fig. 3-11 shows the load distribution between pile rows at different scour-hole slope 

angles.  Technically speaking, the increase in scour-hole slope angle would provide a 

higher lateral resistance to the leading row (passive earth resistance) and a higher active 

earth pressure to the back row.  Therefore, as the slope angle increases, load share would 

increase in the leading row but decrease in the back row.  This effect can be evaluated 

from the 3D FE analyses, although it was found not significant.  For example, the 3D FE 

analyses indicated that the slope angle increased from 0˚ to 42˚, the load share of the 

leading row increased by 4.4%, and the amount of lateral load increased at the leading 
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row was equal to the amount decreased in the back row.  However, such a slight change 

in load distribution by scour was not captured by the modified p-y method.  The reason is 

that the post-scour vertical effective stress around individual piles in the pile group was 

approximated by that around the center pile while the difference due to the higher passive 

resistance to the leading row and active earth pressures to the back row were ignored.  

According to Lin et al. (2014), the effect of scour-hole slope angle on laterally loaded 

single pile was less significant when the bottom scour width was greater than 3D.  In this 

research, the value of 𝑆𝑤𝑐 was 3.44𝐷, which thus led to the calculated lateral responses 

less prone to the change of scour-hole slope angle.  Fig. 3-12 shows bending moment 

profiles at two typical scour-hole slope angles 𝛽𝑔 = 0˚ and 26.6˚, which are often used in 

general practice.  It can be concluded that by simply treating local scour as a general 

scour, the maximum bending moment was underestimated by 8-15%.  Moreover, the 3D 

FE analyses indicated that the computed location of 𝑀𝑚𝑎𝑥 when 𝛽𝑔 = 0˚ was 0.9D, 0.4D, 

and 0.2D lower in the leading row, middle row, and back row, respectively than that 

when 𝛽𝑔 = 26.6˚ 

Overall, the computed results of lateral deflections, load distribution in the pile group, 

and bending moments using the modified p-y method were agreeable with those from the 

FE analyses. 
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Figure 3-11  Load distribution among pile group (33) at different scour-hole slope angle 

(Sdg=1.4Deff or 3D, spacing=3D) 

Figure 3-12  Profiles of bending moment of the pile group (3x3) varied with scour-hole slope 

angle: (a) back row, (b) middle row, and (c) leading row (Sdg=1.4Deff or 3D, spacing=3D) 
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3.5.4 Effects of soil properties 

Besides the scour-hole dimensions, scour effects on lateral responses (i.e., lateral 

capacity ratio and bending moment) of the pile group was further investigated in different 

soil properties.  Sands of various properties (𝜙′ = 43°, 33°, and 29°) were considered in 

the 3D FE model and the specific soil properties are summarised in Table 3-2.  For the 

modified p-y method, the corresponding soil properties for dense, medium dense, and 

loose sands were: 𝜙′ = 48˚, 35˚, and 26˚, respectively, and 𝑘𝑝𝑦 = 34MN/m3, 16.3 MN/

m3, and 5.4 MN/m3, respectively.  Note that the parameters in dense sands were back-

calculated based on the pile load test data while those in medium dense and loose sands 

were determined by fitting the FE analysis results in the pre-scour conditions.  Fig. 3-13 

depicts the relationship of lateral capacity ratio with scour depth in different relative 

density of sands.  Both 3D FEM and modified p-y method predicted the distinct results in 

different soil conditions, although the former yielded higher lateral capacity ratio (or less 

capacity loss) than the latter.  As scour depth increased from 0 to 2.8Deff, scour-induced 

lateral capacity losses in dense sands, medium dense sands, and loose sands were 58%, 

50%, and 45%, respectively in 3D FEM, but 67%, 61%, and 57%, respectively in the 

modified p-y method.  This result demonstrates that pile groups were more sensitive to 

scour in denser sands.  Similar conclusion was also found for the scoured single piles 

(Lin and Lin 2019).  Under the similar soil conditions and scour-hole dimensions (i.e., 

𝑆𝑑 = 1.5𝐷, 𝑆𝑤𝑏 = 0  𝑎𝑛𝑑 𝛽 = 26.6˚ for single piles versus  𝑆𝑑𝑔 = 1.5𝐷𝑒𝑓𝑓 , 𝑆𝑤𝑏𝑔 =

0 𝑎𝑛𝑑 𝛽𝑔 = 26.6˚ for pile groups), a pile group was found to undergo greater lateral 

capacity losses than a single pile: i.e., 22-32% in the pile group vs. 15-18% in the single 

pile (Lin and Lin 2019).  In other words, scour impact was more severe on pile groups 
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than on single piles.  The computed lateral capacity ratios of the pile group when 𝛽𝑔 =

0˚ and 26.6˚ and 𝑆𝑑𝑔 = 1.4 𝐷𝑒𝑓𝑓 (or 3𝐷) are presented in Table 3-3.  It is shown that the 

lateral capacity ratio estimated for various sand properties in the case of 𝛽𝑔 = 0˚ was 11-

17% lower than that in the case of 𝛽𝑔 = 26.6˚, indicating the conservatism caused by 

simplifying the local scour as a general scour.  In contrast to 3D FEM, the modified p-y 

method estimated much less difference of lateral capacity ratio between 𝛽𝑔 = 0˚ and 

𝛽𝑔 = 26.6˚ (i.e., 5-8%) in various sand properties as it was less sensitive to the changes 

in scour-hole slope angle. 

Table 3-3  Lateral capacity ratio of pile group (33) in different consistency of sand  

(spacing = 3D) 

Consistency of 
sand 

Sdg=3D, g=0° Sdg=3D, g=26.6° 

3D FEM 
Modified p-y 

method 
3D FEM 

Modified p-y 
method 

Dense 0.58 0.54 0.70 0.57 

Medium 0.65 0.59 0.76 0.64 

Loose 0.70 0.62 0.79 0.67 
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Figure 3-13  Lateral capacity ratio of pile group (3x3) at different scour depth in different 

consistency of sand (g=26.6°, spacing=3D) 

Fig. 3-14 shows profiles of bending moment varied with consistency of sands when 

𝑆𝑑𝑔 = 3𝐷 and 𝛽𝑔 = 26.6˚.  Both 3D FEM and modified p-y method predicted distinct 

maximum bending moments along different rows.  It is shown that as the sand density 

increased, the maximum bending moment in the leading, middle, and back row was 
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increased by 71%, 68%, and 57%, respectively.  Moreover, the locations of 𝑀𝑚𝑎𝑥 in 

dense sands were about 2D closer to the bottom of scour hole than in loose sands. 

Figure 3-14  Profiles of bending moment of pile group (3x3) varied with consistency of sand: 

(a) back row, (b) middle row, and (c) leading row (Sdg=1.4Deff or 3D, g=26.6°, spacing=3D) 

3.5.5 Effect of pile spacing and pile numbers 

The effects of pile spacing on the lateral behavior of the scoured pile group in dense 

sands were investigated by varying the spacing from 2D to 6D.  Pile spacing beyond this 

range is not commonly seen in practice as it would either lead to installation difficulties 

or high cost of construction of the pile cap.  In practice, the spacing of 3D or 4D is most 

commonly seen.  To facilitate the analyses and comparison, only a single global scour 

hole was considered herein even the pile spacing exceeded 4.5D.  Fig. 3-15 shows the 

relationship between lateral capacity ratios with pile spacing for the 3x3 pile group when 

𝑆𝑑𝑔 = 3𝐷, 𝛽𝑔 = 0˚, and 26.6˚.  Although the modified p-y method produced less lateral 
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capacity ratio than 3D FEM, the trends from both methods were consistent.  From the 3D 

FE analyses, the increase in pile spacing resulted in the decrease in lateral capacity by 3% 

and 9%, respectively, when 𝛽𝑔 = 0˚ and 26.6˚.  In other words, pile groups of smaller 

spacing experienced less lateral capacity loss, which was more obvious at 𝛽𝑔 = 26.6˚.  

The discrepancy in calculated lateral capacity ratio for 𝛽𝑔 = 0˚ and 26.6˚ diminished as 

the spacing increased.  

Figure 3-15  Lateral capacity ratio of pile group (3x3) varied with pile spacing (Sdg=1.4Deff 

or 3D) 

The effect of pile numbers on the lateral behavior of the scoured pile group was also 

examined using both 3D FEM and modified p-y method.  Table 3-4 presents the 

computed lateral capacity ratio of 3D spaced 2×2, 3×3 and 4×4 pile groups under the 

same scour condition (𝑆𝑑𝑔 = 3𝐷, 𝛽𝑔 = 0˚ and 26.6˚) in dense sands.  Overall, the 

modified p-y method yielded agreeable results as compared with the 3D FEM; however, 

the results calculated by the modified p-y method became more conservative at a larger 
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size of pile group in the case of 𝛽𝑔 = 26.6°.  This might be attributed to the 

approximation of post-scour vertical effective stress around the individual piles by that 

around the center pile.  Table 3-4 also shows that the 2×2 pile group underwent 10% and 

19% more lateral capacity loss when 𝛽𝑔 = 0˚ and 26.6˚, respectively, than the 4×4 pile 

group based on the 3D FE analyses.  This result indicates that the lateral capacity loss due 

to local scour was more pronounced in the smaller pile group.   

Table 3-4  Lateral capacity ratio varied with pile numbers 

Pile group 
arrangement 

Sdg=3D, g=0° Sdg=3D, g=26.6° 

3D FEM 
Modified p-y 

method 
3D FEM 

Modified p-y 
method 

22 0.55 0.52 0.69 0.58 

33 0.58 0.54 0.70 0.57 

44 0.61 0.55 0.85 0.58 

 

3.6 Conclusions 

Lateral responses of free-head pile groups under various local scour conditions were 

numerically investigated using both 3D FEM and the proposed modified p-y method.  

Scour effects on the lateral responses of pile groups were further examined by varying 

soil conditions, pile spacing, and pile numbers of the group.  Lateral responses included 

lateral displacement, bending moment, and lateral capacity ratio.  The developed 

modified p-y method for pile groups under scour conditions was compared with the 3D 

FEM in a series of parametric analyses, showing the satisfactory agreement.  Based on 

the parametric study, the following conclusions can be drawn: 



 

 

79 

(1) The increase in scour depth from 𝑆𝑑𝑔 =0 to 2.8Deff (or 0 to 6D) resulted in 

approximately 58-67% loss of lateral capacity for a 3D spaced, 3×3 pile group 

when 𝑆𝑤𝑏𝑔 = 0 and 𝛽𝑔 = 26.6˚.  As scour depth increased from 1.4 to 2.8Deff (or 

3 to 6D), the maximum bending moment in the leading row, middle row, and 

back row decreased by 18%, 16%, and 14%, respectively.  The corresponding 

locations of 𝑀𝑚𝑎𝑥 also moved to a greater depth as the scour depth increased, but 

the rate of changes in the locations was smaller than the rate of increase in scour 

depth. 

(2) At a given scour depth (𝑆𝑑𝑔 = 1.4𝐷𝑒𝑓𝑓), simplifying the local scour as a general 

scour (i.e., the case of 𝛽𝑔 = 0˚) underestimated lateral capacity of pile groups by 

17% and maximum bending moment by 8-15% as compared with when 𝛽𝑔 =

26.6˚.  The underestimates were more pronounced in dense sands than in loose 

sands.   

(3) Pile groups were found to be more prone to scour impact in denser sands.  Scour-

induced lateral capacity loss of pile groups was 10-13% more in dense sands than 

that in loose sands.  Moreover, the locations of 𝑀𝑚𝑎𝑥 in dense sands were 

approximately 2D closer to the bottom of scour hole than in loose sands.   

(4) Pile groups tended to be more susceptible to local scour than single piles.  In 

similar soil conditions, lateral capacity loss of pile groups was 22-32% when 

𝑆𝑑𝑔 = 1.5𝐷𝑒𝑓𝑓 while that of single piles was 15-18% when 𝑆𝑑 = 1.5𝐷. 

(5) Pile groups with smaller pile spacing experienced less lateral capacity loss when 

subjected to the same changes in scour-hole dimensions.  A smaller pile group 
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(e.g., 2×2 pile group) tended to undergo a greater lateral capacity loss than a 

larger pile group (e.g., 4×4 pile group).  Consequently, the design of pile groups 

with smaller pile spacing and larger pile numbers may help alleviate the scour 

impact. 
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Chapter 4 

 

4 Summary and conclusions 

4.1 Summary 

This thesis comprehensively investigates scour effects on both single piles and pile 

groups in sands considering 3D scour-hole dimensions.  Advanced FE models are 

constructed, and modified p-y methods are proposed for both single piles and pile groups 

under different scour-hole dimensions.  Chapter 2 covers the analyses for the single piles 

and Chapter 3 covers the analyses for the pile groups.  Following is a summary of what 

are addressed in these chapters: 

• In Chapter 2, a series of finite element (FE) analyses using PLAXIS 3D was 

conducted to investigate the effects of scour-hole dimensions on lateral 

responses (i.e., lateral capacity ratio and bending moment) of single piles.  The 

parametric study was conducted by varying the scour-hole dimensions, sand 

relative density, and pile diameters.  Moreover, detailed procedures for 

modifying Reese’s p-y curves for sands to consider the effect of scour-hole 

dimensions were presented for practical use.  Feasibility of the modified p-y 

method developed based on the analytical solution and standard methods such 

as FHWA-DP, FHWA-DS and API was examined by comparing the calculated 

results with those from FE analyses. 

• Chapter 3 investigates scour effects on laterally loaded pile groups under 

various scour-hole dimensions.  FE analyses were first conducted to evaluate 

the effects of scour-hole dimensions on lateral responses (i.e. lateral capacity 
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ratio, load distribution, and bending moment) of a free-head pile group (3x3) in 

dense sands.  Afterwards, consistency of sand, pile spacing, and pile numbers 

were also varied in the parametric study.  Furthermore, the modified p-y method 

was developed for analysis of laterally loaded pile groups under different scour-

hole dimensions.   

4.2 Conclusions 

Following conclusions are drawn from this thesis: 

Chapter 2: 

• Laterally loaded single piles are more sensitive to scour in denser sands.  As 

scour depth increased from 0 to 5D, the lateral capacity loss of single pile was 

approximately 10% more in dense sands than that in loose sands under local 

scour, and about 7% more in general scour conditions.  Increasing density of 

sand also resulted in 12-16% increase in the influence depth of bending 

moment, which was, however, independent of the dimensions of scour hole. 

• The maximum bending moment of single piles in dense sands was found to 

locate at 2-3.5D below the bottom of scour hole.  The location tended to move 

toward the post-scour mudline as scour depth increased.  On the contrary, it 

moved away from the post-scour mudline as the density of sand increased. 

• For a given relative scour depth (𝑆𝑑/𝐷), the scour-induced lateral capacity loss 

was 15-25% more as the pile diameter tripled.  The major reason was that larger 

absolute scour depth (𝑆𝑑) corresponded to the pile with larger diameter.   

• Compared with the FE analyses, the analytical solution provided comparable 

and conservative results while standard methods (FHWA-DP, FHWA-DS and 
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API) provided mixed results.  For a typical geometry of scour-hole (𝑆𝑑 =

1.5𝐷, 𝑆𝑤𝑏 = 0 𝑎𝑛𝑑 𝛽 = 26.6˚), the analytical solution, API, and FHWA-DS 

underestimated lateral capacity ratio by 11%, 12%, and 8%, respectively, while 

FHWA-DP overestimated the lateral capacity ratio by 6%. 

• The analytical solution is feasible for any scour conditions while standard 

methods (FHWA-DP, FHWA-DS and API) are only applicable for limited 

scour-hole dimensions. If standard methods were wrongly used for the cases 

with 𝑆𝑤𝑏 ≥ 1.6𝐷, they could lead to an unsafe design of laterally loaded single 

piles against scour. 

Chapter 3: 

• In consistency with laterally loaded single piles, pile groups were also found 

more prone to scour damage in denser sands.  Scour-induced lateral capacity 

loss of pile groups was 10-13% more in dense sands than in loose sands.  

Moreover, the locations of 𝑀𝑚𝑎𝑥 in dense sands were approximately 2D closer 

to the bottom of scour hole than in loose sands. 

• At a given scour depth (𝑆𝑑𝑔 = 1.4𝐷𝑒𝑓𝑓 or 3𝐷), simplifying local scour as a 

general scour (i.e., the case of 𝛽𝑔 = 0˚) underestimated lateral capacity of pile 

group by 17%, and maximum bending moment by 8-15% as compared with 

when 𝛽𝑔 = 26.6˚.  The underestimations were more pronounced in dense sand 

than in loose sand. 

• Compared with scour-hole slope angle, the effect of scour depth on lateral 

behavior of pile groups was more significant.  The increase in scour depth from 
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0 to 2.8Deff (or 0 to 6D) resulted in approximately 58-67% loss of lateral 

capacity for a 3D spaced, 3×3 pile group when the other two dimensions of 

scour hole remained at 𝑆𝑤𝑏𝑔 = 0, 𝛽𝑔 = 26.6˚.  As scour depth increased from 

1.4 to 2.8Deff (or 3 to 6D), maximum bending moment in leading row, middle 

row, and back row decreased by 18%, 16%, and 14%, respectively.  The 

corresponding locations of 𝑀𝑚𝑎𝑥 also moved to a greater depth as scour depth 

increased but in a smaller rate than the increase in scour depth. 

• Pile groups tended to be more susceptible to local scour than single piles.  The 

lateral capacity loss of pile groups at 𝑆𝑑𝑔 = 1.5𝐷𝑒𝑓𝑓 was 22-32% while that of 

single piles was 15-18% at 𝑆𝑑 = 1.5𝐷 in the same soil conditions. 

• Pile groups with smaller pile spacing under the same scour condition 

experienced less lateral capacity loss.  A smaller size pile group (e.g., 2×2 pile 

group) tended to undergo a greater lateral capacity loss than a larger size pile 

group (e.g., 4×4 pile group).  Consequently, the design of pile groups with 

smaller pile spacing or higher pile numbers may help alleviate the scour impact. 

4.3 Suggestions for future studies 

This section suggests further studies needed to improve the understanding of scour 

effects on lateral behavior of piled foundations.  

• Removal of soils around foundations during the scour process will also change 

the stress history of the remaining soils, which was not considered in this study.  

A more comprehensive investigation on scour effects requires considering both 

the scour-hole dimensions and stress history. 



 

 

87 

• Currently, numerical models in most research were only calibrated in pre-scour 

conditions because there is no available field test regarding the lateral behavior 

of piles under local scour.  A more accurate model should be validated against 

full-scale load tests on laterally loaded pile foundations under scour conditions. 

• P-multipliers (𝑓𝑚) considering the group effect in laterally loaded pile groups 

were assumed constant along piles in the same row here.  Future research is 

needed for determining the p-multipliers (𝑓𝑚) based on pile position and depth.  

Moreover, it is found in this research that the load distribution within the pile 

group changed slightly with the scour depth, indicating that the group effect in 

post-scour conditions might be different from that in pre-scour conditions.  

Study is needed to investigate on the potential variations of p-multipliers with 

scour depth. 

• Pile groups investigated in this researches are all in free-head conditions.  In 

reality, piles are embedded into the pile cap, creating a pile head condition lying 

between free-head and fixed head conditions.  As such, it will be worth to 

assess other pile-head conditions while analyzing scour effects on lateral 

behavior of pile groups. . 


